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Skin-touch-actuated textile-based triboelectric 
nanogenerator with black phosphorus for durable 
biomechanical energy harvesting 
Jiaqing Xiong1, Peng Cui1, Xiaoliang Chen1•2, Jiangxin Wang1, Kaushik Parida1, Meng-Fang Lin1•3 & Pooi See Lee1 

Textiles that are capable of harvesting biomechanical energy via triboelectric effects are of 

interest for self-powered wearable electronics. Fabrication of conformable and durable tex

tiles with high triboelectric outputs remains challenging. Here we propose a washable skin· 

touch-actuated textile-based triboelectric nanogenerator for harvesting mechanical energy 

from both voluntary and involuntary body motions. Black phosphorus encapsulated with 

hydrophobic cellulose oleoyl ester nanoparticles serves as a synergetic electron-trapping 

coating, rendering a textile nanogenerator with long-term reliability and high triboelectricity 

regardless of various extreme deformations, severe washing, and extended environmental 

exposure. Considerably high output (-250-880 V, -0.48-1.1 ~ cm-2) can be attained upon 

touching by hand with a small force (-5 N) and low frequency (-4Hz), which can power light

emitting diodes and a digital watch. This conformable all·textile·nanogenerator is incorpor

able onto cloths/skin to capture the low output of 60 V from subtle involuntary friction with 

skin, well suited for users' motion or daily operations. 
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W earable electronics are rapidly emerging in modern 
living to meet the requirements of smart fabrics, 
motion tracking, health monitoring, and wearable 

light-emitting diodes (LEDs)1- 6• Electronic modules with desired 
deformability that can provide maximum freedom are considered 
as the next-generation wearable electronics7,8. Considering the 
design aspects on practicality and esthetics, these wearable devices 
are required to be small, lightweight, flexible, and washable; of 
particular concern is their power units that typically account for a 
large volume and determine the performance of devices9. Tre
mendous efforts have been dedicated to develop the devices with 
low power requirements that could be powered with energy 
storage units such as batteries. However, these rigid batteries 
require frequent charging or have to be replaced! disposed due to 
the lack of self-charging capability10• Energy-harvesting technol
ogies from the ambient environment are of importance in 
addressing these issues to ensure the sustainable operation of 
wearable devices11• Since human activities are based primarily on 
mechanical movement, regardless of climatic conditions and 
working environment, harvesting the ubiquitous and constantly 
available biomechanical energy is the most likely reliable and 
independent strategy for providing a continuous power. 

Triboelectric nanogenerators (TENGs) generate electricity by 
triboelectrification and electrostatic induction from ambient 
mechanical motion, such as mechanical friction/vibration, ~ 
motion, oscillating motion and expanding/contracting motionl . 
Various self-charging power systems based on TENGs have been 
developed owing to merits of light weff-t. small size, high effi
ciency, and a wide choice of materials1 - l5. Biomimetic devices 
inspired by human, animal, and insect skins, such as electronic 
skin (e-skin), optoelectronic system, skin-like TENG and capa
citor16, have shown potential applications in prosthetic/robotic 
skins16•17, health monitoring17•1! , human-interactive interfaces19, 
and military camouflage2°. A skin-like TENG is a promising 
module that enables realization of self-powered wearable elec
tronics. Recently, scientists have developed a durable and resilient 
TENG that mimics the skin of an electric eel and is composed of 
silicone rubber and a silver nanowires electrode that generates 
stable electricity from touch under different extreme deforma
tions. A skin-driven working process makes this TENG adaptable 
for self-powered systems. However, silicone rubber is far from an 
ideal substrate for long-term wearable electronics due to poor air 
permeability. 

In comparison, textile is a more promising candidate for rea
lizing comfortable wearable electronics since excellent deform
a~ility and ~reathabili~ make it compatible for incorporation 
With our daily clothes2 - 29. However, these wearable generators 
are constructed by a dual-electrodes mode that operates based on 
the friction of adjacent fibers/yams or face-to-face fabrics with 
coating of different synthetic polymers or metallic patterns that 
often lead to poor breathability and low comfort Although the 
designs enable sensitivity even for subtle motions, the increased 
contact and friction between the fibers/yams impart wear and 
tear, especially with strongly repetitive mechanical pulses, 
humidity or light exposed environments, leading to some 
important concerns about the degradation and lifetime of 
TENGs. 

Textiles are an ideal substrate, but achieving a durable textile
based TENG (textile-TENG) with high performance for har
vesting energy from both voluntary and involuntary body 
motions with different frequency remains challenging. These 
problems and requirements motivate searches for new materials, 
particularly the rapid development of two-dimensional (2D) 
materials has opened new directions. Kim et al. have demon
strated electrical energy harvesting from monolayer and few-layer 
graphene by mechanical stressing30. Recently, Kim et al. further 
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showed that reduced graphene oxide (RGO) and molybdenum 
disulfide (MoS2) serve as efficient triboelectric electron-acceptor 
layers in negative friction materials for enhancing the electricity 
output of TENGs, which is attributed to effective charge capture 
in the RGO or MoS:z layer, suppressing the loss of generated 
triboelectric electrons3l,32• Thereafter, metallic 2D MXenes (e.g., 
titanium carbide Ti3~ T J were confirmed as effective tribo
electric materials that are even more negative than Teflon33. 
Recently, Thundat et al. have demonstrated the direct harvesting 
oflarge triboelectric direct current using nanoscale sliding friction 
of a C-AFM tip on a pulsed laser-deposited MoS2 thin film, which 
further reveals the promising application of 2D materials for 
triboelectricityM. Black phosphorus (BP) is an emerging 2D 
semiconducting material with in-plane anisotropic transport, a 
tunable direct bandgap and high carrier mobility, making it 
attractive for applications in optoelectronic devices35. BP 
nanosheets, with high specific surface area and quantum con
finement effects, possibly enable the realization of electron 
accepting properties36• However, applications of BP are chal
lenged by a fast degradation on exposure to ambient conditions, 
especially for the few-layer sp37. 

To develop a durable skin-touch-triggered textile-TENG with 
high performance, here we propose a synergetic triboelectric 
trapping layer of BP with protection by cellulose-derived hydro
phobic nanoparticles (HCOENPs) to alleviate degradation. The 
robust layer is realized on the knitted polyethylene terephthalate 
(PET) textile by using dip-coating, a facile way to achieve uniform 
attachment of nanomaterials, meeting the compatibility for large
scale manufacturing. As the charge induced component, the 
resultant HCOENPs/BP/PET fabric (HBP-fabric) is combined 
with a fabric electrode and a waterproof fabric to construct our 
sandwich textile-TENG. It shows excellent water repellency and 
durability upon washing. An all-fabric-based configuration ren
ders a whole device that can be voluntarily crumpled, twisted and 
stretched. While applying a force by human skin contact, the 
textile-TENG can generate electricity via a triboelectric effect to 
harvest the biomechanical energy. Owing to the electron-trapping 
capacity of HCOENPs/BP, an instantaneously maximum output 
voltage and current density of 880 V and 1.1 f1A cm-2 (peak-to
peak values) can be achieved and is demonstrated to easily power 
up over 150 LEDs in series. Also, it can generate effective power 
with loading of varying external resistances. A digital watch is 
driven by the textile-TENG, promising an attractive concept for 
deriving a wide range of wearable/deformable electronics and 
self-powered textiles/human-interactive systems. 

Results 
Fabrication of textile triboelectric nanogenerator. Figure 1a 
depicts a single electrode mode textile-TENG that was composed 
of three different functional fabrics based on the PET fabric. The 
foremost triboelectric fabric (HBP-fabric) was realized on PET 
fabric with successive coating of BP and hydrophobic cellulose 
oleoyl ester nanoparticles (HCOENPs), which was designed as a 
durable triboelectric electron-acceptor layer to synergistically 
enhance the electricity output of TENG. As shown in Fig. Ib, c, 
liquid-phase exfoliated BP nanosheets (thickness, 5 ± 1 run, 
Fig. la) were tightly attached to the fiber surface to form a con
tinuous wrinkled coating. Energy-dispersive X-ray spectroscopy 
(EDS) elemental mapping of the HBP-fabric also confirms a full 
and uniform coverage (Supplementary Fig. 1). To prevent the fast 
degradation of BP on exposure to ambient conditions, HCOENPs 
were prepared (see Supplementary Fig. 2 and Supplementary 
Note 1) to encapsulate the BP as a continuous dense layer 
(Fig. ld, e) in order to protect it against moisture which is vital for 
accelerated failure of BP38• Supplementary Figure 3 presents the 
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Fls- 1 Configuration and working mechanism of skin-touch-actuated textile triboelectric nanogenerator. • Schematic illustration of the fabrication process 
of textile triboelectric nanogenerator (textile-TENG) based on the polyethylene terephthalate (PET) fabrics. The charge-induced component HCOENPS/ 
BP/PET fabric (HBP-fabric) was realized on a PET fabric, with successive coating of black phosphorus (BP) and hydrophobic cellulose oleoyl ester 
nanoparticles (HCOENPs). The fabric electrode is a PET fabric enabled by coating with a conductive paste that composed of silver flakes and 
polydimethylsilo.xane (Ag flake/PDMS). PET fabric with coating of HCOENPs layer serves as the waterproof fabric for encapsulating the fabric electrode. 
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) images on the right side of <•> indicate the morphologies of three components 
of HBP-fabric. HCOENPs, scale bar, 100 nm. BP, scale bar, 21lfT1. PET fabric, scale bar, 20 I'm. b SEM planar top view of continuous BP coating on the PET 
fibers. Scale bar, 20 ~- c Enlarged view of the region marked with a box in b, showing the winkled BP sheet on PET fibers. Scale bar, 2 ~· d SEM image of 
a representative HBP-fiber. Scale bar, 1 ~· • Enlarged view of the region marked with a box in d, revealing the BP layer with dense coating of HCOENPs. 
Scale bar 300 nm. f Photographs demonstrating that textile-TENG is washable and deformable. 1 Schematic illustration of the working mechanism of 
textile-TENG 

suthce feature of a HCOENPs-covered-BP on a silicon wafer, 
demonstrating that HCOENPs can fully encapsulate the BP layer 
to produce a densely rough surface. The static contact angle of 
153° (inset of Fig. 1d) indicates the HBP-fabric is super
hydrophobic due to tbe exc:ellent waterproof performance of 
HCOENPs layer. To achieve defonnability and comfort, the 
TENG electrode was fabricated by P.ET fabm with conductive 
coating which is comprised of silver Sakes and poly
dimethylailoxane (Ag &kel PDMS). As shown in Supplementary 
Fig. 4a-c. Ag flakes with PDMS binding are fully penetrated in 
the yams as an interconnected percolating network. rendering a 
deformable fabric conductive electrode to effectively accom
modate the stretchability of textile-TENG. The fabric electrode 
sustained 600 stretch cycles with stable resistance and morphol
ogy, which confirms ita good reliability (see Supplementary 
Fig. 4d). In addition, a waterproof PET fabm can be obtained 

with the dip-coated HCOENPs and it was used to encapsulate the 
fabric electrode, forming a sandwich textile-TENG that delivers 
exc:ellent washability and deformability (Fig. lf). The device 
shows a comparable air ~eability of 1068 ± 3 Lm-2 ,-1 to 
cotton (1246 ± 3 L m-2 s- ), the good breathability is due to the 
all-fabric-based configuration. 

Working mechanism ancl electrical properties. Tatile-TENG, 
operating with sins)e-elec:trode mode can be lightly actuated by 
skin touc:h, HBP-fabric is the charge induced layer for generating 
electricity (Fig. l a). Speci1ically, the working mechanism is 
schematically illustrated on the combination of contact tdboe
lec:trificati.on and elec:trostatic induction as shown in Fig. lg. 
When the skin contacts with HBP-fabric, charges would transfer 
from skin to HBP-fabm due to a higher surface electron affinity 
of fabric: (Fig. l g)39-42. Once a relative separation oa:urs between 
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skin and HBP-fabric, the negative charges on the surface ofHBP
fabric will induce positive charges on the fabric electrode to 
compensate the triboelectric charges, driving free electrons to 
flow from the fabric electrode to the ground (Fig. l g). This 
electrostatic induction process can generate an output voltage/ 
current signal. When the negative triboelectric charges on the 
HBP-fabric are completely balanced by the induced positive 
charges on the fabric electrode, no output signals were produced 
(Fig. 1g). When skin approaches HBP-fabric, the induced positive 
charges on the fabric electrode decrease, causing the electrons 
flow from the ground to the fabric electrode until skin and HBP
fabric becomes fully contact with each other again, resulting in a 
reversed output signal (Fig. 1g). This is a full cycle of the elec
tricity generation process for the textile-TENG. With periodical 
touch on the HBP-fabric, an alternating electricity output can be 
continuously generated. Owing to the synergetic enhancement of 
electron-acceptor of HCOENPs/BP, the measured open-circuit 
voltage and short-circuit current density can achieve -1860 V and 
1.1 JlA cm-2 during fast contact/separation between skin and 
HBP-fabric (Fig. 2a, b). 

For different practical applications, the effective output power 
of te:xtile-TENG was evaluated and calculated as I2R!A via 
measuring its output current density by externally connecting 
various resistance loads in series, where I is the output current 
across the external load, R is the load resistance, and A is the 
effective contact area. Figure 2c shows the dependence of output 
power density on the resistances. The current density decreases 
from 0.74 to 0.07 JlA cm-2 as the load resistance increases from 
0.001 MO to 1 GO. The maximum instantaneous power density 
of 0.52 mW cm-2 could be achieved when the load resistance is 
around 100 MO. With such high performance, textile-TENG can 
instantaneously light up over 150 LEDs in series by gentle touch 
( <5 N, 4Hz) (Supplementary Fig. Sa). It can charge a capacitor 
for driving the digital watch (Fig. 2d), showing a much higher 
power compared with the bare PET fabric that can barely drive 
about 10 LEDs (see Supplementary Fig. 5b for the comparison). 

Interestingly, the HCOENPs layer of the HBP-fabric also serves 
to enhance the charge induced capacity besides protecting the BP, 
which is due to its rougher surface (RMS roughness, 21.1 ± 5.4 
nm) with efficient triboelectric effect (see Supplementary Fig. 6 
for the roughness changes). Therefore, as successive coating of 
PET fabric, BP and HCOENPs were studied for their respective 
and concomitant capacities on the triboelectric outputs of fabric, 
the output voltage and transferred charge were measured with 
load resistance of 100 MO. Figure 2e, f show the outputs of 
TENGs based on different fabrics with hand touching of 5 N (6 
Hz). The device based on pristine PET fabric can generate voltage 
and current density of 200 V and 0.18 JlA cm-2, respectively. It is 
reasonable that PET is an intrinsically negative triboelectric 
material, which will be charged by inducing with a positive 
material (such as skin)12• After coating with BP, the output 
voltage and current density increase to 300 V and 0.4 JlA cm-2, 
respectively. It should be attributed to the electron-trapping 
ability of BP, which provides a charge storage layer to suppress 
the loss of triboelectric electrons for increasing the electricity 
outputs. With coating of HCOENPs only, expected high outputs 
of 530 V and 0.6 JlA cm-2 are attained. Interestingly, the output 
further increases to 880 V and 1.1 JlA em-2 with successive 
coating of BP and HCOENPs. As presented in Fig. 2g, a similar 
ascending tendency of their transferred charge densities (from 26 
to 125nCcm-2) can be measured, suggesting that there is a 
synergistic effect of BP and HCOENPs for capturing the induced 
charges to promote the corresponding outputs. There are 
significant improvements of outputs with coating of BP or 
HCOENPs compared with bare PET fabric, which means both BP 
or HCOENPs can contribute to the density of induced 
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charge. Thus the hypothesized synergistic enhanced effect 
could be attributed to the BP layer transitorily maintains the 
induced charges generated from the top layer of HCOENPs, 
suppressing the charge loss to ensure a more complete 
transfer process of induced charges between fabric electrode 
and ground. 

To confirm this hypothesis, surface potentials of the fabrics are 
measured as direct evidences to reveal the respective contribution of 
BP and HCOENPs. The measurement was performed on fabrics 
with friction by hand touching. As shown in Fig. 2h, initial surface 
potentials of BP/PET fabric, HCOENPs/PET fabric, and 
HCOENPs/BP/PET fabric are 0.35, 1.32, and 2.16kV, respectively, 
which can be maintained for longer time than the bare PET fabric 
(0.1 kV). Especially the fabrics with coating of HCOENPs or BP/ 
HCOENPs project a lasting surface potential to 3 and 4 h after 
sufficient friction (Fig. 2i). The results of the surface potential test 
demonstrate that both BP and HCOENPs can act as 
electron-acceptor coatings for the PET fabric. Notably, it is explicit 
that BP and HCOENPs play a synergistic enhancement on the 
induced and stored charges, generating a higher output perfor
mance rather than simply combining the effect of each other. To 
further clarify the enhanced contribution of BP and HCOENPs, we 
studied the dependence of surface potential on the coating density 
ofBP and HCOENPs. As shown in Fig. 2j, surface potential ofBP/ 
PET fabric increases gradually to 0.36 kV with increasing the BP 
density from 0 to 0.4 mg cm-2, then it reached the saturation. In 
comparison. the surface potential of HCOENPs/PET fabric can 
quickly attain a balanced value (1.32kV) when HCOENPs density 
increases to 0.2 mg em - 2• Moreover, when we increase the density 
of BP or HCOENPs with fixed density (0.4 mg cm-2) of another 
one, the increase of the fabric surface potential showed a 
similar rising tendency. It indicates that both BP and 
HCOENPs play im~rtant role to promote the frictional surface 
charges, 0.4 mg em- is enough for them to fully cover the fibers to 
obtain a fabric with saturated surface triboelectric performance. 
Especially, 0.2 mg cm-2 of HCOENPs can construct a continuous 
protective coating for BP and contnbute a stable output for HBP
fabric. 

Extract eDCIJY from voluntary and involuntary body motions. 
On the basis of the above-mentioned findings, performances of 
textile-TENG with effective dimension of 7.0 x 7.0 cm2 were 
investigated systematically. Figure 3a, b show its output voltages 
and current densities by applying a 5 N touching by hand with 
frequency from 1 to 6 Hz. The generated voltages are 250, 350, 
580, 880, 890, and 860 V. The corresponding current densities are 
0.48, 0.65, 0.8, 1.1, 1.1, and 1.1 JlA cm-2 (Fig. 3b). Figure 3c, d 
depict the output voltages and current densities of textile-TENG 
under 4Hz with applied force of 1, 2, 5, and 10 N, which achieve 
630, 750, 880, and 1000 V, respectively. The relevant current 
densities attain 0.78, 0.85, 1.1, and 1.3 JlA cm-2• These results 
demonstrate that the outputs depend on the touch frequency 
more than the touch force, which is reasonable as sufficient 
charges should be only induced and maintained by an enough 
sequential touch. Touch of 1 N with 4Hz is enough to attain a 
relatively high current density that is superior than the reported 
micropyramid structured PDMS TENG and the silicone rubber 
skin-like TENG38•39. To confirm that textile-TENG can be uti
lized on human body to harvest biomechanical energy, we 
mounted it directly on skin or cloth at different locations of body 
to study its output performances. As shown in Fig. 3e, f, textile
TENG can fully fit different body regions owing to its excellent 
deformability, upon touching with 5 N of 5Hz, it produces 
stable output voltages and current densities at different 
body locations. 
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,.._ 2 Triboelectric perfonnances of nanogenerators based on modified polyethylene terephthalate fabrics. a, b Open-circuit voltage (V00) and short-circuit 
current density U..,) generated by textile-triboelectric nanogenerator (TENG). c Dependence of current density and instantaneous power density of textile
TENG on the resistance of external load. d Textile-TENG 0 em x 7 em) harvest mechanical energy of hand motion (<5 N, 4Hz) to charge a 22 pF capacitor 
for driving a digital watch. • Output voltages, f current densities, and 1 transferred charges of textile-TENGs based on the bare polyethylene terephthalate 
(PET) fabric, black phosphorus (BP)-coated PET fabric (BP/PET fabric), hydrophobic cellulose oleoyl ester nanoparticles (HCOENPs)-coated PET fabric 
(HCOENP!V'PET fabric), and HBP-fabric (HCOENP!VBP /PET fabric). 100 MO was used as load resistance for output voltage and transferred charge 
measurement Operation was performed here by touch force of 5 N and touch frequency of 6 Hz. h The initially saturated surface potential of the four 
different PET-based fabrics. I The retention time of the surface potential of four fabrics after friction formed by touching. j Dependence of the fabric surface 
potential on the density of different coatings. Surface potentials are tested here by touching with 5 N and 6 Hz to ensure sufficient induced charges. Error 
bars represent twice the standard deviations (s.d.) 

The aforementioned performances of textile-TENG were 
measured based on the voluntary touch by hand to systematically 
evaluate the device. It demonstrates that tatile-TENG can 
generate considerable electricity even Wlder small touch force 
with low frequency. Thus. it can harvest the low frequency body 
motion as far as possible, meeting different operation require
ments from users. From a practical point of view, a wearable 
tatile TENG mould be able to directly contact with skin. thus, 
involuntary friction will occur between the device and skin that is 
the same as the friction between clothes and skin. Therefore. our 
tatile-TENG was mounted on body to confirm its high 
sensitivity for harvesting the small body motions by the 
involuntary friction ( <1 N). Two different frictional processes 
could take place on clliferent body location (Pig. 3g), either with 
or without the initial gap or separation between the device and 
skin, we distinguish them as continuous contact friction ((i), 
without gap) and intermittent contact friction ((ii), with initial 
gap), respectivdy (see Supplementary Fig. 7 for the detailed 
working processes). Accordingly. the output voltages and 

transferred charge densities of tatile-TENG based on these two 
friction processes are shown in Fig. 3h, i. respectively. Output 
wltages of 60 and 80 V can be achieved with relevant transferred 
charge densities of 9 ancl12.8 nC cm-2, respectively. It indicates 
that our tatile-TENG possesses high sensitivity to effectively 
harvest the biomechanical energy from both the wluntary and 
inwluntary body motions. 

Def'ormability and dorabllity of clftk:e. Defimnability and dur
ability are impor13Dt attributes of the 'M:'al'abilily of devices. Thus, 
tatile-TENG was tested fur ita capability of generating eJectricity 
after underwent various ememe c:onclitions, including defmmations 
and waahability. AB shown in Fig. 4a. a planar tedile-TENG with 
eff'eetive contllct area of 7.0 x 7.0 an2 c:an be willfully folded. twisted. 
and even stretched 1009(, with nearly c:omp1ete elastic: J:ailience. This 
5Cellent deformabilily and stretchability .is attributed to the aR-&bric 
c:onstruction of te:Dile-TENG. Thereafter, a device 1bat underwmt the 
above mreme ddormations was further aewrely washed for 24 h. 
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Fla. 3 Electrical outputs of textile triboelectric nanogenerator under voluntary and involuntary friction. • Output voltages and b current densities of textile 

triboelectric nanogenerator (textile-TENG) under 5 N touch with different frequency. c: Output voltages and d current densities of textile-TENG under 4Hz 

touch with different forces. a Output voltages and f current densities of textile-TENG mounted on different body regions • .1 Schematically illustration of the 

possible involuntary friction of textile-TENG on different regions of human body. (i) Continuous contact friction (red circles), (ii) Intermittent contact 

friction (blue circles). The human silhouette image was created by Jiaqing Xiong for use in this figure. h. I Output voltages and transferred charge densities 

of textile-TENG in the case of involuntary friction with human body with continuous (red curve, i) or intermittent contact friction (blue curve, ii) 

after which the device was confirmed to still drive around 150 LEDs 
by gently touching ( <5 N, 4Hz) (see Pig. 4b, Suppl.eurentary Movie 1 
and Movie 2), suggesting an admirable reliabiliiy of tem1e-TENG 
regardless of mreme 1:rea!ed amdil:ions. The device robustness was 
also proved by tmiDg the outputs of device after subjected to those 
harsh conditions fur multiple cycles. As shown in Fig. 4c, d. the 
output voltages and current densities are constant with the original 
outputs after 500 cycles of fold, twist, and stretch. and it even 
maintains the high perfurmance after severe washing (stirring rate, 

1150 rpm) for 72 h. This remarkable durability of teltile-TENG is 
attributed 1D 1he tightly attached coaling of BP and HCOENPs, 
especially the robust protection and waterproof properties provided 
by HCOENPs would render it with resistance against: various ememe 
conditions (see Supplementary Fig. 8 for more details). 

Apparently, BP and HCOENPs without delamination or fallure 
is essential to ensure the reliability of textile-TENG. Especially on 
the challenge of a fast degradation of BP on exposure to ambient 
conditions, here, a supposed protection of HCOENPs for the BP 

6 NAlURE COMMUNICA liONS I (2018)9:4280 I DOl: 10.1038/s41467-Q18-06759·0 I ~.nature.corn!naturecommunk:atlons 



NATURE COMMUNICATIONS I DOl: 10.1038/s41467-018-06759-0 ARTICLE 

a b 

c 1200 d 1.8 

1000 1.4 
Original 

Folded Twisted Str8tchad Washed 
~ 1.2 800 72h 

SOOcycles 1.0 
600 

10.8 ~ 

J 
400 i 0.8 

~ 
200 -8 0.4 

"E 
0 ~ 0.2 

-200 8 0.0 

-400 
~.2 

-o.• 
0 5 10 15 20 25 0 5 10 15 20 25 

lime (s) Time(s) 

Ffc. 4 Deformabllity and electrical stability of textile trlboelectrlc nanogenerator under various extreme conditions. • Photographs demonstrating that the 
textile triboelectric nanogenerator (textile-TENG) possesses excellent endurance for successively experiencing deformations of folds twist, and stretch, as 
well as severe washing. It Textile-TENG still can light up around 150 light-emitting diodes (LEOs) after extreme treatments. Touch motion (<5 N) with 4Hz 
was used for driving the LEOs. c: Output voltages and d current densities of textile-TENG after suffering various extreme deformations and severe washing. 
Stretching of 50% strain was performed as well for the measurement 

was verified by characterizi.ng the HBP-fabric after exposure to air 
for 11 weeks. Firstly, scanning electron microscopy (SEM) images 
and element mapping (Supplementary Fig. 9) reveal the fiber was 
surrounded by an undamaged coating that is composed of BP and 
HCOENPs. Moreover, we compared the X-ray photoelectron 
spectroscopy (XPS) spectrum of BP/PET fabric and HBP-&bric to 
further confirm the state of phosphorus. Deconvolution peaks 
(Fig. 5a, b) indicate there is a peak of phosphorus presented in 
HBP-fabric instead ofBP/PET fabric, and only a small peak of P
O can be observed at the side of the P 2p112 and P 2p312 peak. 
demonstrating that BP was protected well on the fibers by 
HOCENPs coating. Furthermore, the long-term surface 
potential was monitored (Pig. 5c) with adequate fricti.o.n by 
touching. BP/PET fabric shows a marked.J.y decreased surface 
potential after being exposed to air for 6 weeks. By contrast, 
HCOENPsJBP/PET fabric maintains a consistent surface poten
tial even after 16 weeks, a potential of2.08 kV stUl can be induced 
with retention of 4 h (insert of Fig. x ) that is consistent with the 
initial results (Fig. 2h. i). Therefore, the device outputs 
show nearly no degradation after exposure in air for 16 weeks 
(Fig. 5d). Our durable textile-TENG devices were aged in ambient 
condition (70-80% humidity, 24 ± 3 °C} after 16 weeks and were 
used to charge a 16 ~ capacitor. As shown in Fig. 5e, a decreased 
charge efficiency was observed from the BPIPET &bric-based 
device, whic:h is close to that of bare PET fabric device due to the 
disappearance of BP. In contrast, the textile-TENG based on 
HBP-fabric maintains an almost identical charge efficiency to that 
of 16 weeks ago. Thus, it is proved that HCOENPs protected 
BP is a reliable electron-acceptor coupling layer for improving 
the triboelectricity. 

Tmile-TENG is highly amfonnaJ. and promising to long-term. 
usage w.ilh self-supporting energy. In contrast to olher self-powered 
textile devices that were coated with dense polymer films or drsigned 
with cmnplic:ated dual...dectrodes mode, our devi.a: delM::rs an 
exr.eptioDal advmtage that it is a high-pa:futmance self-powered 1Btile 
from admrtion m human :mclion {F.tg. Sf). I.evaaging on the simple 
and conformable amstructi.on m !leYel'3.l. filhrics, it can be easily 
incorporated on other temles or human skin fur harvming 
biomec:hanical energy. Also, it is promising to self-powered muhi
:fu:ncti.onal e-mbric or e-skin uses by imqp:ating with otlxr a>IllpODmts. 

Dlscuufon 
In summary, a skin-touch-actuated wearable triboel.ectric nano
generator has been demo.ostrated on a tenile; it is an intrinsically 
durable and washable textile-TENG with the capability to gen
erate electricity regardless of various extreme conditions.. It can 
harvest the meclwtical energy from both voluntary and invo
luntary body motions, and the maximum instantaneous output 
electricity can achieve 880 V and 1.1 !lA c.m-2 upon applying 
voluntary touch with -5 N and -4 Hz. Also it can sensitively 
harvest outputs of 60 V and 9 oC cm-2 under involuntary friction 
with skin_ We demonstrate the coupling of BP and HCOENPs as 
a durable triboelectric electron-trapping coating, enabling an 
excellent reliability for textile-TENG due to the additional pro
tection of HCOENPs. The all-fabric-based configuration delivers 
a coofonnabl.e teml.e-TENG with ememe deformability and high 
durability, rendering it with a fac.ile incorporati.oD on clothes or 
skin and achieving sensitive energy harvesting capacity for body 
motions of various strength to meet different operation 
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F'.._ 5 Durability of textile triboelectric nanogenerator under exposure to ambient conditions. • X-ray photoelectron spectroscopy {XPS) spectra of BP/PET 
fabric and HBP-fabric that were stored for 11 weeks. The former is the black phosphorus coated polyethylene terephthalate fabric {BP /PET fabric), the latter 
(HBP-fabric) is PET fabric with successive coating of BP and hydrophobic cellulose oleoyl ester nanopartides (HCOENPs). b Deconvolution of phosphorus 
peaks in BP/PET fabric and HBP-fabric, respectively. c The initially saturated surface potentials of BP/PET fabric and HBP-fabric within 16 weeks. Inserts are 
the sustained time of their surface potential after exposure to air for 16 weeks. d Periodic monitoring of the peak-to-peak output voltages and current 
densities of textile-TENG within 16 weeks. Insert are the outputs of device placed in ambient environment after16 weeks. e Charging curve of 16 )'F 
capacitor by devices with fabrics of PET, BP/PET, and HBP-fabric. Solid and dashed curves denote the initial charging curves and charging curves after 
16 weeks, respectively. f Comparison with selected important works on textile TENGs. 1-10 are various TENGs reported based on silver-coated 
polytetrafluoroethylene (PTFE) textile (TENG-1)28, Nylon/PET woven textile (TENG-2)24, polydimethylsiloxane (PDMS)-coated stainless steel/PET textile 
(TENG-3)26, reduced graphene oxide (rGO)/Ni coated PET textile (TENG-4)45, silicone rubber-coated stainless steel/PET textile (TENG-5)27, Kapton/Ni 
belt woven textile (TENG-6)46, polyester core-shell-yarn-based TENG (TENG-7)47, Cu/polyimide (PI) wrapped PET textile (TENG-8)25, PDMS/AI wire 
fabric (TENG-9)21, AI NPs/PDMS-coated textile (TENG-10)23, and this work (TENG-11). Error bars represent twice of the standard deviations (s.d.) 

requirements, making it a promising concept for developing self
powered textiles and multifunctional wearable electronics. 

Methods 
Synthesl1 of hydrophobic CCNitiqllld BP. Hydrophobic coating of cellulose 
oleoyl etter nanoparticles (HCOENPt) with tizes of around 35 run (±5 run) were 
synthesized by a nontoxic esteri1ication method and nanoprecipitation technology 
based on the microcrystalline cellulose43. Ethanol suspension of HCOENPs 
(0.5 mgmL - 1) wu used here (see Supplementary Note 1 for the preparation 
detaib). Few layer BP was prepared from the pre-grinded BP by succeuive soni
cation (3 h) and centrifugation (lOk rpm for 1 h), an ethanol solution of few layer 
BP (0.5 mgmL - 1) wu used in this worJ.c44. 

F•briatian of tuti .. tribolllactric M~~Dpnerlltar. PET fabric (thickness, 260 ± 
20 ~dimension, 10 em x 10 em) wu pretreated by stirring in a 0.2 moiL - 1 

NaOH aqueous solution at 50 •c for 120 min to remove the impurities, followed by 
rinaing with deionized water to fully wipe off the retidual alkali. The resultant dry 
PET fabric was coated with BP ethanol suspcnsi.on (0.2 mg mL -l) by dip-coating. 
This is followed by coating with HCOENPs via dip-coating or spray-coating to 
obtain the HBP-fabric as a triboelectric fabric. Silver flake mixed with PDMS 
(weight ratio> 2:1) as conducting medium was coated onto the PET fabric via dip
coating to attain the fabric electrode. Another PET fabric was dip-coated with 
HCOENPs to achieve a waterproof fabric for encapsulating the electrode, making 
the whole devU;e waterproof and insulating for safe UI88C· Fabric electrode with 
dimension of 7 an x 7 an was mounted between the HBP-fabric and waterproof 
fabric with the aid of double-side tape, which was connected externally with a 
conductive fabric to assemble the textile-TENG for output measurement 

Ch.-.cteriation •nd electriall mu1ure!MIIl Atomic force microscope (AFM. 
Asylum Research, cypher S) was conducted to evaluate the size of BP nanosheet. 

Field emission scanning electron microscopy (FE-SEM, JEOL 7600) wu employed 
to reveal the morphologiet of BP and HCOENPs on the fibers. EDS and XPS (VG 
Thenno, Escalab 220i-XL) analysis were performed to confirm the pretence of BP. 
Fourier transfurm infrared spectrometer (FTIR. PerkinEimer Frontier) and a 
nanoparticle analyzer (Horiba, SZ.lOO) were used to detennine the structure and 
size of HCOENPs. Static contact angle of temle was measured by a video-based 
optical contact angle measuring syrtem (Dataphysi.cs OCA15 Pro) with droplets of 
6 jJL. Air permeability was tested with a pie« of fabric (20 an2) under 100 Pa 
differential pressure by a fully automatic permeability instrument (YG461B-Ill). 
The aurface potential of teml.es WliJI measured by an Electrom.tic Voltmeter (Trek, 
Model 542 A). The output voltage of TENGs was measured by a mixed domain 
oscilloscope (Tektronix MD03024, impedance= 100 MO). The output current was 
measured by a low-noise =t preamplifier (Stanford Research System, model 
SR570, impedance= 4 0). The open-circuit voltage (V ..J and transferred charge 
were measured by a Keithley 6517B system electrometer {impedance> 200 TO). 
The voluntary body motion WliJI applied by touching with different forces (1-10 N) 
and frequencies {1-6Hz) to ty8tematitally evaluate the device. The involuntary 
body motions were achieved by mounting the device on forearm and knee, 
simulating the real movements of human that include continuous contact friction 
and intermittent contact friction {initial gap -0.5 mm). Electrical measurement! 
were carried out with informed signed consentll from the human subject 

Data availability 
The authors declare that the data supportiDg the findings of this ttudy are available 
within the article and itll Supplementary Infonnation filet. Numerical w.J.ues of data 
shown as graphs are available from the =ponding authors upon reasonable request. 
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Hollow nanostructures of metal 
oxides as next generation electrode 
materials for supercapacitors 
Vikas Sharma1, lnderjeet SinghG)2 &Amreesh Chandra1•2 

Hollow nanostructures of copper oxides help to stabilize appreciably higher electrochemical 
characteristics than their solid counter parts of various morphologies. The specific capacitance values, 
calculated using cyclic voltammetry (CV) and charge-discharge (CD) studies, are found to be much 
higher than the values reported in literature for copper oxide particles showing intriguing morphologies 
or even composites with trendy systems like CNTs, rGO, graphene, etc. The proposed cost-effective 
synthesis route makes these materials industrially viable for application in alternative energy storage 
devices. The improved electrochemical response can be attributed to effective access to the higher 
number of redox sites that become available on the surface, as well as in the cavity of the hollow 
particles. The ion transport channels also facilitate efficient de-intercalation, which results in the 
enhancement of cyclability and Coulombic efficiency. The charge storage mechanism in copper oxide 
structures is also proposed in the paper. 

Till a decade or two back, fossil fuel based sources were expected to meet the increasing demand for energy owing 
to rapid urbanization. Then came the evidences, proving the limited reserves of fossil fuels and their long-term 
devastating impact on the climate. Consequently, worldwide research saw a paradigm shift and renewed vigor 
towards finding socio-economical renewable energy sources for grid and off-grid applications1• 3• Initially, solar 
and fuel cells attained prominence before other renewable energy sources such as wind, tidal, bio-, etc. became 
competitive4-8. To ensure energy security and tackle the intrinsic limitation of"intermittent availability': two stor
age technologies, which have remained most investigated and/or used are: Li-batteries and supercapacitors~-13• 
Supercapacitors are also considered as viable shield to save the expensive Li-batteries from transients or shocks, 
associated with sudden change in demand or supplyl4

• The long cycle life (>few tens of thousands) has also made 
supercapacitors attractive for applications in automobiles, electric locomotives, smart phones, soldier shoes, sen
sors,load leveler, etc15

-
17

• 

Based on the charge storage mechanism, supercapacitors are broadly classified as electric double layer capac
itor (EDLC) and pseudocapacitors18

• Initially, EDLCs were fabricated using several forms of carbon such as: 
activated carbon, CNTs, graphene-like, graphite, etc19-22

• The low specific capacitance, energy density and tedious 
processes involved to achieve high surface area active material(s) have mostly led to saturation in the device 
performance. Consequently, transition metal oxides (TMOs) based pseudo-capacitors started to overshadow 
EDLCs even though the cost or environmental impact were higherll. In comparison, pseudo-capacitors fabri
cated using various metal-oxides, hydro-oxides or conducting polymers generally exhibit much higher specific 
capacitances than EDLCs. Knowing the fact that the pseudocapacitor's capacitance is driven by the faradaic redox 
reactions at the material surface, their performance can also be increased by incorporating redox additives into 
the electrolyte24. 

Mostly, the strategy of using various intriguing morphologies of a metal oxide to tune the deliverable specific 
capacitance is employed. These include nanoflowers, nano-ribbons, core-shell, etcl'-27• Once the power density 
obtained using a particular solid metal oxide with various morphologies indicate saturation, attempts start to 
investigate the next metal oxide. This is somehow leading to duplication andl or monotonous approaches, without 
achieving the: ultimate target of bringing quantum jump in the specific capacitance while reducing the carbon 
footprinf.ll-30• 

1School of Nanoscience and Technology, Indian Institute ofTechnology Kharagpur, Kharagpur, 721302, West Bengal, 
India. 2Department of Physics, Indian Institute ofTechnology Kharagpur, Kharagpur, 721302, West Bengal, India. 
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Fipre 1. (a,c) SEM, (b,d) THM images and (e,f) particle size distribution of Cu(HN) and Cu(OCT), 
respectively. 
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Rll~ was amongst the first metal md.des, which brought pseudo-capacitors to the forefront, as very high 
specific capacitance values could be obtained31• Very soon. its high coat and to:Dd.ty forced researchers to look 
for alternatives. Consequently, less expensive and environmentally compatible transition metal Old.des (TMOa) 
have become industrially acceptable, as the cost factor and climate mitigation laws are two major concerns for the 
manufacturers. 'Ihe alternative TMOs include Mn02, V20 5, Sn02, F~03, C~O., etc3M7• Another simpler TMO 
(with much higher functionality, useful for both- batteries and supercapacitors), which has been investigated. 
i& copper oxide (~0 and CuO). Its particle with many interesting morphologies such as nano/microcubes, 
nanocage, nano-flmw:r, etc. have been employed38

•
39

• Out of two copper oxides, CuO has been more widely used. 
However, ~0 remains an ignored member of copper based oxide family even though it has a theoretical specific 
capacitance of2250 F g-1 and significant faradaic respons~. 

In this paper, using these two conventional and simple oxides of copper viz., Cu20 and CuO. it is shown that a 
hitherto ignored strategy of using hollow nanostructures can bring quantum jump in the electrochemical perfor
mance ofTMOs. These materials, owing to low mass and high electrochemical response. may also help to reduce 
the weight of the final device, a factor atremely critical for most industries. Till date, hollow nanoatructu:res have 
m.oatl.y been thought to be more useful for applications such as catalysis, sensors, solar cells, nanoscal.e chemical 
reactors, drug delivery, etc43-47• Low di1fusion length and high ionic percolation associated with rough and porous 
surface boost the EDLC behavior. It iB shown that copper (I) oxide hollow structures return nearly 70-80% higher 
spedJic capacitance than the corresponding solid particles. 1he discussed ~0 hollow atruct:ures also augments 
cyclic stability and can serve as pure negative electrode material in a wide potential window. The results, when 
compared with relevant literature, SUBBCSt that forming composites with other cxpenaive components such as 
graphene. reduced graphite oxide. etc. may not be required. if the hollow particles are carefully tuned and used as 
acti:n: electrode materials. 

Results and Discussions 
Characterization and growth mechanisms. X-ray diffraction (XRD) clearly showed the formation of 
pure ~0 with cubic (Pn J m) crystal structure. No impurity peaks were observed in both the XRD profiles and 
corresponding indexing of the X-ray dtifractograms is given in Fig. Sl of the supporting evidence. XRD profile of 
CuO hollow 11811.0Structurs was similar to those reported earlJ.er4.'. Energy dispersive Analysis ofX-Rays (EDAX) 
spectra were taken for both ~0 hoUow nanostructurea (Cu(HN))/~0 octahedrons (Cu(OCT)) and the 
related results are di&cuaaed in detaU in the supplementary information. (Fig. S2(a,b) and Table Sl). The data 
continned the expected concentration of the constituents. 

It is now well accepted that the electrochemical behavior of the TMOs is strongly affected by the particle mor
phologies. Figure la-d. show the scanning electron microacopy (SEM) and transmi&sion electron microscopy 
(TEM) micrographs, which clearly indicated the fonnation of two morphologies (hollow and solid) of ~0. 
Nearly wrlform sized hollow nano-spheres, with diameter of-200-300 om and cavity dimension of- 150 nm 
were discernible (Fig. la,b ). The hollow nanospheres had rough exterior shell. As the precursor concentration 
was carefully varied. solid Cu(OCT) could be obtained. These had smooth and curved comers with longest axis 
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of -400 nm. Some smaller octahedrons were also present, which could be attributed to the nucleation, growth 
and subsequent Ostwald type process, that is discussed later (Fig. 1 c,d). Different area TEM micrographs are also 
shown in the supporting information regarding the Cu(HN), which further confirmed the uniform distribution 
of hollow particles (see Fig. S3(a-f)). Confirmation of CuO hollow nanostructures can be done from the detailed 
explanation by Singh et a1.43• Particle size distributions in the Cu20 samples used in the present studies are given 
in Fig. 1e,f. N2 adsorption-desorption isotherm is also depicted in Fig. S4.1he Brunauer-Emmett-Teller (BET) 
analysis showed that the effective surface area ofCu(HN) (-10m2/g) was more than two times higher than that 
of Cu( OCT) (-4m2/g). The significance of this observation is also presented in the supporting evidence. Fig. SS 
shows the particle size distribution for CuO hollow nanostructures. 

Transformation from hollow (HN) to solid (OCT) type Cu20 can be explained as a convoluted phenomenon 
of thermodynamically driven nucleation and Ostwald ripening type growth mechanism. ln the present case, 
the growth of the particles seems to be a convoluted picture of two mechanisms viz., diffusion and aggregation. 
In the growth of the overall crystal structure, growth of every single facet is important. According to Gibbs
Wulff energy minimization theory, every crystal organizes itself in the state oflowest surface Gibbs free energy. 
Moreover, according to Bravais law, all crystal faces develop along the planes defined by the points in a particular 
lattice. Combining both the laws, the growth of the crystal takes place along the various crystal planes which leads 
to the formation of morphology that has the minimum overall surface Gibbs free energy48. This would vary as the 
concentration of precipitating agent ie. NaOH will change because the rate of nucleation is strongly dependent 
on the supersaturation state. 

In case of cuprites like ~0, the growth is preferred along the crystallographic [100] and [111] planes. But the 
overall surfaceenergyof111 plane is lower than 100 plane (111 < 100 < 110). Therefore, the crystal unit cell tries 
to transform from 100 unstable plane to lllstable plane49• Figure 2a shows the evolution of 111 plane from 100 
plane, owing to the increase in the growth-determining factor ( GDF). Higher concentrations of GDF,leads to the 
stabilization of nearly spherical morphology, due to the refinement of edges generated by the ( 111) plane (making 
them curved rather than sharp). At lower concentrations, morphology terminates at any of the earlier step. In 
the present case, during the formation of Cu(HN), the concentration of NaOH was much higher in comparison 
to the synthesis protocol for Cu( OCT). So, the rate of nucleation is expected to be higher in the case of hollow 
nanospheres. Therefore, the evolution of particle morphologies can be expected as under: 

(i) Due to the higher concentration ofNaOH, rate of nucleation (TN) > rate of growth (T G). Precipitation of 
Cu(OH)2 nanoparticles starts. These nanoparticles form aggregates at the interface of dextrose molecules 
and the solution. Along with this, presence of the reducing agent i.e., dextrose, in high concentration, 
will enforce the peeling of Cu( OHh consistently, both from inside/outside and stabilization of aggregated 
nanoparticles in thermodynamically preferable 111 planer orientation, as seen in Fig. 2b1-b4. 

(ii) With time, a concentration gradient of dextrose can be expected that would vary the extent of peeling. 
Near the area of high concentration, a cavity would form, which would be forced to grow further because 
the fluidic reducing agent will get entrapped in it This would lead to formation of hollow particles, which 
are shown in Fig. 2b4. 

(iii) In the case of Cu( OCf), the concentration of NaOH was low, which would lead to the scenario where 
TN :::; T G· Therefore, the particle growth would be predominantly controlled by the diffusion process. 

(iv) Finally, due to the presence of dextrose, the particles will be isotropically reduced from all sides with 
much lesser probability of cavity formation. The preferred growth would be along [ 100] with subsequent 
evolution along [111] direction. With increasing reaction time, Ostwald type ripening will occur and larger 
sized particles will stabilize (see Fig. 2c1-c4). 

The growth mechanism for CuO nanostructures was already discussed in detail by Inderjeet et a1.43• 

Electrochemical studies. It is clear from the previous sections that two very different morphologies of 
copper oxides can be stabilized. The importance of one morphology over other can only be claimed provided it 
shows significant improvement in physical properties. 1his section will show appreciable improvement in the 
electrochemical performance that can be achieved using hollow structures. While determining the electrochemi
cal performance using a three-electrode assembly. mass of the active material was kept same for both Cu(HN) and 
Cu( OCT) viz., 1 mg em -a. Figure 3a,b shows the evolution of CV profiles as a function of scan rates. The closed 
CV curves were similar to those expected in materials, which show predominant pseudocapacitive behavior50

• 

The comparative study proved beyond doubt that the hollow structures had much high electrochemical behavior. 
The electrochemical response in hollow structures would be controlled by surface reactions as well as the diffu
sion of electrolyte ions within the cavity. This will logically be higher in comparison to solid structures, where 
only the surface reactions will play the dominant role. Zeta potential values also justified the claim of higher 
number of active surface sites for ion adsorption and intercalation in hollow structures. 

Cu20 is known to show negative zeta potential51• Typical Zeta potential curves for copper oxide samples are 
shown in Fig. 4. During chemical reaction, electropositivity of the surface is determined by the overall pH of 
the solution. As the material gets dispersed, the oppositely charged ions i.e., OH- ions in de-ionized (DI) water, 
would get attracted towards the surface and form a layerS:!. On the other hand, the released H+ ions reduce the pH 
of the solution and zeta potential shifts towards the positive regime. From Fig. 4, zeta potential values for Cu(HN) 
and Cu(OCT) were estimated as -24.lmV and -41.8mV. respectively. Hollow nanostructures returned higher 
electropositivity, which can only happen when there is increased volume to facilitate oH- accommodation. 1his 
qualitative estimation was found to be in accordance with the inferences drawn using CV profiles, which showed 
the hollow structures had higher electrochemical response. 
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Fipre 2. (a) Artificial crystal morphologies of ~0 crysl2l explaining growth of Cu(HN) and Cu(OCT), (bl
M) Growth mecltanism Cu(HN) and (cl·c4) Cu(ocn. 

CV profiles for both Cu20 based materials show two anodic peaks at -0.4 V and -0.15 V. as in Fig. 3a,b. These 
peaks could be attributed to the formation of CuO and Cu(OH)2.0ne broad cathodic peak. (having two smaller 
peala) at -0.45V was related with the reformation of CuzO from CuO and Cu(OH)2• Chemically, the anodic and 
cathodic reactions could be repreaented aaso: 

.!.CN20 + Oir ~ CuO + .!.~o + e-
2 2 (1) 

(2) 

(3) 
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Fipre 3. CV profiles of (a) Cu(Irn), {b) Cu(OCI') at difrerent scan rates, (c) Voltammetric charge at different 
scan rates for Cu(HN) and Cu(OCT) and (d) volt.ammetric charge q* plot as a function ofv-112, where Vis scan 
rate. The double layer charge (qo) is determined at the v-112 = 0 corresponding to the intercept of the fitting line. 
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Fipre 4. Zeta potential curves for Cu(HN) and Cu(OCT). 

(4) 

It is now believed tbal: estimation of contributing active sites is more important than determination of initial 
surfaces areas of the materials, which is generally reported. 'Ibis is because the ef£ecti.ve surface area in the final 
device is much lower than the starting value as the surface of the active material gets coated with polymers like 
PVDF. etc>3• Th determine the contributing active sites, determination of voltammetric charge of the material is 
aitical. This is directly related to the available surface area of the coated material on the electrode. The voltam
m.etric charge (q*) is obtained using the following relation54: 

I ' dB ··=-'-AV (5) 
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Fipre 5. Schematic scheme of the ion Interaction with electrode for Cu(HN) and Cu(OCI') as e1.ect:rode 
materials. 

where. v; i.E and A denote the scan rate. voltam.metric current (mA), potential (m V) and geometric area of the 
electrode (cm2), respectivdy. In addition, q* can also be calculated by usillg the relationS4: 

(6) 

where, qg is the charge amtribution by double layer. 1hia approach can also be employed to extract information 
pertaining to the relative surface area of the coated portion on the electrode. 

Figure 3c shows the q* vs V CW"Ve for Cu(HN) and Cu(OCI'). The CW"Ve clearly indicated towards consistently 
decreasing adsorbed charges on the surface of both the electrodes, with increasing scan rate. This behavior has 
also been observed in systems based on other metal oxides with pseudocapacitive behavior lilce Ru02, ~ e~ 
56• Higher interaction of ions with active sites of the electrode material leads to enhanced adsorption of charges on 
the electrode surface. This would result is faradaic respon&e along with the formation of double layer capacitance. 
Therefore, at lower scan rates, redm: peab would become prominent, before climinhhing at higher scan rates. In 
the present case, the adsorbed charge was -<l.27 ccm-2 at 10m V s- 1 for the Cu(HN) which was nearly double the 
value obtained for Cu(OCI') i.e., -0.15 ccm-2• 

Figure 3d shows the curve between q* and v-112 and the intercept of the curve give. the value of q0• The 
value of 'lo was -0.22 mC cm-2 and -0.13 mC cm-2 for Cu(HN) and Cu(OCT), respectively. Similarly, the 
surface charge contribution for hollow nanospheres was found to be 1.7 times greater than that obtained for 
Cu(OCI'). 1hl.s corroborated the inferences drawn using the zeta potential meaaurements and CV profiles, that 
the charges present at the electrode surface are more in case of Cu(HN). The increased charge collection at the 
electrode-electrolyte interface will increase the EDLC driven specific capacitance (enforce higher area under the 
CV curve). The above results clearly showed that increased surface charge adsorption capacity, owing to higher 
number of active sites, enhances the electrochemical respom1e. Based on tbe above disc:ussions, tbe charge storage 
mechanism in hollow structures can be schematically explained using Fig. 5. 

The specific capacitance values were estimated U8illg the relation: 

1 l+V Ccv= I. dV 
2MS,t.V -v (7) 

L+V where M, S, a V and I. dV reprexnts the mass of the active material scan rate, potential window and abao-
lute area under the CV ke. respectively. '!he values of the specific capacitance as a function of varying scan 
rates are lUted in Table 82. The muimwn specific capacitance values obtained at scan rate of I Om V s-1, using 
hollow spheres (164 F g-1) were nearly 70% higher than that observed using solid octahedron particles (97F g-1). 

For commercialization of supercapacitors, charge-discharge performance is required. as it provides the 
quantitative estimation of the deliverable specific capacitance. Figure 6a,b mows the charge discharge profiles of 
Cu(HN) and Cu(OCI'). During the charging cycle, at lower scan rates, two distinguishable regions were evident. 
which were also distorting the linearity of the profiles. These two portions could be linlwl to the redm: reactions 
(similar to those visible in the CV profiles)48• In a battery material, these redox functions assisted modulations are 
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Fipre 6. CD curva of (a) Cu-HN and (b) Cu-OCT at different current densities. 

generally longer and lead to higher energy density. In the present cue, at cum:nt densities > 1 Ag""1, the compli
cated features associated with different redox reaction wt:re considerably suppressed The charge-discharge profile 
repined its triangular shape. which reconfirmed the usefulness of ~0 as a supen:apacitm electrode material. 

Similar type ofbehavior was observed in both the Cu(HN) and Cu(OCT). On comparing the discharge times 
of both the materials at different current densities, it was clear that the hollow oanostructures were better suited 
for ion adsorption and intercalation. The specific capacitance values were calculated by using the relation: 

Ceo I. dt 
= M. (V-lR) (8) 

where lim, dt, V and IR denote current density, discharge time. operating potential window and voltage drop 
found at the interface of charging and discha.rging profile, respectivdy. The values of specific capacitance were 
1441115Fg-1 and l05/90Fg-1 for Cu(HN) and Cu.( OCT), respectively, at current density of l/2Ag-1• 

Figure 7a shows the variation of specific capacitance values with SQill rate. It clearly showed that, increase in 
the scan rate, leads to reduced specific capacilance. With the increase in scan rate, the faradaic capacitance con
tribution decreases and EDLC type spedfic capacitance dominates. 'Ibis happens because, at high scan rates, the 
electrolyte ions do not have enough time to intercalate or de-intercalate. 

For a worthwhile device application, the capacitance retention determination Is critical It was found to be 
-8596 and 7996 for Cu(HN) and Cu(OCT), respectively (Fig. 7a), with much higher rate capability in the caae of 
Cu(HN). 1hia further showed that the curved surfacea of the hollow nanostructures, formed by the aggregation 
of nanoparlicles were able to provide sufficient channels for directing the ions toward& the inner cavity, even at 
high scan rate of 200m V s-1• But, in case of Cu(OCT), oDly the exterior smooth surface was available for ions 
adsorption and desorption. The values of specific capacitances with CUITeD.t densities are fisted in Table S3 and 
a bar graph showing the comparison of the specific capacitances for both the CuzO materials at different cur
rent densities is shown in Fig. 7b. The capacitance retentions at 10 Ag--1 were 49.496 for Cu(HN) and 47.696 for 
Cu(OCT), .respectively. 

The charge tranaport kinetics of the electrode can be studied by electrochemical impedance spectroscopy 
(BIS) measurements. Using Nyquist plots, information pertaining to electrode-electrolyte interactions, interfa
cial effects, equivalent series resistance (ESR), etc. can be atracted10.2l,l4. Figure 7c show that the ESR values for 
Cu(HN) and Cu(OCT) were -1.26 0 and -1.46 (), respectively. If a semicircle is present at the higher frequency 
region, it gives the information regarding charge transfer kinetics. In our case, distorted semicircle was observed 
in the high frequency zone, which confirmed low charge transfer resistance at the working electrode and elec
trolyte interface. 'Ibis further indic:at.ed that the F.SR value in Cu(HN) was lower than in cue of Cu(OCT). From 
the lower frequency region. typical Warburg type capacitive re&pol!Be was observed in both the morphologies of 
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'18ble 1. Compari5on of present electrochemical result with some recent results on ~0 based electrode 
materials. 

~0. It has been seen that for a flat sheet like electrodes, the Warburg slope remains at 45°and is proportional 
to l/CD112 where 'C' and 'D' represent concentration of diffusive species and hydrogen diffusion co-efficient. 
reapectivelf". However, in electrodes based on porous electrodes and the systems, which involve a sequence of 
reactions this relation does not hold true. At lower frequencies, both the materials sholftd nearly similar kind of 
capacitive behavior in which the slope for Cu(HN) is near to 45° and slightly higher for Cu(OCT). This further 
indicated about the better electrochemical performance Cu(HN) based electrodes. Mommr, it is well known that 
hollow structures provide shorter diffusion length for electron and ion transport39. 'Ihls leads to lowering of the 
BSR value of ~0 hollow nanospheres than tbesolid octahedrons. This reaffirmed that Cu(HN) was simulating 
better ion intercalation, adsorption and desorption. 

The cyclic stability of the electrode materials was investigated at a current density of 5 Ag-1• Figure 7d shows 
that the capacitance retention after 3000 cycles was -9996 and 9796 in Cu(HN) and Cu(OCT), respectively. The 
typical cycling curves for last 10 cycles are shown in Fig. S6(a, b). 'Ibis further proved that the malerials could be 
used as electrode& of a aupercapacitor. The EIS curves indic:ate slight increase in the ESR wlues after 3000 cycles, 
as shown in Fig. S7(a.b). The values ofESR ina-eased from -1.26 0 to -1.84 0 in Cu(HN) and from -1.46 to 
- 2.10 0 in Cu(OCT). This increase in the BSR values can happen due to electrode degradation as a function of 
cycling. From the lower frequency regions in Fig. S7(a.b), it is dear that the capacitive behavior was reduced in 
case of solid structures whereas it remains constant in Cu(HN) without any considerable degradation. 

The electrochemical results obtained from Cu(HN) were compared with some of the recent re&ults on ~0 
and their composites (Table 1). The advantages of curnd surfaces, low diffusion length, high availability of 
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l!lectrocJe~WerW Sclante(mVI-1) Spedfk cti(NIChl• ce (P .-') lle&realce 

CuO nanoparticlell 10 76 
,. 

CuO-PAA thin films 40 30 
, 

CuO IWlOstructures 5 96 
,. 

CuO nano11awer-rGO 5 136 
,. 

CuO nanoparticles 10 20 7S 

CuO nanopartlcll!ll-rGO 10 80 7> 

CuOhollow 10 140 PreiCiltl'IUI'k 
!WUJitrudura 

Table 2. Comparison of present electrochemical result with some recent results on CuO based electrode 
materials. 

surface adsorption sites due to the hollow cavity and pure crystalline nature proved that Cu(HN) would be better 
than the solid counterparts, for supercapacitor applications. The electrochemical performance of synthesized 
CuO hollow nanostructures was also tested (Fig. S8(a-d)and S9(a,b) ). The specific capacitance values, at different 
scan rates and current densities, are listed in Table S4. The results showed similar behavior as observed in case of 
Cu(HN), with an appreciable increase in the specific capacitance in comparison to solid counter parts. The values 
are listed in Table 2. There are some reports that deal with the use of other Cu0/Cu20-based composites with 
similar or even higher specific capacitance values58- . These reports claimed that, with the use of other metal 
oxides or polymers as composite components with Cu0/~0. higher values can be achieved. But these studies 
failed to address the aspect cost escalation that would occur due to the use other more expensive components 
and also the problems of forming stable composites in large scale. In addition, there are also some other reports 
that have claimed the enhancement in the specific capacitance by adding suitable conducting elements in the bare 
metal oxides61~. These conducting elements not only increases the cost of the overall device but also needs tedi
ous, time consuming and costly processes to form the composite structures with metal oxides. Our work clearly 
shows that hollow morphologies of the same metal oxide can enhance the electrochemical properties without 
the need of any extra additives. This is significant for the industries, as they would prefer to work with simpler, 
conventional, robust, abundant and cost effective metal oxides. 

Conclusions 
The results clearly indicate that using hollow nanostructures of copper oxide can bring appreciable jump in the 
electrochemical performance in supercapacitors. A simple and scalable one step strategy has been established 
for the synthesis of hollow and solid Cu20 nanoparticles, making it viable for industrial applications. Specific 
capacitance obtained using hollow nanostructures was nearly 70% higher than what could be achieved using 
solid structures (from the CV curves). The associated high cyclability can be directly linked to higher surface 
adsorption sites in hollow structures, along with enhanced channels for electrolyte ion adsorption-desorption. 
This would lead to efficient redox activities and ensure more than 90% coulombic efficiency, which makes the 
material useful for supercapacitors. 

Methods 
There are many approaches for stabilizing hollow nanostructures. These include hard template based, soft tem
plate micro/miniemulsions, chemical etching. self-assembly, e~. Direct synthesis of hollow nanostructures, 
at low tenlperature, is non-trivial and needs specially designed protocols. The synthesis processes used to obtain 
Cu20 and CuO are presented below: 

Synthesis of Cu20 materia Is. Analytical grade reagents, without further purification, were used as raw 
materials. For the synthesis of Cu20 hollow particles (Cu-HN), 2 g of Cu(N03)z. 6H20 was initially taken in 
80 mL of deionized (DI) water and stirred until a clear blue colored solution was obtained. The solution was then 
heated upto 70 °C and NaOH together with the reducing agent viz., dextrose, were added. The overall concentra
tion ofNaOH and dextrose in the solution were kept at 0.86M and 0.16M, respectively. On addition ofNaOH 
and dextrose, solution's color changed to dark blue that, after few minutes, turned to brick red. The solution was 
kept stirring for 60 min to ensure complete reaction. The obtained precipitate was subsequently centrifuged and 
washed three times using de-ionized (DI) water and ethanol. The final precipitate was dried at 80°C for 12h in 
vacuum. 

To obtain solid Cu20 particles (Cu-OCT), experimental procedure similar to above was followed but with 
reagents concentrations reduced to half. lg ofCu(N03) 2.6H20 was mixed with 0.43M ofNaOH and 0.08M of 
dextrose. Rest of the processes for initiating reaction, purification and annealing were similar. 
~0 formation in both the cases can be written as: 

(9) 

(10) 
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Synthesis ofCuO hollow nanostructures. For the synthesis of hollow CuO, a strategy reported earlier 
by our group was used43• 

Characterization techniques. The phase formation of the synthesized materials was confirmed by analyzing the 
powder XRD profiles in the .29 range 15-80" using the PAN Analytical diffractmneter with Cu-Ko: (>. = 0.15406nm) 
as the incident wavelength. Scanning Electron Microscopy (SEM CARL ZEISS SUPRA 40) and transmission electron 
microscopy (TEMFEI-TECHNAI G220S-Twin operated at 200kV) were used for undertaking the morphological anal
ysis. Elemental analysis was done by analyzing EDAX spectra obtained using SEM CARL ZEISS SUPRA 40.zeta poten
tial and particle size measurements were performed using a Horiba Scientific Nano Particle Analyzer SZ-lOO.lhe BET 
surface area calculation and N2 adsorption-desorption data were obtained from Quantachrome Novatouch surface area 
analyzer. The artificial crystal morphological studies were performed using the SHAPE V7.3 software. 

Electrochemical measurements. Electrochemical measurements were performed using a three-electrode con
figuration having Agl AgCl as the reference electrode and a platinum rod as the counter electrode. 2M KOH aqueous 
solution was utilized as electrolyte. Slurries for both the Cu(HN) and Cu( OCT) were prepared separately. For the slurry 
preparation, 80 wt% of active material ( Cu(HN)/Cu(OCf) ), lOwt% of activated carbon, and lOwt% polyvinylidene 
fluoride were mixed using acetone as the mixing media. For homogenization, the mixture was stirred at 80 °C for 
5 h. The slurry was drop casted onto a graphite sheet (1 en x 1 em) and electrochemical measurements such as: cyclic 
voltammetry, galvanostatic charge-discharge and electrochemical impedance spectroscopy were performed using the 
MetrohmAutolab (PGSTAT302N). EIS measurements were performed in the frequency range from 0.01 Hz to 100kHz. 
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Nanostructured PolymerThin Films 
Fabricated with Brush-based Layer
by-Layer Self-assembly for Site
selective Construction and Drug 
release 
Kyungtae Park, Daheui Choi & Jinkee HongG) 

Layer-by-Layer (LbL) self-assembly has been investigated for several decades. However, the 
conventional LbL method has performance problems on the chair-side caused by its cumbersome and 
time-consuming process. Thus, we investigate a new LbL self-assembly technique for the fast and high 
efficient preparation process based on the brush. The multilayer films fabricated by simple sequential 
brushing of polyelectrolyte solutions are compared to the classical dipping method. We characterize 
the multilayer films by characteristics such as their morphology and thickness, and compare them 
against those of the classic method by profilometry, atomic force microscopy. We prepare multilayer 
films with biocompatible polyelectrolytes, chitosan, and alginate incorporated with a hydrophobic 
drug carrier. For the drug carrier, a poly(ethylene glycol)-block-poly(e:-caprolactone) (PEG-b-PCL) block 
copolymer is introduced to construct micelles containing dexamethasone, which is a well-known 
osteogenesis-inducing drug. The hydrogen bonding behavior between adjacent layers and micelles is 
investigated by Fourier transform infrared spectroscopy. Additionally, we analyze the release profiles, 
degradation profiles and toxicity of the multilayer films for biomedical applications. From these results, 
we can identify the brushing LbL method as a reliable and more efficient multilayer film-construction 
process compared to conventional dipping LbL, especially for practical applications in dental and clinical 
situations. 

Amphiphilic block copolymers, which have hydrophobic and hydrophilic segments with different solubilities in 
their structure, have been widely studied for their ability to self-assemble into polymeric micellar structures in 
selective solutions. Amphiphilic block copolymer micelles can be formed with well-defined nano-sized core-shell 
structures that possess excellent solubilities in selective solutions, high stabilities, and extended blood circulation 
periods1• 4. Contributing to biocompatibility and reduced thrombogenicity of PEG resulting from a brisk chain 
motion that reduces the interfacial free energy to a low level, poly( ethylene glycol)-block-poly(e-caprolactone) 
(PEG-b-PCL) has attracted enormous attention as a hydrophobic drug carrier over the past few decades1•5- 10• 

PCL also has biocompatible and biodegradable properties11, so has been studied as the hydrophobic core of pol
ymeric micellar structures for the loading of hydrophobic drugs. However, there are still drawbacks to utilizing 
block copolymer micelles as a hydrophobic drug delivery platform, such as the difficult quantitative control and 
undefined release profile when used alone. Therefore, there have been attempts to incorporate block copolymer 
micelles into a film structure, especially nanoscale multilayer thin films, for controlling the loading amount and 
release profiles of small molecules or some hydrophobic anticancer drugs12-14• 

On the other hand, the layer-by-layer (LbL) self-assembly technique has been widely studied; it has become 
a prevalent coating method for biomedical applications in the past few decades until recently because of its sim
plicity and versatility to form nanoscale structures15-

21
• LbL self-assembly is a fabrication technique based on 

the sequential adsorption of materials, especially polyelectrolytes or polypeptides, with mutual interactions with 
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counter materials by electrostatic interactions, hydrogen bonding, hydrophobic interactions, or covalent bond
ing12.22, Also, as the major driving forces ofLbL self-assembly are founded on intermolecular interactions, it is a 
very powerful method for adjusting the characteristics of nano-sized structure of the thin films, such as porosity, 
thickness, roughness, and density, in the desired way by simply controlling the fabrication conditions including 
pH, salt concentration, or the number ofbilayers23• Based on this unique advantages, there have been many 
attempts to incorporate polymeric nano particles or micelles into multilayer films fabricated by LbL assembly 
for hydrophobic drug delivery systems. Additionally unlimited kinds of materials can be used in film formation. 
Owing to these many advantages in film construction, LbL-assembled films have been widely investigated for 
drug delivery systems and biomedical purposes. 

With LbL assembly, there are many different routes to fabricate thin films depending on their purpose, includ
ing immersive, spraying, spin coating, and electromagnetic methods, accomplished in preceding research24

• 

Among these various techniques, immersion is the dominantly studied technology, also referred to as dipping 
assembly because its mechanism completely depends on thermodynamics. This means a high reproducibility 
and reliability of the data results from the basic deposition that relies on the thermodynamic equilibria of the 
polymers. New technologies are therefore generally compared to the dipping assembly method as the standard 
technique. However, despite the many advantages and wide availability of applicable materials, some challenges 
still exist. Firstly, LbL assembly has proven to be a markedly simple and innovative fabrication technique, but 
its implementation is hindered by its time-consuming nature. Constructing a single bilayer film typically takes 
10 minutes of dipping in each polyelectrolyte solutions and then 2 minutes, 1 minute and 1 minute of each wash
ing steps, so 28 minutes at least. Hence, it might take about 5 h for the assembly of a 10 bilayer film. Even spraying 
and spin coating methods, well-known as faster LbL self-assembly techniques, still need significant time for the 
preparation of multilayer nanofilms. There is also the limitation in making a selective film on a single substrate 
because most of the conventional techniques for fabricating nanofilms onto planar surfaces governed by the size 
and shape of the substrate. In other words, it is fairly difficult to combine more than two different films or partially 
deposited films onto a single substrate. In addition, from the clinical point of view, it is necessary for treatments 
on the chair-side to be delivered by simple methods. Preceding research has covered site-selective LbL assem
blf~.26 but it is hardly applicable for dental, clinical, or biomedical purposes generally performed on the chair-side 
by doctors, not in a laboratory. 

In this study, we investigated the brushing LbL assembly technique in comparison with the conventional dip
ping method By overcoming the limitations of the conventional LbL techniques, the potential for the application 
of the brushing LbL method for dental, clinical, or biomedical purposes is proved In the past few decades, pol
ysaccharide biopolymers such as alginate and chitosan have been frequently studied for drug delivery, micro- or 
nano-sized particles, and tissue engineering, because of their biocompatibility, non-immunogenic responses, and 
easily modified properties by pH controP7

-
31. Therefore, we chose chitosan and alginate as the building blocks of 

the multilayer film prepared by the brushing LbL technique. Assembly was followed by thickness measurements, 
atomic force microscopy (AFM), Fourier transform infrared (FT-IR) spectroscopy, quartz crystal microbalance 
(QCM) measurements, and contact angle analysis to characterize the films and their properties and compare 
them to those fabricated with the conventional dipping method. In addition, we used a PEG-b-PCL block copoly
mer for constructing micelles to act as hydrophobic drug carriers incorporated with dexamethasone (Dex), which 
is a well-known osteogenesis-inducing drulfl.33• To determine the drug delivery properties, we measured the 
release profiles of the model drug, degradation profile of the multilayer film, and toxicity of the released solution. 

Materials and Methods 
Materials. Poly( acrylic acid) (PAA, M.W. = 1800), alginic acid sodium salt (Alginate, ALG, product number 
180947), and chitosan (CHI, medium molecular weight) were purchased from Sigma-Aldrich. Poly( allylamine 
hydrochloride) (PAH, M.W. = 12000-200000) was purchased from Polysciences Inc., USA. We used fluores
cein isothiocyanate isomer I (FITC, M.W. = 389.38,) to prepare a fluorescent conjugated polymer, PAH-FITC. 
We synthesized FITC-labeled PAH following a previously published procedure34

• We prepared coumarin 6 
(M.W. = 350.43, ~99%) as a model drug for measuring the release profiles and used dexamethasone (04902) as 
a model osteogenesis-inducing drug. FITC, coumarin 6 fluorescence dyes and dexamethasone were purchased 
from Sigma-Aldrich. Poly( ethylene glycol)-block-poly(e-caprolactone) (PE05K-b-PCL101J was obtained from 
Polysciences Inc., USA, for constructing the PEO-b-PCL micelles. Organic solvent, N,N-dimethylformamide 
(DMF, 00558), were purchased from Samchun, Korea. We obtained paint brushes (series 948 #4, 11.5 mm width) 
from HwaHong, Korea. Phosphate buffered saline (PBS) 1 OX was obtained from Gibco • Life Technologies. 

Synthesis of dexamethasone- and coumarin 6-loaded micelles. A few methods for preparing 
PEO-b-PCL block copolymer micelles have been reportedl.3.35. We prepared the block copolymer micelles using 
a modification of a previously published method3~ . The PE05K-b-PCL10K block copolymer solution was prepared 
at a concentration of 5 mglmL in N,N-dimethylformamide (DMF). 2 mg of dexamethasone was then dissolved 
into the block copolymer solution. Using a 100 ~pipet, we transferred the solution into 20 mL of deionized water 
(DIW), without adjusting the pH, under vigorous stirring at 1500rpm. As a result, crew-cut type Dex-loaded 
micelles were assembled with a hydrophobic interior containing the drug. After 1 h to allow stabilization, we 
used a 0.2 tmt pore size syringe filter to remove the aggregated micelles to achieve a uniform size distribution in 
the solution. Subsequently, the micelle solution was dialyzed for 3 days in DIW to remove the remaining organic 
solvent The micelle size was measured by the Dynamic Light Scattering(DLS) machine. (SZ-100, Horiba) For the 
coumarin 6-loaded micelles, which were prepared as a model drug carrier, we simply added 1 mg of the coumarin 
6 into the PE05K-b-PCL10K block copolymer solution instead of the dexamethasone. 
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Preparation of film substrates and polyelectrolyte solutions. We fabricated the multilayer films on 
a silicon wafer by the LbL assembly method using PAA, PAH, CHI, ALG, and the Dex-loaded PEO-b-PCL block 
copolymer micelle solutions. For the LbL assembly based on intermolecular electrostatic interactions, silicon 
wafers and glass substrates were prepared by a 2 min oxygen plasma treatment to become negatively charged 
with 0 2 plasma treatment machine. (CUTE-1B, Femto science, Korea) The concentrations of the PAA and CHI 
solutions were S.OmglmL. Both PAH and FITC were added at lO.OmglrnL to give the PAH-FITC solution. ALG 
was added at 5.0 mglrnL to the Dex-loaded PEO-b-PCL block copolymer micelle solution. The pH values of the 
polyelectrolyte solutions were adjusted as follows: PAA, pH 4.0; PAH-FITC, pH 8.0; CHI, pH 5.0; ALG +micelle 
blend, pH 2.5. The pH influences the ionization of amine and carboxyl groups and the surface charge density of 
the materials used36

• The pH values of the solutions were controlled using 0.1 M HCl and 0.1 M NaOH solutions 
and measured via benchtoppH meter (HI 2211 PH/ORP meter, HANNA instruments). 

Preparation of multilayer thin films fabricated by conventional Lbl self-assembly and the 
brushing Lbl method. We fabricated multilayer thin films by conventional LbL self-assembly19

,3
7 and the 

brushing LbL method. Firstly, for the conventional LbL method, the treated substrate (silicon wafer or glass) was 
dipped into the positively charged (PAH, PAH-FITC, or CHI) solution for 10 min. Then, the substrate was washed 
three times for 2, 1, and 1 min each in DIW. The substrate was then dipped into the negatively charged (PAA, 
ALG, or ALG +micelle) solution for 10 min and followed by the same washing steps. This cycle produced a single 
bilayer of positively and negatively charged polyelectrolytes; we repeated this cycle until the intended number of 
bilayers was deposited. 

To prepare thin films by the brushing LbL method, a substrate fixed on a supporting wall was brushed with 
a polyelectrolyte solution and washed three times with DIW using a disposable pipet. The substrate was dried 
simply using an air gun before brushing the next polyelectrolyte solution. We repeated these steps to stack the 
chitosan and alginate+ Dex-loaded micelle blend layers until a specific number ofbilayers (n) was reached to 
obtain the (CHI/ ALG +micelle blend)n multilayer thin film. Additionally, for fabricating the multilayer films on 
the QCM electrode, we used a 50 ml conical tube as the supporting wall and hold the edge of it with tweezers to 
avoid other unexpected motion. 

Characterization of the multi layer thin films. The thicknesses of the multilayer thin films were meas
ured using a profilometer (Dektak 150, Veeco ). The total mass of material deposited in each layer was obtained by 
a QCM (QCM200, 5MHz, Stanford Research Systems). The root-mean-square (nns) roughness, Rq. and surface 
topography were measured with an AFM (NX1 0, Park Systems). The static contact angles (SCA) were measured 
under ambient conditions by a contact angle goniometer designed in our laboratory. Five 4t-LL water droplets 
were imaged on each sample with a charge-coupled device (CCD) camera (IMT 3, IMT Solutions) and the free 
Image] software and the LB-ADSA plugin were used for contact angle analysis. FT-IR spectra were investigated to 
characterize the interaction between ALG and the De:x-loaded block copolymer micelles. 

Drug release profiles of the multi layer thin films. For investigating the release profile of the coumarin 
6 model drug, a (CHI/ ALG +micelle blend)s0 multilayer film was immersed in 5 mL PBS (1X) mixed with eth
anol (EtOH; PBS/EtOH = 7:3) and incubated at a certain pH and temperature. Ethanol was added because the 
hydrophobic coumarin 6 was insoluble in PBS. Afterwards, 0.5 rnL of the solution was collected at regular inter
vals and added to 0.5 rnL of normal PBS. The fluorescence spectra of the coumarin 6 released into the PBS at each 
stage was measured by a microplate reader (Synergy Hl Hybrid Multi-Mode Microplate Reader, BioTek, USA). 
The concentrations of coumarin 6 were obtained from a calibration curve calculated by the fluorescence emission 
<>-a= 480 nm, .>.., = 520 nm). Additionally, we measured the decrease in film thickness in PBS and 7:3 PBS/EtOH 
(pH 7.4) solutions at 37°C to investigate film stability and the deconstruction of the multilayer. 

Cytotoxicity effect of the nanofilms by an MTT assay. To test the cell viability of the nanofilms by an 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, we seeded HeLa cells into a 12-well 
plate at 1 x 105 cells per well, and cultivated the cells overnight to attach them to the film surface (n = 3). The 
culture medium was removed and replaced with fresh medium and the released solution from the film were 
replaced. After 1 day incubation, 10% MTT in PBS (5 mg/mL) was incubated with Dulbecco's Modified Eagle 
Medium (DMEM) for 2 h. The relative amounts of viable cells were compared by reading the optical density at a 
wavelength of 540 nm. The growth medium consisted of DMEM ( Gibco) with 10% fetal bovine serum (Welgene, 
Gyeongsan-si, Korea), and 1% penicillin/streptomycin (Gibco). 

Results and Discussion 
Brush-based layer-by-layer deposition sequence. We have introduced a brush-based LbL self-assembly 
method. described in detail in the schematic illustration in Fig. 1a, where purple represents cations such as chi
tosan, green represents anions like alginate, and the yellow round particles represent block copolymer micelles 
containing dexamethasone. For the brushing LbL process, we simply placed the substrates on a wall or other sup
porting structure oriented vertically on a bench, then we brushed them twice with a polycation solution followed 
by three rinsing steps with the disposable pipet from top to bottom. Since the substrate surfaces were negatively 
charged due to the oxygen plasma treatment, we introduced a positively charged solution first. After drying with 
a blower, we applied a polyanion solution to the substrates by brushing, followed by the rinsing steps. This process 
resulted in a single bilayer; hence, it was repeated until the desired film thickness was accomplished. Previous 
research normally used 1 mglmL polyelectrolyte solutions, which is high enough to construct multilayer films 
driven by the thermodynamic stabilization of the polyelectrolytes, and the adsorption usually does not depend on 
the polymer concentration19•38• For the brushing LbL method. solution concentrations higher than the general of 
5 mglrnL were required. because the film tore off easily after 10 bilayers when using 1 mg/mL of each polycation 
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Figure I. (a) Schematic ill.wtration of the brushing layer-by-layer (LbL) self-assembly process on a fiat 
substrate. Photographs of the (PAH-FITCIPAA)R (n =number ofbilayers) multil.aya' films prepared by 
brushing LbLon a glass slide under (b) visible light and (c) uhraviolet (UV) light (.\.=254) (The Fig. la is 
representing brushing LbL process and it was drawn by K.P.). 

and polyanion (See Supplementary Fig. Sl). '!he higher concentration gave a uniform ti1m thickness, unlike the 
1 mglml case from Supplementary Fig. Sla, and viscous properties that made it possible to fabricate films onto 
the substrate selectively. 

We proved the pouibility of site-aelective deposition via the differences in fluorescence intensity and the depth 
of color. Figure lb,c show that the color of the (PAH-FITC/PAA)n multilayer film depends on the nwnber of 
bi1ayers. n. As the number ofbilayers increased, the fluorescence intensity under a hand lN-vis was stronger and 
the color deepened, resulting from the increased amount ofFITC-conjugated PAR Thus, we could fabricate films 
of different thicknesses onto a single glass substrate in any desired pattern or shape. Also. with relatively short 
process time and enough wuhing steps, we could construct uniform structure through the substrate. By applying 
the basic processes of classic IbL assembly to the bl118hing LbL method, we could take advantage of the favorable 
aspects of the cooventional method by controlling the structure, thickness, uniformity, and morphology of the 
ti1m through the i.nten.ction of the materials at the molecular level19.!9. 

Film characterization. 1he LbL assembly of the polyelect:rolyte film by the dipping and brushing methods 
ia compared in Fig. 2. The polyelectrolyte solutions Ulled for both deposition methods were the same and the 
deposition times were standardized to 10 s and 10 min. Figure 2a-e show that dipping and brushing for 10 a lead 
to the same growth tendencies, and resuh in more uniform film morphologies than that with the 10 min dipping 
method (Fig. 2c). The :film thickness growth curves show negligible error bars for both 10 s dipping and brushing 
procedures, and relativdy large error bars for 10 min dipping. Furthermore. the rms surface roughness, H.,. of the 
sample fabricated with 10 min dipping is about seven times greater those of the samples fabricated with the other 
methods. In addition, the thickness of the lOmin dipping film ia almost 10 times thicker (1.31J.ll'l for dipplng for 
10 min and about 150 om for lOs brushing). This significant difference between the two methods is attributed to 
the inter-dHfusion of neighboring layers. 

Surface rearrangements take place &lowly, while absorbed polyelectrolytes interact with ionized counter pol
yelectrolytes and attain an equilibrium, or steady-state. over several minute~. 1he brushing LbL technique 
bas a relatively short polymer solution contact time; hence. it bas a slight inter-diffusion effect. while the classical 
dipping method leads to inter-diffusion between neighboring layers and a rough surface morphology. 

The thickness of the multilayer film prepared by the lOs brushing Lbl procedure indicated linear growth as 
the number ofbililyen increased, the thiclmess of the 50 bilayer film was 376± 18nm, as shown in Fig. 3a. (The 
inset of this figure compares the growth curves fur the 10 s brushing and 10 s dipping methods for 20 bilayen 
from Fig. 2a.) '!he average thickness increment was 7.53nm per bilayu, which corresponds to the 7.46nm value 
obtained from the iD.set. Both .results shaw the advantages of the brusbing LbL method: it can control the film 
thickness on the nanoscale as well as produce a uniform surface morphology, while the classical dipping method 
effectuates bulk thickness growth per bilayer. 

To demonstrate that the multilayer film prepared by the brushing method also sequentially adhered onto the 
substrate, i.e., in the layer-by-layer fashion, we performed contac:t angle and QCM analysis after the deposition 
of each layer. Figure 3c demonstrates the d11ferent contact angles obtained depending on the identity of the out
ermost layer. lhe CHI layer and ALG +block copolymer micelle layers were both hydrophilic but with different 
degrees. For the CHI layer, the SCA was arowtd 22°, and for the ALG +micelle layer, it was apprcWmately half that 
about 12°. The hydropbllic behavior ofboth polymer materials is attributed to specific functianaJ. groups. such as 
the hydroxyl and carboxylic groups of ALG and the amine and hydroxyl groups of CHI. Also. the morphology of 
the multilayer films could affect il It appeared the polyanion layer composed of ALG and PEG-containing block 
copolymer micelles has the greater bydrophilicity rather than CHI layer. This might be affected by the well-known 
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Pipre 2. Comparison of the conventional dipping LbL and brushing LbL methods. (a) 'Thickness growth 
curves of a (CHI/ ALG + micdle blend)n multilayt:r film up to n = 20, fabricated by dipping fur 10 min (blue 
triangles), dipping for 10 s (red circles), and brushing for 10 s (black squares) at two-bilayu intervals. (b) Ff-IR 
transmission spectra of the multilayer films fabricated by 101 brushing lbL (top, black), 10 1 dipping LbL 
(middle. red), and the difference between the two (bottom, green). Topographic images of the muhilayer films 
fabricated with the clliferent methods: (c) <lipping fur 10 min, (d) dipping for 10 s, and (e) brushing for lOs. 
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Flpre 3. Characterization of the 10 s brushing LbL method by thic:kness measurement, QCM analylis, and 
contact angle measurement (a) Thickness growth curves of the (CIDI ALG+ micelle blend)ft multilayer films 
up to n = 50. Inset: Comparison of the dipping and brushing methods fur 20 bil.ayers. (b) QCM analysis of the 
nwltilayer films up to 14layers fabricated by the brushing LbL method. (c) Static contact angles measurements 
depending on the alternating outermost layer of the films fAbricated by the bru&hing LbL method. Far (b) and 
(c), the odd number oflayen named as CHI n:prc:ac:nt chitoaan layer and the even number oflayers named as 
ALG repreaent the ALG +micelle blend outer layers. respectively. 

hydrophilic characteristic of PEG44.45 and rough surface topography of the micelle-containing deposited laya-. 
Thus, we c:ould prove the alternative deposition of the multilayer :films via contact angle analysis. 

From the QCM data. we could evaluate the sequentiallaya-deposition based on the frequency decrease that 
is proportional to the increased mass of the deposited layer. In Fig. 3b, odd number oflayers represents the CHI 
layers and the even number of layers represents the ALG +block copolymer micelle layer. From the figure, we 
c:ould observe the stepwise deaease of the QCM electrode's frequency as the number oflayers increased For CHI 
and ALG +block copolymer micelle layers, each material demonstrated a 34.59 ± 6.45 Hz and 36.29 ± 4.08 Hz 
frequency decrease on average per layer, respectively, after the ~ layer. The exact linear decrease indicates the 
lOs brushing method successfully built the film by Layer-by-Layer assembly. And the QCM results from the 
conventional method with lOs and lOmin dipping has the same d.ecreasing tendency of the frequency. (See 
Supplementary Fig. S2) The Ullapected peak from 4th layer from the Supplementary Pig. S2b is because of bulk 
adsorption by the dipping method. From these results, we determined that it is possible to fabricate multilayer 
films by LbL self-assembly using the brushing method. 

Preparation and characterization of the micelle blend and its incorporation. As we prepared 
the lllicellea with PE0SK-b-PCL,OK following the previous method35, the micelles could have a crew-cut stnic:ture 
which has a relatively large core than its corona. The PEO part is constituted as corona- . The average size of the 
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micelles was 118 ± 38.1 run, measured by dynamic light scatt&:ring (DLS) machine. It is a trustworthy reault as it 
compares well with previous data2.50. PEO. which forms the corona of the bloclt copolymer micelle. is utilized as a 
hydrogen bonding acceptor because of its ether group. ALG interacts with PBO as a hydrogen bond donor based 
on the abundant hydroxyl and carboxyl groups on its structure. For the negatively charged polyelectrolyte solu
tion, we adjusted the pH of the ALG +micelle blend solution to 2.5 because, under the pK. of ALG ( -3.5-4.4), it 
has more unionized hydroxyl and carboxyl groups that can act as hydrogen bonding donon. Thus, the hydrogen 
bonding between the donor hydroxyl and carboxyl groups on ALG and the acceptor parts of the PEO-b-PCL 
micelles made it possible to incorporate these micelles into the film. Figure 4 shows evidence of hydrogen bond
ing among the ALG and PEO-b-PCL micelles. As described in Fig. 4b, the absorption band at 1739.48cm-1 

(characteristic of the carboxyl C=O bond) of the ALG solution waa shifted to 1725.98cm.-1 for the solution 
blended with the micelles. Also, the muimum absorbance of the peak related to the -OH group waa shifted 
from 3433.64 cm-1 to 3410.49 cm-1 for the plain and blended solutiona, respectively. Both red-shifted peaks 
were explained by the increued mol.ecular interactions between each molecule based on hydrogen bonding. In 
addition, the characteristic peaks ofPEO-b-PCL micelles at 1726.94cm-1 and 2870.52 cm-1 (See Supplementary 
Fig. S3) appeared at llig. 4c after the ALG and the block copolymer micelles are blended. compared to the pure 
ALG solution. It proves that the block copolymer micelles were weD-incorporated with the ALG. 

Film degradation and drug release. To employ this multilayer film fur biomedical purposes, we inves
tigated the film degradation and release profiles, and the cell toxicity of the released solution. Firstly, we meas
ured the fluorescence excitation and emission of the coumarin 6 released from the multilayer film. We simply 
immersed the multilayer film in 5 mL 7:3 PBS:EtOH solution and took out a small amount of the solution at 
the indicated time intervals. We introduced ethanol since the coumarin 6, a hydrophobic model drug, wu not 
released from the multilayer film in the 100% PBS solution (See Supplementary Fig. S4). As represented in Fig. Sb, 
about 80% of the coumarin 6 model drug was released from the multilayer film after 2 days and then more was 
slowly released untill4 days. The amount of released coumarlD 6 was quantified by photoluminescence at an 
ad.tation wavelength of ~=480 nm and an emission wavelength of.\.,.= 520nm. The final concentration of the 
released aolution was 8.621 nglmL, Le., 21.9nM, which is above the typic:allODM dexamethasone concentration 
of osteogenic media51

• The molecular weight and structures of coumarin 6 and dexamethasone are similar wbilat 
the latter can al.igbtly dissolve ill PBS. so we inferred that more than the typical c:oru:entration of de:nmethasone 
required for osteogenic media could be released from the multilayer film. 

For analyzing the degradation profile. we measured the thickness of a multilayer film at the sante time inter
vals as used to obtain the release profile. Figure Sa shows the thickness of a (CHI/ ALG +micelle blend)50 film 
stored in 7:3 PBS:EtOH solution in an incubator at 37 "C. Figure Sc shows the degradation profile in 100% PBS 
under the same conditions. Both graphs show a similar tendency of degradation. At pH 7.4, the ratio of proto
Dated amine groups from Clll lasened, so the electrostatic interactions among the building blocks were weak
ened51. Thus, the thickness of each film increased slightly for the first 15 min because of the swelling effect. Then. 
they decreased gradually until each film reached its final thickness. For Fig. Sa, the thickness of the film immersed 
in the PBS:EtOH mixed solution decreased from 370 to 240 nm and then saturated, losing 35% of its initial thick
ness. For the film immersed in the 100% PBS solution, the thickness decreased from 360 to 230 om, losing 36% of 
its initial thickness. Considering that chitosan and alginate have very low solublll.ties ill EtCH compared to water, 
shown ill a previous study, a relatively slow film degradation in the 7096 PBS and 3096 EtOH solution is a reason
able resuJ.t53.1D addition, to verify the toxlcltyof the released solution for further in vitro and in vivo experimmts, 
a cytotmic test was carried out From Fig. 5d. the relea&ed s8D1ple shows almoat the same reault as the control, a 
cell-growth medium. The released sample also showed a slightly higher cell viability than the PBS control, which 
means the film materials do not have any toxic effect on the cells. 

Conclusion 
In this study, we have demonstrated the brushing layer-by-layer assembly method, which is simple and faster 
compared to the conventional surface coating method. We also demonstrated the possibility of the site-selective 
deposition of drug release films with different thicknesses. In addition, we lwre proved that the brush-based 
fabrication method is based on the principles of layer-by-layer self-assembly by comparing the Atomic force 
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microscopy and Fourier t:raD&furm infrared spectroscopy data of this method and the dasskal methods. Static 
contact angle and Quartz aystal microbalance meii5Wl:ments also supported this finding. For functionalized 
multilayer films for biomedical applications, we introduced block copolymer micelles incorporated with dex
amethasone and investigated the cytotoxidty and release profile. On the basis of this research, the brushing 
layer-by-layer method represents a new layer-by-layu assembly teclmique for clinical purposes. 
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Electrochemical Sensor for 
Detection of miRs Based on the 
Differential Effect of Competitive 
Structures in The pl9 Function 
E. Ghazizadeh1, R. K. Oskuee1, M. R. Jaafari2•3 & 5. Hosseinkhani4 

The present study aim to design a liposomal electrochemical sensor using 1, 2-dioleoyl·3· 
trimethylammoniumpropane (DOTAP) and dioleoylphosphatidylethanolamine(DOPE), chimeric 
probes and p19, it has been considered as a caliper molecule as well. Also the competitor structural 
hybrid (RNA) was used to detect three types of miRs in one screen printed electrode modified by gold 
nanoparticle (SCPE/GNP).In this purpose, the sensor signal stabilized when the cationic DOTAP-
DOPE with hybrids of the chimeric probes (Stem, M-1 inea r) sandwiched in order to detect 221-124a 
miRs. Given the lack of accessibility to RNA-miRs segments of chimeric probes, pl9 inhibited the 
electrochemical reaction and shifted signal to off. After that pl9 connected with the free hybrid of 
T-linear/21miR (just RNA) as competing for structure and the signal was shifted to ON, again. In this 
study, the electrochemical measurements were performed between the potentials at -0.4 V and 
+0.4Vwith 1 mM [Fe(CN)6]-3-/4 which DOTAP-DOPE acted asan enhancer layer in the electrostatically 
reaction. This sensor determines as low as 0.4 fM of miRNA with high selectivity and specificity for 
sequential analysis of 124a-221-21 miRs in just 2 h. 

Micro RNAs as a class of endogenous small (18-25 nucleotides) noncoding RNAs play important roles in various 
cellular processes and intercellular space1

. The initiation and progression of human cancers relies on alterations in 
miRs expression2• Circulating miRNAs seems as package in exosomes that derived from multivesicular bodies, or 
to be exported in the presence of RNA-binding proteins (i.e., Ago-2) or shed into micro vesicles within membrane 
blabbinlf. According to recent literature on this field, circulating miRNAs have diagnostic and prognostic signif
icance in cancer and many other diseases4• There are two other important considerations regarding to dynamic 
range and multiplexing capability for detection methods5•6• In this regard, an effective method with easy and rapid 
experimental protocols as well as a high specificity and sensitivity with a large measurement dynamic range from 
subfemtomolar to nanomolar should use to miRNA profiling and detection with a minimum sample quantitf•7• 

Traditional assays are cloning, Northern blotting, microarray or RT-PCR as well as next-generation sequencing". 
The properties of such methods including low throughput; low sensitivity or they involve laborious sample han
dling and detection protocol9- 11 

Electrochemical nanosensors used as suitable devices for POC diagnostics and multiplexed platforms because 
of their sensitive, specific, fast, simple, low-cost characteristics12.13• So far, extensive studies have been carried out 
on the detection of electrochemical micro RNAs14.15• The recent work on electrochemical sensor for miRs was 
about ultrasensitive electrochemical detection of Dicerl 31UTR for the fast analysis of alternative cleavage and 
polyadenylation in role in miRNA pathways by Zhao16• Detection of micro RNAs with equal length has been 
considered as an important challenge for electrochemical methods17• Regarding to design innovative strategies 
for detection of the multiple miRs, this progress will be boosted for rapidly expanding in the field of miRNA 
diagnostics. The double-tagged pl9 fusion can be used as a general miRNA detection method because of the 
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Medical Sciences, Mash had, Iran. 4 Department of Biochemistry, Faculty of Biological Sciences, Tarbiat Mod ares 
University, Tehran, I ran. Correspondence and requests for materia Is should be addressed to M.R.J. (emai I: Jafa riMR@ 
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sequence-independent binding. The best RNA probes for them are 19-20 nucleotides long and have a 51 phos
phate and fonn one blunt end when hybridized to miRNAs 18• The last study about p19, the combined three-mode 
sensor (HPD-SENS) was done to detect the miR-122 and miR-21 in 4mM K3[Fe(CN)6] and 10mM [Ru(NH3) 6] 

CI,I9• Different combinations ofliposomes as dioleoylphosphatidylethanolamine (DOPE) and 1,2-dioleoyl-3-
trimethylammoniumpropane (DOTAP) have been used in sensor applications. The various combination arranged 
separately on the surface which can take two different of probes on one electrode and a suitable mediator for elec
trochemical reactions20.21• In the recent studies, properties of DOPE were reported along with other compounds. 
These properties were reported as DOPE, transmembrane profiles of electron density, lateral pressure, electric 
field and dipole potential22

• According to the possible enhancement due to the combination ofDOTAP/DOPE 
liposomes and stronger connections with RNA structure in electrochemical reactions, they can be used as a suit
able intermediate layer which can take two different of probes on one electrode. So these novel spherical cationic 
liposomes have been used to fix two chimeric probes with different structures (stem & M-linear). Then a hybrid 
compound of miRs-RNA funned by connecting 124a-221miRs in the stable situation. Indeed, these hybrids cause 
less access of 5' phosphate for pl9 connection and reduce the exchange of electrons and convert the unstable 
situation ofDOTAP/DOPE/hybrids/pl9.ln the following, T-linear/miR-21 is added as competitive structure 
(totally linear RNA) with the same concentration. In this time, the real performance ofp19 used to separate 
from sandwiched hybrids on the sensor and to connect with the T-linear/21miR hybrid with the stabled system, 
again. Finally, the stability of the sensor in situation ofDOTAP/DOPE!hybrids (segments of miRs-RNA probe of 
hybrids) contributes to the unstable situation ofDOTAP/DOPE!hybrids!p19. Then the model to determine 124a-
221-21 miRs has been shown with respect to these important roles in various cancer and diseases23• 

Materials and Methods 
In this study all electrochemical measurements, including electrochemical impedance spectroscopy (EIS) and 
differential pulse voltammetry (DPV), were used by SP-300 Instruments (SP-300) Texas, USA. SPCEs function
alized with gold nanoparticles on the ceramic substrate (L 34 mm x W 10 mm x H 0.5 mm) were purchased from 
DropSens Inc (Oviedo, Spain). The disposable electrode consisted of a GNP-carbon working electrode; a carbon 
counter electrode and a silver reference electrode. DPV measurements were performed in presence of 1 mM 
[Fe( CN)6]-31-

4 in PBS buffer in the potential window -0.4 V to +0.4 V at a scan rate 50m V s 1. The impedance 
measurement used at frequency ranged from lOOkHz to 1 Hz of [Fe( CN)6] - 31- 4 in PBS pH= 7 .4. The EIS spec
tra were analyzed with the help of equivalent circuit using ZSimpWin 3.22 (Princeton Applied Research), and 
the data were presented in Nyquist plots. FTIR spectra were recorded using Perkin Elmer NicoletiS 10 in the 
frequency ranged from 4000 to 400cm-•. AFM images in the non-contact mode were acquired using Veeco 
declaimer. TEM images were acquired usingTecnaiG2 20 instruments ofFEI Company, Hillsboro, USA. Particle 
sizes and zeta potentials were obtained from Horiba nanoparticle size analyzer, Malvern nano SZ-100 which 
uses a green laser light at wavelength 532 nm. Analytical grade potassium ferro cyanide, potassium ferricyanide, 
sulfuric acid, sodium chloride and potassium chloride were purchased from Chemical Arax, Iran. N-[1-(2, 
3-Dioleoyloxy) propyl]-N,N,N-tri methyl ammonium methylsulfate (DOTAP) and 1, 2-dio-leoyl-sn-glycero-3 
-phosphoethanolamine (DOPE) were procured from Sigma-Aldrich, USA. Deionized water (DI) was used 
for preparing all experimental solutions. Hydrogen Tetrachloro Aurate (III) were purchased from Alfa Aesar, 
Thiolated DNA short- RNA chain 21-mer synthetic oligonucleotides were synthesized by MW GE biotech, 
Ebers berg, Germany, without any purification. The following sequences were used for RNA sensing experiments. 

Stem probe: 5p' -GGCATCACGCCAT21p(AAAGAGACCGGUUCACUGUGA)ATGGCGTGATGCC -
HS-3'(124-a), M-linear probe: 5p' -GGCATC 2'p (AAAUCUACAUUGUAUGCCAGGU)GGCAT- HS- 3' (221), 
T-linear probe: Sp' -ACAACAUCAGUCUGAUAAGCUA-HS-3' (21), mir 124a: 5'-UCACAGUGAAUCCGGUC 
UCUUU-3(RNA),mir21:5'-UAGCUUAUCAGACUGAUGUUGA-3'(RNA),mir2215'-ACCUGGCAUACAAUG 
UAGAUU -3'(RNA), mir 124-a: 51-ACTCTGAGTTACCGGACACAAA-31(DNA), mir 221: 51

- TCCAGGCTATCT 
TAGATGTAA-31 (DNA), mir 124a: 51

- UGAGAGUGAAUGGGGUGUGUUU -3, (mismatch RNA), pl9 was 
purchased from New England Bio Labs Inc. and used without further purification. pl9 siRNA Binding Protein 
(10 units/ml) was stored at -20°C. 

Sandwiching of DOPE-DOTAP liposome in GNP-SCPE. In this study, the entire processes were done 
on the (DOTAP-DOPE) liposomal composition as the sandwich layer in GNP-SCPE:u. Also to determine the 
effect of electrochemical changes on DOPE-DOTAP liposomes, each of the liposomes (DOPE and DOTAP), 
were used on the separate electrodes as control cases. In all stages of the construction of the liposomes were 
carried out in two stage~6: At first, DOTAP and DOPE liposome were prepared by dissolving in chloroform at 
the ratiol:3, dried, rehydrated with buffer (pH= 7.4) and sonicated for 15 min and kept at 4 oc until use. On the 
other, (DOTAP-DOPE) liposomes at the ratio 2:3 were separately prepared by dissolving in chloroform at the 
ratiol:3, dried. rehydrated with buffer (pH=7.4) and sonicated for 15min and kept at 4 oc until used. The gold 
nanoparticles were made by the citrate reduction used to examine the effects of gold nanoparticles on the different 
electrochemical reactions ofDOTAP-DOPE liposomes27• Thus prepared DOTAP, DOPE, DOPE-DOTAP lipos
omes and AuNP solutions were ntixed at 1:1 ratio and sonicated for 15 min to form liposome-AuNP composites 
in solution. 1.2 ml of this mixture was dropped on the surface and stored at 4 oc for 1 h. Then, the electrochemical 
tests have been done on the separate electrodes. 

Formation of the different structure of miRNAs-RNA based on designed structures of probes 
for p19 function in response to adding competitor hybrid. The thiolated (Stem-T-M-linear) probes 
(Capture probe, 1 mM of 2 ml RNA in 1M NaCl, pH7.0) were dropped onto the DOPE-DOTAP-AuNP on 
the individual electrodes and left for at 4 °C. The surfaces were washed with the blank buffer for removing the 
non-reacted probes. Micro-RNA sensing experiments were hybridized 1 mM of2ml target RNA (124a, 221,21 
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miRs) for 4 h on the different surfaces (prepared for each target on the individual electrode surface) under similar 
experimental conditions. To detennine the behavior of p19 in the presence of different structural hybrids, ten ml 
of 1:20 (vfv) diluted p19 protein solutions were dropped on the each electrode and were mixed for 10 s afterward. 
The interactions between the p 19 protein with probes and targets of 124a, 221, 21 miRs were preceded at 37 °C for 
1 h under dark conditions. To determine the behavior of p19 in the presence offree RNA-miR hybrid (T-probe/ 
miR-21 hybrids in this study) was dropped on different electrodes. At first, 6 mglmL T -linear probe and 3 mglmL 
miR21 were mixed inside a vial containing TEB. The hybridization mixture was then put into the thermal shaker 
which was set to 65°C and 250rpm mixing speed and kept there for 1 h. Then,1 mM of2mlhybrid ofmiR-21, 
was added on the surface of the electrode and incubated at 37 oc for 2 h in a dark without shaking. Finally, the 
electrochemical measurements were performed between the potentials at +0. 4 V and -0.4 V in PBS. 

Control test (sensitivity and specificity) to detect miRs and p19. One electrode was incubated with 
1 j'M of the Stem-probe (for detection miR-221) with 1 fJ.M of the DNA to assess the specificity of the sandwiched 
sensor, and one electrode was used as bare which incubated in the buffer for 24 h at 4 °C. Subsequently, the elec
trodes were incubated with 0.1 mM of 2M mercaptoethanol in ethanol for 5 min. Similarly, two electrodes were 
incubated for detecting miR-124a with the 1 JiM of the DNA and mismatch RNA ( G/C) and one electrode was 
prepared as bare. Also two electrodes were incubated with 1 p.M of theM-linear probe (for detection miR124a) 
with the 1 fJ.M of the DNA and mismatch RNA ( G/C) in the incubation buffer for 24 h at 4 oc used to determine 
p19 function to the double-stranded miRs in the electrochemical reactions. Then 10 ml of 1:20 (v/v) diluted p19 
protein solutions were dropped on the each electrode and were mixed for 10 s and kept at 37 °C for 1 h in a dark. 
Finally, the EIS was performed in the PBS solution. For sensitivity test of miRs; prior to titration experiments, 
aliquots containing different concentrations of the miR-124a ( 10 £M: to 100 pM) and miR-221 (500 aM to 1 pM) 
and miR-21 from 1 nM to 100 fM in 30 jJL of the incubation buffer that they were incubated with their probes on 
the GNPs-SPCE at 37 oc for 1 h in a dark humidity chamber. After washing with deionized nuclease-free water, 
10 p.grnL -lof p19 proteins (30 p.L) was added to the electrodes and incubated at 37 °C for 1 h in a dark humidity 
chamber. DPV was performed at each concentration. To investigate the separation behavior of p19 from sand
wiched hybrids on the sensors and binding to the free hybrids of different structure, the same concentration 
( 6 mglmL) of each hybrid is used. 

The final design of the sensor by sandwiching mixing Stem and M-linear probes with 124a and 
221 miRs on the DOPE-DOTAP liposome in one electrode. According to the results shown of elec
trochemical changes of the p19 to different structure of hybrids (probes/221, 124a, 21 miRs) in the separate elec
trodes, the overall strategy sensors were designed to detect three miRs in one electrode, in the following manner: 
prepared M-linear and Stem probes solutions were mixed at 1:1 ratio and sonicated for 15 min. Then, 2 mM of 4 
mix- probes were dropped on the DOPE-DOTAP liposome, left for 24h under cold condition. The surface was 
washed with the blank buffer for removing the non-reacted probes and TWIX to fill the empty pores. Then 1 mM 
of 2 ml mir-221 RNA was hybridized for 4 h on the sensor. Sensor washed with the blank buffer, again. And ten 
ml of1:20 (vlv) dilutedp19 protein solutions were added and sonicated at 37°Cfor 1h. The PBASE was used for 
removing non-specific binding protein. Then, 1 mM of 2 ml mir-124a RNA was added for 4 h on the sensor and 
10 ml of 1:20 (vlv) diluted p19 protein solutions were dropped on and washing process and PBASE solution had 
been done, again. Then, 1 mM of2 ml hybrid ofT-linear/miR 21 was added on sensor and incubated at 37°C for 
2 h in a dark without shaking. At each stage, DPV and EIS testing have been conducted. 

Results and Discussion 
Characterization of DOPE-DOTAP sandwiched in GNP-SPCE. Figure 1A shows the differential pulse 
voltammetry of the GNP-SPCE electrode modified sequentially with electrodeposited DOPE and DOPE-AuNP 
measured in presence of 1 mM [Fe( CN)6]-31-4. The [Fe ( CN)6]-31-4 redox probe exhibited a reversible behavior 
on the bare gold electrode with LlE(Ep..-BpJ 68 m V with an IP diP A peak ratio 0.6. The electrochemical behav
ior of DOPE due to the increased surface area showed the peak currents decreased from 9.3 to 8.2pA and the 
.:1Bp increased from 72.5 to 75 m V. But in another electrode, attachment of DOPE-AuNP hexagonal particle by 
drop casting on the GNP-SPCE caused, the unchanged LlEp and the peak current decreased from 9.3 to 8.9 pA. 
In comparison, Fig. 1A showed that attachment of spherical particle of DOTAP-AuNP by drop casting on the 
GNP-SPCE; the b.Ep decreased from 85 to 78 and peak current decreased from 10.8 to 9.1 ).lA. by comparison 
with DOTAP, alone. In a previous study, an effect of organic substrate and amount of charges was fixed in the 
electrochemical behavior1

.,
15

• In this study, Branched-charged ofDOTAP structure occupies more surfaces, and 
mixing gold nanoparticles and more change in the electrochemical peak compare to the neutral charge of DOPE, 
too. The results of the pervious study showed. DOPE along with other lipids was only marginally altered in dra
matic effects for the lateral pressure, electric field, and dipole potential profiles16

• In our result, the combination 
of both DOPE-DOTAP lipids leads to more placements as redox sties for attachment of gold nanoparticle or 
probe, on the (DOPE-DOTAP) liposome. So, DOPE-DOTAP sandwiched with AuNP in GNP-SPCE, in addi
tion to having the positive charge, causing a dramatic shift change from negative territory to zero. Due to the 
same charge of Cationic liposomes (DOTAP, DOPE-DOTAP) as compared to neutral lipid (DOPE), the inverted 
hexagonal structure can play an important role in the shifted of peak potential and electrochemical exchanges 
and increased redox reactions along with other lipids Actually, the combination of both DOPE-DOTAP lipids 
leads to more placements for gold nanoparticle on the (DOPE-DOTAP) liposome. Also increased surfaces and 
changed the more negative shift are more suitable in electrochemical reactive. b.Ep increased from 64 to 91 and 
peak current decreased from 13.3 to 12.1 pA. To identify the modified electrode surface properties, the EIS was 
used The impedance data are modeled using the equivalent circuit [Rs(QCPE RCT)W]28.Upon formation of 
DOPE-DOTAP-AuNP on the GNP-SPCE modified surface, the peak current decreased 35% and only 20% by 
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Table 1. The values of electrochemical reactions for the development of four-stage Sandwiched compoundes in 
separate senJOrs (stem/T -.linear/M-linear) on the SCPE/GNP. 
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Fipre 1. (A) DPV behaviors ofDOTAP-DOPE liposome compared with DOTAP and DOPE liposome as 
controlliposome. (B) EIS behaviors ofDOTAP-DOPE liposome compared with DOTAP and DOPE liposome 
as controlliposome.Data recorded at the san rate 50 m V s-1 in phosphate buffer (pH 7.4) containing 1 mM 
[.Fe(CN)6]-3-/4 

comparison with DOPE-AuNP. DOTAP-AuNP, respectively. 'Ibis c:an wggest the preaenc:e of more pinholes in 
the DOPE-DOTAP-AuNP layu than others. 

Sensing micro RNA ilnd identificiltion effect of competitive structure of hybrids in function of 
p19. 1he result of immobilJzation of stem and M-linearff-linear probes on the DOTAP/DOPE-AuNP showed 
to decreased the peak currents (for example. I,. was decreased from 9.80 to 6.12 J1A. for &tern-linear, from 9.54 to 
8.2 for T-llnear, from 9.1 to 7.3 forM-probes) in Fig. IS(A-C). Our research shows that cationic DOTAP-DOPE 
liposome (as an intermediate layer in enhancing electrochemical reactions) can work better in the response of the 
electrostatic repulsion between the larger and more complex nucleic acid probes and [Pe(CN)J-31- 4 compared 
to previous studies14.15• Hybridization o£221-124 a-21 miRs with their probes increased the peak currents from 
6.12 to 10.~. 8.2 to ~.7, and 7.3 to 8.6.1hese results were obtained by the electro8tati.c repulsion between the dou
ble strand nucleic acid probes and [Fe(CN)6]-l.l--t, in addition to the additive effect ofDOTAP-DOPE liposome. 
Fig. IS(A-C). Results of the sandwiched T-linear/21 miR ahowed increase .:1E, to 580 m V andRcr to 1.35 x ur 0: 
c:m-2 Fig. IS(E,F). Adding pl9 on each composite surface increased the peak currents from 10.9 to 13.7, 9.7 to 
12.9 for Stem and M hybrids, respectively, but decreased 5.9 forT-linear, Fig. lS(A-F), Table 1. Recent studies of 
p19 showed, when it connected with firm RNA-miRa, the system changed from unstable situation to stable1~. In 
the current atudy, unavailability of stem and M-linear probes with 221 and 124a miRs cause an inappropriate con
nection of pl9 which lead to the inhibitory caliper in the electrostatic repulsion between the nucleic ac.id probes 
and [Fe(CN)6]-l.l-' in the DOTAP/DOPE/hybrida. 1he connection of p19 with a duplex of Stem/M probes and 
miRs is likely to cover more pores oflipoaomes and decrease in electrostatic repulsion. Since probe ofT -linear is 
just RNA, it can form stronger compound for binding with p 19 and the current decrease in the [Fe(CN),]-31-4 

solution. The hybrid ofT-linear probe and 21-mir was added to show the electrochemical changes of p19 and also 
the availability of probe-miRs duplex by comparison with other different strw:tnrea of sandwiched hybrids on the 
sensor. The progress of the modified sensors (Stem and M-linear) was shown in Fig. 4. 

Results showed that the CWTent peak decreased from 13.7 to 11.8, 12.9 to 11.2 and 5.9 to 6.7 for hybrids of 
Stem/MIT-probes with 221-124a-21 miRs, respectively. In fact, the most tend for binding of p19 is in the presence 
of free short miR-RNA which it leads to firmly connect with T -linear/2lmiR. his compared with other hybrids of 
different structures (atem/MilJnear probes with their miRs) and it cause to decrease the CWTent peak in the elec
trochemical reactions and shift the signal ON, as the mode of stable ofDOTAP-DOPE/probeslmiRs sensor. In 
the Table 1, the values of electrochemical.reactl.ons were showed to develop of four-stage sandwiched compounds 
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Fipre 2. AFM images of ofDOPE-DOTAP/221 miR sandwiching as an example. (A) DOPE-DOTAP/ AuNP. 
(B) DOPB-DOTAP/AuNP+Stem probe. (C) DOPB-DOTAP/AuNP+Sternprobe + 221 miR. (D) DOPE
DOTAP/AuNP +Stem probe+ 221 miR + plSl. (E) DOPE-DOTAP/ AuNP +Stem miR +plSl when hybrid of 
T -li.near probe + 21 miR added in electrode. (F) Control of DOPE-DOTAP/ AuNP + M-linear probe + 124a 
miR+P19. 

110nr11 
I 

Flpre3. TEM images ofDOPE-DOTAP/221 miRsandwiching as an example. (A) DOPE-DOTAP/AuNP. (B) 
DOPE-DOTAP/ AuNP +Stem probe. (C) DOPE-DOTAP/AllNP + Stemprobe + 221 miR. (D) DOPE-DOTAP/ 
AuNP +Stem probe+ 221 miR + pl9 on the copper grid. 

in sepanrte sensors (Stem/T-linear/M-linear) on the SCPE!GNP. In this study, AMF and TEM tests wen: per
formed for the Stem .sensor (for eumpl.e) in order to show modified components. 'Ihe AFM for attachment of 
Stem-probe on the DOTAP/DOPE-AuNP showed smoothed surface with the sur&ce height of -40 nm fullow
illg (Fig. 2B) compared to the rough surface of the DOTAP/DOPE-AuNP surface. In the next step (Fig. 2C), 
sandwiched DOPB-DOTAP/AuNP +Stem probe + 221 miR on the SCPE-GNP showed smoother surface than 
DOPB-DOTAP/ AuNP + Stem probe wBh more surface coherence. 'Ibis result may show that the connection of 
miR with probe has produced more stability and uniformity over the electrode 

'Ihe AFM image of the pl9 attachment on the DOTAP/AuNP+Stem probe+ 221 miR showed that pl9 
did not connect properly with the Stem probe + 221 miR and left a large open space on the electrode with the 
rough surface(Fig. 2D). 'Ihe interesting and distinctive feature showed when the addition of the T-linear + 21 
miR hybrid. cawed to separate pl9 from the sensor and a situatl.on was observed similar to stage ofDOTAP/ 
AuNP +Stem probe+ 221 miR sensor (smoothed surface) {Fig. 2E). To distinguish the difference of the pl9 
connecting to various hybrids (Stem and M-linear), stage of sensor with DOTAP/ AuNP + M linear probe + 124a 
miR + p 19 has been used (as control test). Results showed a more favorable connection of the 19 to the DOTAP/ 
AuNP + M linear probe + 124a miR + p19 llelllor with a smoother lllllrlace and less pores. 'Ihillatep has shown 
that the connection ofpp 9 depends on the availability of the proper interaction with the different structural of 
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Pipre 4. The progress of the modified sensors (Stem and M-llnear) to indicate a change in the performance of 
Pl9, in comparison with the free dupla 2lmir-RNA(as competitor) to identify one miR(221 OR 124a) in the 
separate electrodes. 

hybrids. Large numbers of Stem probe are immobilized on the DOTAP/DOPE-.AuNP in TEM showed, spherical 
nature of the DOTAP/DOPE-AuNP +Stem probe with the increased size of36 D.tD. (Fig. 3B) compared to that of 
the DOTAP/DOPE-AuNP (24 nm) (Fig. 3A). In Fig. 3C. this size was increased to 42nm by adding 22lmJR on 
the DOTAP/DOPE-AuNP +Stem probe. At the end of developing DOPE-DOTAP/ AuNP +Stem pmbe + 221 
miR + p19 .sensor, spherical nature i.Dcreased size of60nm (Fig. 30). This increase was due to the large size of 
the p19 pmtrin. 

Control tests (Sensitivity and Specificity (for miRs and p19 sensor detection and effect of com· 
petition of different structural hybrids in pl9 function. In Fig. 5(A.B), hybridization with DNA 
sequence of221 and 124a miRs caused a 40.496, 32.9% increase in the j value (1364.7, 1234.1 #A.cm-2), respec
tively. Hybridization with mismatch RNA of221 and 124a miRs caused a 22.996, 18.596 increase in the j value 
(1269.9, 1097.8 ,.,.Acm-2). lheae calculated percentages compared with the buffer treatment alone (096, 1146.3, 
1034.2 JAAcm-2) and 10 pM of the fully matched miR-221, miR124a (10096, 1686.6~-2). The resuhs showed 
that the non-complementary DNA causes a larger reduction in electron transfer rate than mi&match RNA. The 
mismatch of RNA/RNA sequences (for 124a miR) wu used to show the behavioral changes of p 19 function to 
miR&. 'The result shows that the attachment of p 19 to mismatch of RNA cause a 12.8% increase in the j value 
(1075.1 pAan-2) and not change in the j value (897.7) for 111M DNA sequence by comparison with 10 pM of the 
fully matched miR-124a, Fig. 5 (C.O). It is not able to distinguish between the two sequences of miRs because of 
the sequence-independent function of doulJle..taged p19 fusion18• So. p19 connect to the mismatdl of miR124a 
(as RNA) with not stable interaction and different behavior by comparison with the hybrid of match miRl24a, 
inEIStest 

In this study, the design of di1l'erent probe structures made it possible to differentiate between el.ectrochemical 
behaviors between two miRs. In the case ofDNA. binding to p19 not occur and not change in the elect.rochemkal 
behavior. To check out, the effects of hybrids with different structure in the pl9 performance, similar oon.cen
tralions of them are used in the connection and disconnection stages. In the previous study, the presence of free 
hybrids of miR-probe in the solution with a more concentration than another hybrid caused the release of pl9 
and connected to free hybrids11

• In Fig. S(E) and Table 2, results show that the highest affinity of the p19 is in the 
separation and connection with T -linear/21miR which is free in solution (FuD duplex: of RNA). The exact cause 
of these results is not clear. But a strong possibility can be to the more availability of 51 phosphate of miRs-RNA 
duplex for P19 function. As shown in Fig. 6A. the j value increases linearly with increasing the concentration 
ofmiR-124aranged from 10 fM to 100 pM. A regression equation ofy= l2.993x +35.548 (R-2=0.976) was 
obtained, where y is the j value in pA an-2 and xis the logarithmic concentration of miR124a in fM. 

As shown in Fig. 68 the relative standard deviation (RSD) values were between 7% and 7.696 and limit of 
detection (LOD) was 0.4 fM, estimated from 3(Sb!m), where Sb is the standard deviation of the measurement 
signal for the blank and m is the slope of the analytical curve in the linear region. The result showed miR-221 
in Fig. 6C, the j value increases linearly with increasing the concentration of miR-221, ranged from 500 aM to 
1 pM. A regression equation ofy= 157.73x + 1554 (RZ=0.986) was obtained. and the relative standard devia
tion (RSD) values were between 796 and 8.396. Also anl6.696 increase in current density (1660.1 pAcm-2) and 
alao, 21.696 decreased in the j value (897.4p.Acm-2) observed in comparison with concentnrti.on of miR-124a in 
Fig. 60. Prior to titration experiments, aliquots containing different concentrations (1.0 nM, 500 pM, 100 pM, 1 
pM, 500 fM, 100 fM), 30 J.!l of the incubation buffi:r of the hybridization product of miR 21 and its T-linear probe 
were incubated with the sensor at 37°C for l h in a dark humidity chamber (Fig. 6E). As shown in Fig. 4F, the 
j value increases linearly with a regression equation ofy= 114.0lx +897.08 (R2=0.9377), as shown in Pig. 6f. 
The relative standard deviation (RSD) values were between 6.5% and 9.8.796 and the LOD was 10 pM. Free 
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Figure 5. Control tests to check the specificity of the sensor. (A) DPV obtained to detection mismatch 
baac(DNA) and non-complementary RNA for 124a miR sensing. (B) DPV obtained to detection mismatch 
baae(DNA) s.nd non-complementary RNA fur 221 miR. (C) HIS ofbehavior of specificity of pl91D DNA. (D) 
EIS ofbchavior of specificity of pl9 to mismatch miR. (B) DPV of effect of competition of structural hybrids in 
the p19 function. 

T -linear+ 2lmiR hybrid in solution forces the p 19 protein to dissociate from other different structure ofhybrids 
and C8lllles an increase in the current density as the stable ofDOTAP-DOPB/probes/miRs mode (shift-back of 
the signal). 

Detection of124a-221-21 miRs by the liposomal-p19 sensor in one electrode. After determining 
the electrochemical behavior for each micro-RNA. the best model was determined to validate the sensor perfor
ma.nce. 1he model represented the differential signal chauges. We prepared a self-assembled ofM-linear and stem 
probes mix on the same DOPBIDOTAP/AuNP electrode in the incubation buffer for 5 days at 4 "C (Fig. 7). At 
first, incubation sandwiched sensor (by stem-M probes) with miR 124a cawed an increase in resistance (curve 
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Fipre 6. The performance of the sensor for determining the concentration of target measured using DPV 
measured at a scan rate 50 mV s -1 in phosphate buffer (pH 7.4). (A) DPV of the Uposomal.-A11NP/p19 sensor 
obtained using (a) 100 fM, (b) 500 fM. (c) 1 pM. (d) 10 pM. (e) 100 pM, ofmiR124ain the incubation buffer, 
followed by incubation with 10 pgmL - 1 of pl9 protein. (B) A calibration plot of the cunent deDsityvs log 
concentration ofmJR-124a. (C) DPV ofthel.iposom.al-AuNP/pl9 sensor obtained using (a) 1 fM, (b) 10 fM. 
(c) 100 fM, (d) SOOfM, (D) 1 pM. of miR221 by With the addition oflO pgmL - 1 of pl9. (E) A calibration plot 
of the current densityvslog concentration of miR221. (F) DPV of the liposomal-AuNP using (a) 100 fM, (b) 
500 fM, (c) 100 pM. SOOpM (d), 1 nM (e), of the hybridization product of miR 21 and its T-linear probe in the 
incubation buffer. (F) A calibration plot of the current density vs log concentration of miR 21. 
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Fipre 7. Sclrematic drawing of Sequential Detl!dion of 124a-221-21 miRs by the liposomal-pl9 sensor in one 
electrode. (A) A self-assembled of M-linear and Stem probes mix on the same DOPEJDOTAP/ AuNP electrode. 
(B) Incubation of &en50r with miR124a caused an increase in resistance IIlf!asured by EIS. (C) p19 protein 
decreased resistance and thus improved the detection range. (D) Hybridization of mir-221 and Stem probe 
increase resistance. (E) Adding p19 protein decreased in resistance, awUn· (P) Adding free T-linea.r probe/21 
miR QIUSed a shift back (increase) in resistance. 
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Fipre 8. Schematic drawing of Sequential Detection of 124a-221-21 miRs by the liposomal-pl9 sensor in one 
electrod. (A) A self-assembled of M -linear and Stem probes mix on the same DOPE/DOTAP/ AuNP electrode. 
(B) Incubation of sensor with miR124a caused an increase in resistance measured by EIS. (C) p19 protein 
cawed decreased in resistance and thus improved the detection range. (D) Hybridization of mir 221 and Stem 
probe increase in resistance. (E) Adding pl9 protein decreased in resistance, awUn· (F) Adding free T -linear 
probe/21 miR caused a shift back (increase) in resistance. 

b). After incubation with 10 ~-1of p 19 protein, there was a decrease in resistance (curve c).Then, detection 
for miR 221 was done by incubation of its sequence with stem probe on the sandwiched sensor. It was olnerved 
an increased in resistance, again (Cl.l.rW c). In the following, incubation with 10 pgmL - 1ofp19 protein, made 
to decrease in resistance, again (curved). Finally, incubation with the free T-Unear/21 miR hybrid caused an 
increased in resistance (curve d). EIS was carried out in a parallel manner (Fig. 8). 

Conclusions 
The properties of the electrochemical biosensor such as unique and attractive strengths are extremely promising 
for improving the effi.ciency of diagnostic testing and therapy monitoring micro RNA RNA 29

•
30

• In this study, we 
attempted to develop an electrochemical DOTAP-DOPE lipo&omallp19 sensor for detection three miRs (124a-
221-21) based on the accessibility ofp19 to the different structure ofRNA-miR hybrids. In literature, different 
probes should be added at every stage to formation hybrids fur pl9 function. Because of presence and absence 
of hybrids in solution. the accuracy, sensitivity, and repeatability of results doubted' 1• So. the sphericalliposOIIlf! 
because of their structure can provide to connect different probes (Stem and M probe) in one electrode. So, it 
can be clearly achieved to the function of the p 19 protein in the electrochemical changes by comparison with 
the different structure of miRNAs-RNA. Designed lltr\lctures of probes can provide the different avaUability of 
phosphatea in RNA-RNA sequences for pl9 function (in connection and aeparatl.on stages). 'IhJs llposomal/pl91 
GNP SPCE sensor shows the h.igh senattl.vtty as 5 fM miRNA with the broad dynamic range of measured con
centrations (from 500 aM to 1 nM) in only 2 h. In addition, the sensor can detect miRNA selectively for miRNAs 
and DNA. However, in order to confirm this sensor, it ia suggested future studie& performed an real e:nmples. 
In total. this biocompatible sensor design allows to identify three miRs. It abo can be a window for a significant 
direction to explore the use of mild bifunctional ways for the attaclunent of the biomolecules on the surface of 
the nanostructure. 
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Microneedle-array patches loaded with dual 
mineralized protein/peptide particles for type 2 
diabetes therapy 
Wei Chen1.2, Rui Tian43, Can Xu2, Bryant C. Yung2, Guohao Wan~, Yijing Liu2, Qianqian Ni2, Fuwu Zhang2, 

Zijian Zhou2.3, Jingjing Wang2, Gang Niu2, Ying Ma2, Liwu Fu1 & Xiaoyuan Chenm> 2 

The delivery of therapeutic peptides for diabetes therapy is compromised by short half-lives 

of drugs with the consequent need for multiple daily injections that reduce patient com

pliance and increase treatment cost. In this study, we demonstrate a smart exendin-4 (Ex4) 

delivery device based on microneedle (MN)-array patches integrated with dual mineralized 

particles separately containing Ex4 and glucose oxidase (GOx). The dual mineralized particle

based system can specifically release Ex4 while immobilizing GOx as a result of the differ

ential response to the microenvironment induced by biological stimuli. In this manner, the 

system enables glucose-responsive and closed-loop release to significantly improve Ex4 

therapeutic performance. Moreover, integration of mineralized particles can enhance the 

mechanical strength of alginate-based MN by crosslinking to facilitate skin penetration, thus 

supporting painless and non-invasive transdermal administration. We believe this smart 

glucose-responsive Ex4 delivery holds great promise for type 2 diabetes therapy by providing 

safe, long-term, and on-demand Ex4 therapy. 
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D iabetes mellitus is one of the most challenging health 
problems of the twmti.etb. century, affecting more than 
285 million people in 2010, with an expected rise to 439 

million by 2o3o1
• 'I. A typical clinical pathological feature of 

diabetes is a disorder of glucose regulation. which results in severe 
complications such as retinopathy, nephropathy, neuropathy, and 
so on. significantly reducing the patient's quality of life3. 
Importantly, over 90% of diabetic individuals suffer from type 2 
diabetes (1'20)4• Despite the long list of treatment options among 
an increasing number of potential ~ more than 50% of T2D 
cases are not appropriately managed . The failure to reach a 
stable gtycemic status is mainly dne to poor patient's compliance 
to prescribed treatment regimens, which often requi!e high
frequent and intricate mealtime-related administration6• More
over, most of the current prescription medications are challenged 
by unexpected side effects including weight gain and a risk of 
hypoglycemia7• 

A potential strategy to combat T2D is to utilize glucagon-like 
peptide-! (GLP-1) receptor agonists, which have been recently 
proved to exhibit large potentials to address most therapeutic 
challenges8• The parent peptide. GLP-1, is produced and secreted 
by the intestinal L cells in response to nutrient .ingestion9• It 
exerts functions mainly by binding and activating the pancreatic 
GLP-1 receptor, and thereby potentiates glucose-induced insulin 
secretion of _ll-cells10• Hmwver, native GLP-1 is always easily 
degraded by dipetidylpeptidase N (DPP N) to produce some N
terminally truncated metabolites in vivo, fullowed by rapid 
clearance (half-life is around 2 min), preventing its broad appli
cations8. Bxend.i.n-4 (Rx4), which shares -53% sequence homol
ogy with mammalian GLP-1, acts as a more potential GLP-1 
receptor agooist by showing great affinity to the GLP-1 receptor 

Nonnoglycemla 
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and high tolerance to DPP N degrada.tion8• 11• It has been 
approved by the U.S. Food and Drug Administration \FDA) to 
serve as a potent candidate for clinical T2D therapy12. 3• How
ever, its blood circulation time is still relatively short (60-90 min), 
requiring twice-daily subcutaneous .injections14. The high fre
quency of injections decrease patient's compliance, leading to 
limited therapeul:i.c effect and high treatment costc5. Moreover, 
overdosing of ~4 may result in certain adverse reactions such as 
dose-limiting nausea and vomiting. which diminish the quality of 
1ife15. An of these impediments have stimulated interest in 
developing an alternative treatment, which can directly respond 
to blood glucose level, and provide an on-demand and long-term 
Ex4 administration. 

Currently, researchers have developed some •artificial pan
creases• to provide on-demand and automated drug treatments 
for diabetes patients16• 17• Among them, the closed-loop electro
nic/mechanical devices that U&e a continuous glucose monitorinj 
sensor and an external insulin infusion pump are promising1 • 

However, such devices are nWnly plagued by a h.ish cost of the 
instruments, complicated device management (requirements of 
periodic cah'bration against a standard measurement), patient's 
discomfort (wear relativdy heavy electronic devices), and hJgh 
susceptibility to biofouling (need repeated drug loading and 
cleaning processes)19• 20. A chemical approach may avoid the 
limitation by introd.ucing economic bio-sourced materialJ and 
acting in a disposable :rD.anner21- 23• In chemistry, closed-loop 
systems for antidiabetic drug release mainly focus on stimuli
responsive material1. They can respond to the glucose-induced 
environmental alteration with help of glucose-sensing elements to 
undergo structural rearrangement (i.e., dissociation, swellirur. 
shrinking), leading to controllable and tunable drug reteue21-~ 

Hyperglycemia 

• • 
Dlssoclalad m-EX4 Blucoaa 

FJs, 1 Schematic of glucose-responsive Ex4 delivery MN-array patches. After protein/peptide mineralization and MN fabrication, the patch can be directly 
administered onto the skin. In the normoglycemic state, relative lower glucose concentration only induces a mild pH decrease under m-GOx catalysis, 
which is not sufficient to induce m-Ex4 dissociation to release the payloads. In contrast, when blood glucose concentration rises to the hyperglycemic level, 

the significant pH decrease triggers rapid m-Ex4 dissociation to release Ex4 for blood glucose regulation, suggesting a pathology-specific drug release. 
Moreover, m-GOx is stable and robust in the whole process, providing long-term responsiveness to glucose change. In this manner, a smart, long-acting. 

and on-demand Ex4 release is achieved 
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For instance, phenylboronic acid (PBA) and its derivatives can 
effectively and reversibly interact with polyol molecules (e.g., 
glucose) to introduce negative charges or hydrophilicity into a 
pol}'!lleric network, resulting in matrix swelling, or disaggrega
tion24· 25. Glucose-binding protein (GBP) (e.g., Concanavalin A) 
is frequently used to regulate antidiabetic drug release by pro
viding multiple active sites for competitive binding of glucose and 
glycosylated moieties on the ~olwer chain, conferring low 
viscosity within the gel network 6• 7. Alternatively, glucose oxi
dase (GOx) is frequently applied to catalyze the oxidation reac
tion of glucose to induce an acidic, hypoxic, and H20 2-rich 
microenvironment, which leads to degradation or dissociation of 
polymeric matrices28-34. However, in most cases, the glucose
sensing element and the druf releasing module are integrated 
into the same formulation2 -23. Through this method, the 
glucose-sensing element will easily leak out accompanying the 
dissociation of the drug-releasing module. Therefore, the for
mulations are inherently limited to the multi-round responsive
ness of glucose challenge35. Moreover, protein activity loss (e.g., 
Concanavalin A, GOx) during storage and administration is 
another issue36· 37, which significantly retards the long-term 
responsive capacity of the system. To develop a long-acting and 
closed-loop system, the strategies that can selectively stabilize and 
immobilize the glucose-sensing element, and separately dissociate 
a drug-releasing module are needed. 

Herein, we develop dual macromolecule-biomineral hybrid 
species to separately integrate Ex4 and GOx to achieve selective 
immobilization and release of specific components. In nature, 
living organisms always produce diverse inorganic-organic 
complexes to help them smartly respond to various biological 
stimuli. Inspired by nature, we introduce biomimetic minerals to 
help construct biocompatible and smart systems38. To avoid 
quick leakage from the delivery system, GOx is immobilized in 
copper phosphate mineralized particles to form hybrid nano
flowers (mineralized GOx, m-GOx), which are stable under 
various biological stimuli39·· Meanwhile, another mineralized 
particle, calcium phosphate, is applied to integrate Ex4 through 
in situ biomineralization reaction (mineralized Ex4, m-Ex4), 
which has been proven to bio-compatibly encapsulate Ex4 in a 
biomimetic environment based on our previous study40. To 
develop a potent glucose-responsive system (GRS), we combine 
dual mineralized particles together, as m-GOx may serve as a 
stable solid enzyme to convert glucose stimuli to H+ signals, and 
calcium phosphate is a kind of pH-sensitive biomineral that can 
spontaneously dissolve under acidic conditions39· 41-45. To realize 
facile administration, the dual mineralized particles are loaded 
onto an alginate-based MN-array patch for convenient and non
invasive drug deliverf8-30. Importantly, the integration of 
mineralized particles can significantly improve the mechanical 
strength of MN for skin penetration by crosslinking effect to 
reinforce the alginate gel at the cost of reducing the extensibility 
of the polymeric networks46. In this way, a patch-based delivery 
system providing long-term glucose responsiveness and on
demand Ex4 release is constructed, which may serve as a reliable 
and effective candidate for glucose regulation in T2D. 

Results 
Design and characterization of m-Ex4 particles. To fabricate the 
smart MN -array patch loaded with the separate glucose-sensing 
element and drug-releasing module to achieve pathology-specific 
response (Fig. 1), m-Ex4 particles were firstly synthesized as the 
drug-releasing module. The mineralization of Ex4 proceeded in a 
biomimetic medium, Dulbecco's Modified Eagle's Medium 
(DMEM), at a temperature of 37°C with 5% C02

40· 42-45. Like 
many biomineralization-related proteins, Ex4 (isoelectric point of 
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a 

b 

Wavenumber 
(x103 cm-1) 

Size (nm) 

Fig. 2 Characterization of m-Ex4 nanoparticles. a TEM images of m-Ex4 

nanoparticles at different time points. The sans peptide group was tested as 

a control. Red arrows indicate the center; yellow arrows indicate the 

periphery. Scale bar, 200 nm. b Elemental mapping of intermediate at 0.5 h 

during Ex4 mineralization reaction. Scale bar, 200 nm. c Dynamic light 
scattering (DLS) analysis of m-Ex4 particles. d The FTIR spectrum of free 
Ex4, control calcium phosphate, and m-Ex4 nanoparticles. e 

Thermogravimetric analysis (TGA) of m-Ex4 particles. Blue highlighting 

indicates the water loss and green highlighting indicates the organic 

component loss 

4.96) contains a high proportion of acidic amino acid residues, 
including five glutamic acid residues (pKa = 4.25) and one 
aspartic acid residue (pKa = 3.86) per molecule47. These acidic 
residuals can chelate calcium ions from supersaturated metastable 
solutions, increasing local supersaturation and providing 
nucleation sites48. After spontaneous nucleation, many nanoscale 
calcium phosphate crystals were generated around the periphery 
of the peptide, which tended to form organized spherical struc
tures by means of a bricks-and-mortar self-assembly mechan
ism49. The formation process of m-Ex4 particles in the reaction 
medium was monitored by transmission electron microscopy 
(TEM). Initially (5 min), small and loose nano-clusters (around 
50-60 nm) that consisted of many tiny crystals (around 2-3 nm) 
were observed (Fig. 2a), suggesting a quick nucleation and 
assembly process, consistent with the kinetic analysis (Supple
mentary Fig. 1). The main elemental composition of the crystals 
was determined to be Ca, P, 0 , N and C, suggesting calcium 
phosphate-peptide complex formation (Fig. 2b). Over time, the 
clusters progressively became denser (from the periphery to the 
center) and larger (Fig. 2a, b), and finally, particles around 150 
nm were formed (Fig. 2c). These particles were stable in the 
medium for at least 1 week (Supplementary Fig. 2). Notably, 
when Ex4 was absent in the medium, only irregular precipitates 
were generated (Fig. 2a), demonstrating that the organized 
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structures originated from peptide-mediated mineral generation. 
Furthennore, Fourier transform infrared (FTIR) spectroscopy of 
the composites showed the characteristic peaks of inorganic 
phosphate (1000-1100 cm-1, P-0 vibration) and Ex4 peptide 
(1500-1600 cm-1, C=O vibration), confirming the construction 
of inorganic-organic hybrid structures (Fig. 2d). The organic 
components accounted for around 18 wt% of the nanoparticles, 
whereas inorganic calcium phosphate contributed 76% of the 
total weight, and the content of water was around 6 wt% (Fig. 2e). 
Collectively, all the data suggested that calcium phosphate-based 
biomimetic mineralization could serve as a facile and controllable 
technique to load Ex4, which mimicked the natural biominer
alization process to create an inorganic-organic complex, pro
viding a highly biocompatible and biofriendly peptide 
encapsulation strategy. 

Smart Ex4 release based on dual mineralized particles. To 
develop a glucose-responsive delivery system, GOx was intro
duced in the system as a glucose-sensing element as it rapidly 
transformed glucose to produce H+ signals31- 34• To prevent GOx 
escaping from the delivery system, GOx was immobilized in 
robust mineralized particles composed of copper ~hosphate 
(Fig. 1), to form a mineralized GOx hybrid (m-GOx) 9• 41• The 
interaction between amide groups in the protein backbone and 
copper ions could form abundant complexes, which provided a 
substrate for nucleation of primary crystals. Large agglomerates of 
protein molecules and primary crystals were generated, followed 
by anisotropic growth which resulted in the formation of a 
branched flower-like structures (Fig. 3a. b)39• 41• Elemental 
mapping analysis indicated that m-GOx mainly contained ele
ments from copper phosphate (Cu, P, 0) and protein (N, 0) 
(Fig. 3c), suggesting the successful formation of the 
inorganic-organic hybrid structure. The organic component 
contributed about 15 wt% and the inorganic copper phosphate 
accounted for 75% of the weight (the remaining 10wt% was 
water) (Fig. 3d). Importantly, the enzyme activity was negligibly 
affected after mineralization (detected by tetramethylbenzidine 
oxidation, Supplementary Fig. 3), and the reactivity was well 
maintained during storage at room temperature (25 °C) for at 
least 10 days compared to free enzyme (Fig. 3e), validating long
tenn glucose responsiveness. This stability could be ascribed to 
molecular mobility restriction of the entrapped enzyme ~ 
mineral particles that acted as physiochemical microanchors . 
To examine the sensitivity of the glucose-responsive property, m
GOx was incubated with different glucose concentrations, 
including a hyper"ycemic level (400 mg dl-1 ), a normoglycemic 
level (100 mg dl- ), and a control level (0 mg dl-1 ). Notably, 
glucose oxidation reaction was concentration-dependent. High 
glucose level induced a greater pH decrease (from 7.4 to 4.6, 
Fig. 3t) within 2 h, whereas control and normal glucose level only 
resulted in mild pH change (Fig. 3t). H20 2 generation showed the 
same tendency (Fig. 3g), further confirming concentration
mediated reactive fashion. Importantly, during the reaction pro
cess, m-GO:x was quite stable and robust (Supplementary Fig. 4), 
demonstrating long-term responsiveness. Moreover, only 
hyperglycemia-triggered pH decrease (below 6) could lead to the 
quick dissociation of m-Ex4 particles compared with the other 
conditions (Fig. 4a), which could be confirmed by TEM obser
vation and DLS measurement (Supplementary Fig. 5). Encour
aged by the accurate glucose-sensing and rapid pH-responsive 
property of the two types of mineralized particles, we combined 
and encapsulated them in the alginate hydrogel as a potent GRS 
to achieve a pathology-specific drug release. The release kinetics 
in response to distinct glucose levels showed that faster Ex4 
release was observed in a hyperglycemic environment relative to 
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control and normoglycemic state (Fig. 4b). With an increase in 
glucose level, the release rate was significantly elevated (Fig. 4c), 
suggesting highly accurate glucose concentration-dependent 
responsiveness. Moreover, when alternatively exposed between a 
normal and hyperglycemic state every 1 h for several cycles, the 
GRS containing dual mineralized particles responded to changes 
in glucose concentrations rapidly for at least five rounds without 
any responsiveness decrease (Fig. 4d), whereas GRS with free 
GOx failed to do so (Supplementary Fig. 6). This could be 
attributed to the immobilization effect of copper phosphate 
mineralized particles, which were stable under various pH con
ditions to retard GOx leakage. Meanwhile, calcium phosphate 
mineralized particles effectively responded to pH decrease and 
released Ex4, which diffused rapidly from the porous hydrogel 
structures (Supplementary Fig. 7). Therefore, this combination of 
two different mineralized particles could provide a highly adjus
table and flexible strategy to retain or release specific components 
with the help of distinct bio-responsiveness of dual mineralized 
particles. Moreover, the separation of the glucose-sensing element 
and drug-releasing module allowed for independent regulation of 
GOx and Ex4, with minimal disruption to the respective loading 
of the two components. Obviously, lower GOx amount led to 
slower Ex4 release due to the delayed glucose responsiveness 
(Fig. 4e). Adjusting Ex4 amount showed less influence on release 
kinetics (Fig. 4f) but determined the total administered dose. In 
this way, the release behavior of the GRS could be conveniently 
controlled and regulated by simply adjusting the GOx amount. In 
addition, circular dichroism (CD) (Fig. 4g) detection revealed no 
conformational change of released drug. High-performance liquid 
chromatography (HPLC) (Fig. 4h) and mass (Supplementary 
Fig. 8) analysis indicated no degradation occurred and only a 
small proportion of thiol groups ( <5%) was oxidized during the 
release process, further suggesting mineralization modification 
and the release process to be highly biocompatible. 

Fabrication and characterization of MN-array patches. To 
achieve facile administration, the MN -array patch containing 
dual mineralized particles was fabricated for convenient and 
painless treatment (Fig. 1). Briefly, m-GOx and m-Ex4 at opti
mized concentrations were loaded into the tips of a silicone mold 
for MNs by vacuum and centrifugation processes, followed by the 
addition of 2% alginate, which was crosslinked by calcium ions51• 

The produced MN s were arranged in an 11 x 11 array with a total 
area of 6 x 6 mm2 (Fig. Sa). Each needle was conically shaped, 
with a height of 500 J.Ull, base radius of 200 J.Ull, and a tip radius of 
-5 Jl1Il (Fig. 5b, c). In addition, Cy5-labeled GOx (Cy5-GOx) and 
FITC-labeled Ex4 (FITC-Ex4) were introduced during the 
mineralization reaction and MN fabrication processes to help 
distinguish the two components through the disparity in emission 
wavelength between the two dyes (Supplementary Fig. 9). Evi
dently, red and green emissions were concurrently observed in 
every needle (Fig. 5d), demonstrating the uniform integration of 
the two compounds across the whole patch. In each needle, red 
and green signals rarely overlapped (Fig. 5e), confirming separate 
integration. Notably, the fabricated MN patch was stable and 
robust without any curling or collapse during long-term storage 
( 4 oc, 30 days, Fig. Sf), and measurement of mechanical strength 
using a tensile compression apparatus indicated that integration 
of mineralized particles significantly increased the failure force of 
blank alginate MNs by 1.93 fold (from 0.15 to 0.29 N per needle) 
(Fig. 5g), owing to the crosslinking effect of mineralized particles, 
which reinforced the stability of the MN at the cost of reducing 
the extensibility of the polymer network46• Importantly, this 
range of failure force (:2:: 16 N per array)52 indicated sufficient MN 
stiffness and strength to facilitate skin penetration without 
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Fig. 3 Characterization of m-GOx particles and glucose responsiveness. a TEM images of m-GOx. Magnification is the single m-GOx particle in dark field. 
Scale bar, 3 j.lm. b Scanning electron microscopy (SEM) image of m-GOx particles. Scale bar, 2 j.lm. c Elemental mapping of m-GOx particles. Scale bar, 1 
j.lm. d TGA of m-GOx particles. Blue highlight indicates the water loss, and green highlighting indicates the organic component loss. e Enzyme activity 
decay of free GOx vs. m-GOx over time. Mean± S.D. (n = 3). **P < 0 .01, ***P < 0.001 (two-tailed Student's t-test). f Relevant pH decrease of different 

incubation solutions with the m-GOx particles. g Relevant H20 2 generation of different incubation solutions with the m-GOx particles. Mean± S.D. (n = 4). 

*P < 0.05, ***P < 0.001 (two-tailed Student's t-test) 

deformation53. Moreover, after exposure to glucose solution, 
MNs maintained the original morphology and shape (Supple
mentary Fig. 10), serving as a stable support to guarantee long
term administration. Meanwhile, obvious FTIC-Ex4 release and 
Cy5-G0x retention were observed after glucose exposure 
(Fig. 5h), further verifying our hypothesis. In this regard, a well
designed glucose-sensitive Ex4 delivery device based on miner
alized particles and alginate MN arrays was successfully achieved, 
which may potentially offer non-invasive and on-demand Ex4 
delivery for blood glucose regulation. 

In vivo studies of the MN-array patches for T2D therapy. To 
evaluate the in vivo antidiabetic effect of MN-array patches for 
T2D therapy, C57BL/6 db/db mice were grouped and transcu
taneously exposed to different samples, including free Ex4, MN/ 
Ex4, MN/m-Ex4, m-Ex4/m-GOx, MN/m-Ex4/GOx and MN/m
Ex4/m-GOx. The loading amount of Ex4 and GOx in each MN 
patch could be regulated based on the input during fabrication. 
When compared to free Ex4, the amount of Ex4 in each group 
was set to around 20 J.Jg. As shown in Fig. 6a, the MN-array patch 
effectively penetrated dorsum skin of the mouse to form micro
channels, which could be observed with help of trypan blue 
(Fig. 6a) and hematoxylin & eosin (H&E) staining (Supplemen
tary Fig. 11). Moreover, the channels recovered within 4 h 
(Supplementary Fig. 12), and there was no obvious damage 

observed in the region following recovery (Supplementary 
Fig. 13). Interestingly, MN patch administration induced a rela
tively mild inflammation reaction (IL-1a, IL-1J3, IL-6, and TNF-a 
expression, Supplementary Fig. 14) compared to intradermal 
(ID) injection of dual mineralized particles, mainly due to less 
invasiveness of the MN patch to the skin, suggesting a highly 
biocompatible treatment. The blood glucose level (BGL) of trea
ted mice in each group was monitored over time (Supplementary 
Fig. 15). Obviously, minimal fluctuations of BGL (~401.8 ± 15.6 
to 453.3 ± 31.2 mgdl-1) were detected in the control group 
(Fig. 6b), indicating the successful establishment of a stable dia
betic model. When free Ex4 was administered, the BGL of dia
betic mice was decreased by 66.6% (from about 443.2 to 148.1 mg 
dl-1) within 6 h, but the normoglycemic state could not be 
maintained, and returned to a hyperglycemic state within 24 h, 
likely due to rapid drug clearance. Simple MN encapsulation of 
free Ex4 could not provide much help as the free drug quickly 
leaked out from the porous network of alginate-based MN 
(Supplementary Fig. 7). Besides, singular m-Ex4 integration in 
MNs exhibited poor BGL regulation due to the lack of a glucose
sensing module, rendering drug release ineffective. In contrast, 
dual mineralized particle-containing MN patches (MN/m-Ex4/ 
m-GOx) showed promising BGL control. Even after 72 h treat
ment, BGL in treated mice was still less than the original level 
(Fig. 6b, c), owing to the smart glucose responsiveness of m-GOx 
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and rapid dissociation of m-Ex4. It should be mentioned that dual 
mineralized particles without MN could only provide a transient 
responsiveness because the two particles were easily separated in 
the different locations of intradennal spaces, and relatively high 
inflammation also contributed to the response failure (Supple
mentary Fig. 14). Therefore, MN and dual minerali2ed particles 
were both essential in the system. Notably, the immobilization of 
glucose-sensing element played a significant role, with evidences 
that free GOx could not ensure long-term glucose responsiveness 
(Fig. 6b, c) due to its rapid escape from the system. This phe
nomenon could be further confirmed by the intraperitoneal 
glucose tolerance test (IPGTn. Oearly, after 1 h treatment, both 
MN/m-Ex4/GOx and MN/m-Ex4/m-GOx exhibited significant 
potential to inhibit rapid BGL increase, suggesting effective 
responsiveness (Fig. 6d, f). However, after 12 h treatments, MN/ 
m-Ex4/GOx lost BGL control capability while MN/rn-Ex4/m
GOx was still effective (Fig. 6e, f). The escape of free GOx and the 
retention of m-GOx in MN after treatment could be directly 
observed based on fluorescence signals (Supplementary Fig. 16), 
further confirming the hypothesis. Plasma Ex4 measurement by 
enzyme-linked immunosorbent assay (ELISA) revealed the con
tinuous replenishment of the drug under MN/m-Ex4/m-GOx 
patch treatment (Fig. 6g, h), which was much improved com
pared to other treatments, consistent with BGL detection. To 
extend the normoglycemia duration ( <150 mg dl-1) time, the Ex4 
amount could be precisely increased In our study, around 300 118' 
Ex4 per patch was set as the up limit as a higher dose induced 
certain cavity bloclc and uneven particle distribution in the 
baclcing layer during MN fabrication. Obviously, greater Ex4 
amount resulted in prolonged normoglycemia duration (Fig. 6i; 
Supplementary Fig. 17). The 300 118' Ex4-loaded patch adminis
tration provided 5 days normoglycemia maintenance and a slow 
BGL increase to the original level (9 day), which is somewhat 
better than existing long-acting formulations54-58• Moreover, 
lower GOx amount reduced the glucose responsiveness of the 
patch, which might markedly decrease the BGL regulatory 
capacity of the patch (Fig. 6j; Supplementary Fig. 17), thus 

adequate GOx (>500 JJg) was necessary to maximize therapeutic 
performance. In addition, as opposed insulin, continuous Ex4 
treatment did not increase the risk of hypoglycemia when 
administered in a normoglycemic state (Fig. 6k). This was con" 
sistent with the corresponding hypoglycemia index (defined as 
the fall in glucose from the initial reading to the nadir divided by 
the time over which this fall was reached) (Fig. 61), ensuring the 
safety of continuous Ex4 exposure. In summary, all the obser
vations demonstrated that the MN"array patch separately con" 
taining dual mineralized particles could serve as a smart and 
potential candidate to improve Ex4 therapeutic performance. 
This strategy revealed that isolating the glucose-sensing element 
and drug-releasing module could ensure long-tenn responsive
ness and smart drug release. We believe this well-designed MN" 
array patch can achieve ideal self-regulated and on-demand 
therapy for T2D patients in future. 

Discussion 
Currently, GOx-based glucose-responsive delivery systems 
mainly employ matrices consisting of pH, hypoxia, or H20 2-

sensitive materials, which release antidiabetic drugs by either 
dissociation or degradation in response to microenvironmental 
changes28- 34• However, GOx and antidiabetic drugs are fre" 
quently encapsulated into the same formulation, which mar 
release the entire payloads during the disassembly process21- 2 • 

In this way, the effectiveness of multi-round glucose respon
siveness is doubtful35• To specifically release Ex4 while immobi
lizing G0x, two types of mineralized particles (copper phosphate 
and calcium phosphate) with different responsiveness to bio
environmental stimuli were introduced. The robust copper 
phosphate could avoid the undesired release of GOx and main
tain its activity for a long time. Meanwhile, calcium phosphate 
responded sensitively to pH decrease induced by glucose oxida" 
tion, leading to rapid Ex4 release. In this way, a long-term GRS 
was achieved. In addition, the specific Ca-based particle dis
solution and Cu-based particle retention induced a mild fluc
tuation of blood Ca level without noticeable Cu level increase 
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Fls. 5 Characterization of dual mineralized particle-loaded MN-array patches. • Photograph of the smart Ex4 patch with an MN array. Scale bar, 0.5 em. b 
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and CyS-m-GOx after exposure to 400 mg dl"1 glucose for 24 h. Scale bar, 300 pm 

(Supplementary Fig. 18). The phenomenon indicated negl.igi.ble 
blood ion-based side drects, suggesting high biocompatibility and 
safety of our dual mineralized particle formula. To realize less 
invasive (more facile) administration. the dual mineralized par
ticles were incorporated into the indissoluble MN -array patch. 
Interestingly, the incorporation of mineralized particles sig
nificantly improved mechanical strength and &kin penetration 
capability of the patch but had little influence on the diffusion of 
small molecules from porous gel networ_k4', demonstrating a 
sustained transder:m.al administration. Compared to traditional 
ID injection. MN -array patch treatment induced a milder 
inflammatory reaction due to less invasiveness of the patch 
approach, and after treatment, the patch could be easily removed, 
suggesting a disposable manner. Conaid.ering the bio-sou:rced 
materials are quite low-cost and biocompatible. we believe the 
well-designed MN-array patch can serve as an economic. con
venience, safe, and highly effective candidate for long-term T2D 
treatments. 

To apply the technique from bench to clink, there are still 
some challenges that should be addressed. Firstly, in the clinic, 
T2D patients are typically treated by Ex4 twice a day before the 

first and last meal. with the dose of 5 or 10 .,ag13• The high 
treabnent frequency has provoked the desire to develop long
acting release (LAR) Ex4 formu1ations54. 551• One of the most 
successful LAR systems is BYDUREO~. which contains 2 mg 
Ex4 and can be administered once per weett54. 551• Although our 
300 pg Ex4-loaded patch also shows promising BGL control for 
almost 1 week (5 to 6 days) in the mouse model, we believe this 
dosage needs to be raised in human cases due to the differences in 
pharmacokinetics and pharmacodynamics between the mouse 
and the human60• Therefore, a longer MN is under development 
to predictably increase the Ex4 loading amount, which will be 
more suitable for clinical applications. Secondly, the frequency for 
applying MN-array patches is another isaue as the current study 
has not established a stable blood drug level for long-term ther
apy. Repeated treatments by Ex4 formulations have proven to be 
able to induce steady therapeutic drug concentration (O.l-o.3 ng 
ml-1) in T2D patients after several weeb54. 59• Moreover, it has 
been confirmed that repeated MN -array patch treatments do not 
alter skin appearance or barrier function, and cause no measur
able disturbance of serum biomazkers of infection, inflammation. 
or immunity, suggesting high biocompatibility of the .microneedle 
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Fl., 6 In vivo studies of the MN-array patches for T2D therapy. • Photograph of the mouse treated by an MN patch at the dorsum; trypan blue staining 
showing microchannels after MN patch treatment. Scale bar, 500 j.U11. b Long-term BGL monitoring in C57BV6 db/db mice under different treatments. 
Mean :1: S.D. (n = 3). •p < 0.05, ••p < 0.01 for MN/m·Ex4/m-GOx treated sroup compared with MN/m·Ex4/GOx treated group (two-tailed Student's f
test). c The area under the curve CAUC) of BGL integrated up to 24 and 72 h. Mean :1: S.D. (n = 3). ***P < 0.001 (two-tailed Student's Mest). IPGTT of 
diabetic mice at 1 h d and 12 h e post-administration of MN/m-Ex4/GOx and MN/m-Ex4/m-GOx. Mean :t S.D. (n = 3). •p < 0.05 (two-tailed Student's f
test). f Responsiveness to IPGTT was calculated based on the AUC over 120 min. Mean :1: S.D. (n = 3) **P < 0.01, (two-tailed Student's t-test).J Blood drug 
concentration vs. time curves of different treatments. Mean :t S.D. (n = 3). h AUC of blood drug concentration up to 72 h. Mean :1: S.D. (n = 3) *P < 0.05, 
*"P < 0.01, ""*P < 0.001 for administration with different formulations compared with Ex4 (two-tailed Studenrs t-test)_ I Long-term BGL monitoring in 
C57BV6 db/db mice under MN/m-Ex4/m-GOx administration with different Ex4 amounts. Mean :1: S.D. (n = 3). J Long-term BGL monitoring in C57BV6 
db/db mice under MN/m-Ex4/m-GOx administrations with different GOx amounts. Mean :1: S.D. (n = 3). II: Blood llucose changes of healthy mice 
administered with Ex4, MN/m-Ex4/m-G0x, and insulin. Mean ±S.D. (n ""3). ***P < 0.001 for insulin treated lfOUP compared with MN/m-Ex4/m
GOx treated group (two-tailed Student's t-test). I Quantification of the hyposlycemia index, which was calculated from the difference between the initial 
and nadir blood glucose readinss divided by the time at which nadir was rNched. Mean :1: S.D. (n = 3). ***P < 0.001 (two-tailed Student's t-test) 

plat£orm61• Hence. in the om step. we plan to optimize 
administration frequency to establish a stable therapeutic blood 
Ex4 concentration in large animal models for clinical translation 
of the MN -array patch-based strategy. The third challenge lies in 

the difference between the thickness of mouse and human skins. 
The human skin has relatively thicker epidermal (130-180 ~) 
and dermal (-2000 ).IJD) layers compared to the mouse skin6 • In 
addit:ioD. the mouse skin has densely packed hair follicles, 
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whereas the human skin has larger areas of interfollicular skin 
with sparse hair follicles62• Thereby, we will attempt to optimize 
the length, shape, and morphology of MNs to translate the 
designed MN-array patch from the mouse into the human in 
future. 

In summary, we successfully developed a potent alginate-based 
MN-array patch, which contained dual mineralized particles for 
painless and convenient Ex4 treatment Different from other 
approaches, this patch separately encapsulated a robust glucose
sensing element and a sensitive drug-releasing module to avoid 
rapid loss of the glucose-sensitive component during the drug 
release process. The patch exhibited promising glucose-regulation 
capability by a specific response to hyperglycemic state with rapid 
onset, suggesting a pathology-specific regulation. After inducing a 
normal glucose level, release rate spontaneously slowed down, 
demonstrating a leverage-based regulatory strategy. In this way, a 
closed-loop and feedback-controlled Ex4 treatment for type 2 
diabetes was achieved. As for biocompatibility of device, the 
framework of the MNs, alginate, has been previously approved by 
the FDA63. Moreover, the biomineral calcium phosphate is native 
to our body as it is the main component of biological hard tissues 
such as bone and tooth64• The decomposition products during 
Ex4 release are mainly inorganic ions (e.g., calcium and phos
phate ions), which act as nutrients to be absorbed by surrounding 
biological tissues. In this manner, a safe and smart artificial device 
that can be intelligently activated and self-regulated in response to 
pathology signals can serve as a highly potent candidate for 
diabetes therapy. 

Methods 
Preparation of m-Ex4. Brie:fly, 2 mg Ex4 was dissolved directly in 1 ml DMEM 
medium for 24 h to reacll the equilibrium. Overall, 10 ~ Ca02 ( 1 M) was intro
duced into the reaction fur incubation at 37 "C under 5% C{h for another 24 h. 
After incubation, the minerali2ed E.x4 was purified by centrifugal ultrafiltration 
(lOOk MWCO, 6000rpm, 20min). The solid wu lyophilized and stored at -20 •c 
until use. 

Pre!NII'IItfon of m-GOx. Brie:fly, 3 mg GOx was diNOlved directly in 6 ml PBS fur 
0.5 h to reach the equilibrium. A total of 40 ~ molecular-biology-grade CuS04 

(120 mM) was added to GOx solution, fullowed by incubation at 4 "C fur three 
days. The nanoftower precipitate was collected, washed with deionized water and 
dried under vacuum. The protein concentration in the supernatant was measured 
by Pierce BCA Protein Assay Kit (Thermo Fiilier Scientific, USA) using BSA as a 
standard. 

In vitro dRIJ ,.._ 1111111urements. After preparation of m-GOx particles, 
various glucose solutiOllS (0, 100, or 400 mg dl-1 in PBS. 500 ~)were added to each 
tube and incubated at 37 •c for a period of time. At each time point, the pH value~~ 
of supernatant were measured by HI 2210 pH meter {HANNA instruments, USA). 
After 6 h incubation, the supernatant was collected by centrifugation {10,000 rpm. 
10 min), fullowed by addition to m-Ex4 particles. After another 2 h incubation, the 
Alllples were t:ollected fur TBM observation and DLS analysis under a Philipt/FE.I 
CM200 Microscope {USA) and an SZ-100 Nanoparticle Analp.er (IIORIRA Sci
enLific, ja an), respectively. 

To detect the released drug. the dual mineralized i:articles containing around 
300 tJg F.x4 and 500 J.tg GOx were integrated with Ca +-crosslinked alginate 
hydrogel (0.3 ml). The combination systems were aposed to different concentrated 
glucose aol.utions (1 ml) for a period of time. At each time point, a 50 !.d 
supernatant was collected and the Ex4 concentration was determined by F.x4 EIA 
Kit {Phoenix Biotech, USA, catalog number: EK-070-94) according to the standard 
protocol. Moreover, to evaluate the respomiveness of the GRS to changes in 
glucose levels, the system was exposed to glucose concentrations which increased 
from 100 to 400 mg dl-1, or periodically switched between 100 and 400 mg dl-1 at 
1 h intervals. The released amount of F.x4 was measured by ElA kit (Phoenix 
Biotech, USA). 

To accel8 the influence of F.x4 and GOx amount on the releue kinetic~ of the 
GRS, mineralized particles containing 300 tJg F.x4 and different ammmts of GOx 
(500, 250, or 50 J.IS'), or 500 tJS GOx and different amounts of .Ex4 (300, 150, 45 J.tg) 
were integrated with ea2+ -crosdinked alginate hydrogel gel (0.3 ml). The F.x4 release 
detection was according to the aforementioned method. After drug releue, a Perkin
Elmer 200 leries HPLC system with a Waters 2487 UV detector and a Bioscan Flow
Count detector equipped with an analytical C-18 HPLC colwnn (XTerra 5 jllll, 
150x4.6 mm. Waters) was used for analy7ing the released Ex4. HPLC was 
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conducted under a stepwt.e gradient from 10 to 90% of Buffer B (0.1% TFA in water) 
within 30 min (Buffer A was 0.1% TFA in acetonitrile). Liquid 
chromatography-IIWII spectrometry (LC-MS) analysis was conducted on a Waters 
LC-MS system (Waters, Milford, MA, USA) that included an Acquity HPLC unit 
coupled to the Waters Q-TofPrcmier high-resolution mus spectrometer. An 
Acquity BEH Shield RP18 colwnn ( 150 x 2.1 mm) was employed fur 
chromatography. The entire column elute was introduced into the Q-Tof mass 
spectromete:r. Ion detection was achieved in ESI mode using a 10urce capillary 
voltllge of 3.5 kV, source temperature of 110 •c, desolvation temperature of 200 "C, 
cone gas flow of 50lh-1 (N:J, and desolvation gas flowof700lh-1 (N:J. MO!'eOVel', 
aliquoted samples were analyzed an a J-81G-150S CD spectrometer QASCO, Japan) 
for conformatiooal analysis. 

F•brlcdon of du•l mlner•lized INirtlde-kNided MN•. All of the MNs in this 
study were fabricated using six uniform silicone molds from ffiueacre Technology 
Ltd (Dundalk. Ireland). Following the preparation of dual mineralized particles, m
GO:J: (containing 0.5 mg GOx) was fintly evenly dispersed in 300 ~ of PBS. The 
suspension was directly deposited by pipette onto the MN mold surfal:e {50 ~ per 
array). Molds were then placed under vacuum {400 mmHg) for 15 min to allow the 
m-GOx suspension to flow into the MN cavities. The covered molds were then 
transferred to a Sorvall ST 8 Small Benchtop Centrifuge (Thermo Scientific, USA) 
for 25 min at 2500 rpm to compact m-GOx into MN cavities. The process was 
repeated six times and m-.Ex4 was loaded in MN cavities by a similar process. To 
improve MN morphology, a pie.:e of adhesive tape {3/4 x 4-inch) was applied 
around the 1.5 x 2-cm micromold baseplate. Then 3 ml of alginate (2%) was added 
to the prepared micromold reservoir followed by centrifugation {2500 rpm, 25 
min). Finally, 150 ~ Ca02 (1 M) was added to the micromold reseJVOir followed by 
drying at 25 •c fur 24 h. After the desiccation was completed, the MN -array pat
ches were carefully separated from the silicone mold. The resulting product could 
be stored at 4 "C in a tealed six-well container for at least 30 days. The morphology 
of the MN arrays was observed on a Hitachi SU-70 Schottky field emission gun 
SEM. Moreover, FITC-labeled E.x4 and Cy5-labeled GOx were used during the 
mineralization reaction and MN fabrication. The fluorescence •ignal of fabricated 
MN arrays was investigated under an Olympus IX81 inverted fluorescence 
microscopes Qapan) and Maestro all-optical imaging system (Caliper Life Sciences, 
Hopkinton, MA, USA), respectively. 

Mech•nlal slreqth taft. The mechanical strength of the MN arrays with or 
without mineralized particles was measured by pressing MN arrays against a 
stainless-ateel plate on an MTS 30 G tensile testing machine. The initial gauge was 
set as 2 mm between the MN tips and the stainless-steel plate, with 10.00 N as the 
load cell capacity. The speed of the top stainless-steel plate movement toward the 
MN arrays was set as 0.1 mms-1. The failure force of MNs was recorded as the 
needle began to buckle. 

Skin !*lelnttion effie~ t81t. After MN arrays were applied to the dorswn of 
the mouse skin for 1 h, the treated skin was stained with trypan blue for 30 min 
before wiping residual dye from the skin surface with tissue paper. The IIlOU5C was 
euthanized and the skin sample was viewed under an Olympus BX41 optical 
microscope Qapan). 

In vMI .tudl• u•lq C57BII6 db/db mlc:e. Glucose-lowering capabilities of 
MN-array patches were evaluated in C57BU6 db/db mice (6-8 weeks, male, 40-50 
g), which were purchased from Harlan Laboratories. All animal studies were 
conducted in accordance with the principles and procedures outlined in the Guide 
for the Care and Use of Laboratory Animals and approved by the Institutional 
Animal Care and U.e Committee (lACUC) of the Oinical Center, National 
Institutes of Health (the approved nwnber is NIBIB 15-01). Animals were housed 
under a 12 h light/dark circle, allowed food and water ad libitum, and acclimatized 
fur 2 weeks. The pluma-equivalent glucose was measured from tail vein blood 
samples (-5 ~) of mice using a True-Track glucose meter (CVS Health, USA). All 
mice were fasted overnight before administration and divided into seven random 
groups. Three mice fur each group were transcutaneously treated with free E.x4, 
MN/Ex4, MN/m-fu:4, m-Ex4/m-GOx, MN/m-E.x4/GOx, or MN/m-F.x4/m-GOL 
Untreated mice were set as the control group. The groups were not blinded. The 
amount of F.x4 (0-300 J.lS') and GOx (0-500 J.lS') could be regulated based on the 
loading amount. When comparing with free .Ex4, the Ex4 amount was set to 20 J.tg. 
The BGL of each mouse was monitored at different time points until a return to the 
stable hyperglycemia. A glucose tolerance tm was conducted to acces. the in vivo 
glucose responsiveness of MN arrays. Briefly, C57BU6 db/db mice (6-8 weeks, 
male) were fasted overnight and administered MN/m-E.x4/GOx and MN/m-Ex4/ 
m-GOx with an F.x4 dose of 50 nmol kg-1 for each mouse. After 1 h or 12 h, a 
glucose solution in PBS was then injected ip. into all mice at a dose of 1.5 gkg-1• 

The blood glucose level was monitored at 0, 15, 30, 60, 90, 120 min after injection. 
Moreover, healthy mice (FVB mice, 4-5 weeks, male, 18-20 g) were used to assess 
hypoglycemia and were administered Ex4 or MN/m-E.x4/m-GOx, but were not 
subjected to glucose challenge. Insulin (10 mgkg-1) was used as a positive control. 
To measure the pluma Ex4 concentration in vivo, a blood sample of 251!i was 
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drawn from the orbital sinus at different time points and fu:4 concentration was 
determined by a commercial fu:4 EIA kit (Phoenix Biotech, USA). 

Dabl ~M~IIablllty. The authors declare that the data supporting the lindings of this 
study are available within the article and its supplementary information files or 
from the corresponding authon on reasonable request 
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Novel, one-step synthesis of 
zwitterionic polymer nanoparticles 
via distillation-precipitation 
polymerization and its application 
for dye removal membrane 
G. P. Syed I bra h im1, Aru n M. lsloorl, lnamuddin2.3·", Abdullah M. Asiri2•3, Norafiqa h lsmai15, 

Ahmed Fauzi lsmail5 & Ghulam Md AshrafCJ:)6 

In this work, poly(MBAAm-co-SBMA) zwitterionic polymer nanoparticles were synthesized in one
step via distillation-precipitation polymerization (DPP) and were characterized. [2-(methacryloyloxy) 
ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide (SBMA) as monomer and N, N'-methylene 
bis(acrylamide) (MBAAm) as cross-linker are used for the synthesis of nanoparticles. As far as our 
knowledge, this is the first such report on the synthesis of poly(MBAAm-co-SBMA) nanoparticles 
via DP P. The newly synthesized nanopartides were further employed for the surface modification 
of polysulfone (PSF) hollow fiber membranes for dye removal. The modified hollow fiber membrane 
exhibited the improved permeability (56 L/ m2 h bar) and dye removal (>9896 of Reactive Black 5 
and >80.796 of Reactive orange 16) with the high permeation of salts. Therefore, the as-prepared 
membrane can have potential application in textile and industrial wastewater treatment. 

In the recent years, the discharge of colored micropollutants into the water stream has elevated widespread con
cernas dyes are toxic, non-biodegradable and carcinogenic1• 3• Anionic dyes are recognized as contaminants in 
wastewater, which are broadly employed in industries like paper, textile, and plastics4• The dyes can be categorized 
into three types, viz. azo, anthraquinone and triphenylmethane. Reactive Black 5 and reactive orange 16 are fall
ing below the category of azo dyes. These acid dyes are used for coloring the cellulose-based fabrics such as cotton. 
Since reactive dyes are accompanying with moderate rates of fixation, dyeing with reactive dyes always associated 
with serious environmental problems5• The complex structure of the acid dyes makes it insensitive to biodegra
dation and chemical oxidation. Consequently, it produces secondary pollutants during o:xidation6•7• With the 
intention of solving this environmental pollution, it is critical to eliminate dyes from effluent before discharging. 
A number of methods such as flocculation, adsorption, photodegradation and chemical oxidation are available 
for the treatment of wastewaterB-12

• However, these methods are not cost-effective,less energy efficient produces 
solid wastes and so on13

• Therefore, a new method for treating this wastewater is extremely needed. Membrane 
separation techniques have been proved to be the potential alternative1

4-
18 to remove dye from the wastewater. In 

addition, it has many advantages like energy efficient, low-cost, non-toxic, easy to scale up, comprising no chem
ical reaction, high efficiency and produces less solid waste19

• In general. rejection of these low molecular weight 
dye molecules are carried out using nanofiltration (NF) and reverse osmosis (RO) membranesZ0-23• Nevertheless, 
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these separation processes are suffering from some downsides such low flux and high costU-27• Ultrafiltration 
(UF) is one of the emerging pretreatment technology for the RO and NF211• Specifically, hollow fiber UF mem
branes are dominating over the flat sheet due to their increased surface area per unit of module volume29.30. In 
addition, UF membranes are talented to remove suspended solids, bacteria and high molecular weight solute 
from water n . 

Polysulfone (PSF) is one amongst the versatile polymeric material for the preparation of hollow fiber {HF) 
membranes. It has very high thermal, mechanical and chemical resistance along with outstanding film forming 
ability-32.33

• The other polymeric materials such polyetherimide (PEl) undergoes hydrolysis under basic condi
tion34, chitosan (CS) which is insoluble in organic solvents35 and polyphenylsulfone (PPSU) is brittle in nature36

• 

Therefore PSF is superior to other polymeric materials. Nonetheless, PSF membrane is vulnerable to severe foul
ing of very short duration. The fouling is caused by the less hydrophilic nature of the PSF material Consequently, 
the foulant fonns a cake-like layer, which reduces the permeation rate of the water as well as increase the hydro
phobicity and operational costl7.38

• Mauter et al. reported the effect of adding PEl modified silver nanoparti
cle into PSF UF membranes. The results indicated that surface modified PSF membranes exhibited increased 
antifouling and antimicrobial activitfg. Fan et al. explored the antifouling and hydrophilicity of the PANIJPSF 
nanocomposite membranes. The nanocomposite membrane demonstrated enhanced hydrophilicity and anti
fouling nature, as a result the nanocomposite membrane exhibited high permeability without losing its rejection 
performance4°. Joseph et al. reviewed that incorporation of zwitterionic thin or thick film on the surface reduced 
the protein adsorption41• Tao et al. improved the blood compatibility of PSF membrane by the chemical modifi
cation of PSF with zwitterionic polymer brush. The results also indicated that the introduction of the zwitterionic 
functional group increased the surface hydrophilicity-42. Haijun et a1. investigated the effect of grafting of the zwit
terionic molecule on PSF UF membrane. The results showed that surface hydrophilicity and antifouling nature 
enhances while increasing the grafting time43• In current years, it has been reported that incorporation of zwit
terionic nanopartides exhibited improved hydrophilicity, permeability, and antifouling performances44-47• The 
zwitterionic material has ample ionic groups which provide strong electrostatic interaction with water molecules, 
therefore it provides stronger and denser hydration layer over the membrane surface48. In addition, the polymer 
matrix is well miscible with hydrophobic chains of the zwitterionic polymers. Gang et al. employed zwitterionic 
polymer brush on TFC membrane to bestow anti-biofouling activity49. Liu et al. investigated the effect of adding 
zwitterionic-CNT for the preparation of ion selective membrane. The added nanomaterial enhanced the mono/ 
multivalent ion selectivity when compared to the pristine CNT nanocomposite membraneso. 

Among the polymerization processes, distillation-precipitation polymerization (DPP) is the facile process and 
recently developed by Feng et al. 51

• It is a unique method to prepare nanoparticles with uniform size and shape 
without adding any surfactant or stabi1izer52.53• Additionally, this process can be scaled up since the refluxing sol
vent can bestow effective mixing and oxygen-free environment54. In comparison with the classical polymerization 
processes such as atom-transfer radical-polymerization (ATRP), group transfer polymerization (GTP), catalytic 
chain transfer polymerization and radical polymerization, DPP holds superior advantages like lesser reaction 
time {typically 2-3 h), cheap starting materials, no metal catalyst, and ligand are required, no sophisticated appa
ratus required, reaction at atmospheric condition, atom economy and easy isolation method. The mechanism 
of DPP follows the order of radical initiation of monomer or cross-linker and subsequent chain propagation 
by chain addition, which results in precipitation of polymeric nanomaterial. The increased colloidal stability 
of the prepared nanopartides could be attributed to the surface charge, which is affecting through electrostatic 
repulsion. Thus, the aggregation of the nanoparticles was circumvented. According to Feng et al. the nanopar
ticle size increases with the increase of monomer and initiator concentration 51• The increased concentration of 
cross-linking agent such as MBAAm increases the hydrophilicity of the material55• Among the solvents, ACN was 
chosen as the reaction solvent, however, protic solvents such as ethanol or methanol forms aggregate through 
hydrogen bond formation56• 

In the present study, poly(MBAAm-co-SBMA) zwitterionic polymer nanoparticles were synthesized by 
SBMA as monomer and MBAA as cross-linking agent via distillation-precipitation polymerization (DPP). The 
as-synthesized nanoparticles were characterized by FT-IR, TEM, SEM, BET, TGA, XRD and zeta potential anal
ysis. The PSF HF membranes were prepared with the different amount of nanoparticles by dry/wet phase inver
sion method. Moreover, SEM, contact angle, porosity, water uptake, zeta potential, pure water permeability and 
antifouling study characterized the as-made PSF HF membranes. Furthermore, the nanocomposite membrane 
explored for the dyes such as reactive black 5 (RB 5) and reactive orange 16 (RO 16) rejection. 

Materials and Methods 
Mate ria Is. Polysulfone (PSF, P-1700) was purchased in the form of pellets from Solvay Specialty Polymers 
(China). The solvents N-methyl pyrrolidone (NMP) and acetonitrile (ACN) were obtained from Merck. 
Polyvinylpyrrolidone (PVP K-30), bovine serum albumin (BSA), [2-(methacryloyloxy)ethyl]dimethyl-(3-sul
fopropyl)arnmonium hydroxide (SBMA), N,N'-methylene bis(acrylamide) (MBAAm), reactive black 5 (RB 5), 
reactive orange 16 (RO 16) and azobisisobutyronitrile (AIBN) were procured from Sigma-Aldrich. 

Synthesis of poly(MBAAm-co-SBMA) nanoparticles. In a typical DPP process, SBMA (0.2 g, 
0.71 mmol), MBAAm (1.0 g, 6.4 mmol), AIBN (0.0225 g, 0.13 mmol), ACN (lOO mL) were taken in a 250 mL sin
gle neck round bottom flask (RBF), purged with N2 for 30 min to remove the dissolved oxygen. The RBF contain
ing reaction mass (RM) was connected to the Dean-Stark receiver. The RM was heated to 75 ac for 10 min. The 
temperature of the oil bath was slowly increased to 100 acto keep the reaction proceeding under reflux. About 
35 mL of ACN was distilled out from the RM through Dean-Stark receiver over 1 h. Then the RM was cooled 
to room temperature and stirred for 1 h. The nanopartides were filtered and washed with (2 x 20 mL) ACN to 
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Figure 1. Synthetic route to poly(MBAAm-co-SBMA). 

.......... PSI' (f) PVP(r) I!QIP(r) ~(I) 
M-{1 20 1 79 0 

M-1 20 1 79 0.02 

M-l 20 1 79 o.os 
M-3 20 1 79 0.10 

M--4 20 1 79 0.20 

'Jable 1. The dope solution composition. 

~ c-uu-
Spiimerct (mm) 1.1/0.55 (ODIID) 

Dopt l2l:rulioD rate: (mUmln) 3.0 

Bon: !low rate: (miJmiD) 2.5 

Bon:lluid Dillilled-

Ailp.p(cm) 1.0 

llwDidily (%) 60 

Coagulation bath "Illp-

coagulation bath tempemun: rc> 27.0 

Coktlou dnua tpttd (IU'.M) 7.0 

Table 2. Spinning p111111I1eters ofPSF/poly(MBAAm-co-SBMA) HF membranes. 

remove the unreacted monomer and oligomer. The nanoparticles were dried under vacuum (-25 Hg) at SO"C for 
Ilh to yield 1.12 g of white powder. The synthetic route of nanoparticles is represented in Figure I . 

Hollow fiber (HF) membr11ne preparation. The PSF/poly(MBAA.m-co-SBMA) HF membranes prepared 
by dry/wet phase inversion method57• The dope solution compositions are depicted in Thble I and spinning 
parameters are tabulated in Table 2. For the preparation of M-3, 0.1 g of poly(MBAAm-co-SBMA) nanoparticles 
were dispersed in 79 g ofNMP by sonicating (40kHz, 60 W Spectralab) for 30 min. Added 20 g ofPSF and I g of 
PVP as a pore-forming agent to the dope soliJtion and stirred at 60°C for I2h. The dope solution was degassed for 
30 min using sonication. The HF membranes were spun by keeping the bore and dope atrusion rate constant The 
extruded HF membrane unde.rwent phase inversion in the coagulation bath. The as-made HF membranes were 
immersed in distilled water for 24h by changing the water periodically. The membranes were retained in 20wt% 
glycerol in water for further 24 h to avoid the pore shrinkage. The post-treated membranes were dried at room 
temperature for future wage. The .ill.wtration scheme ofHF membrane preparation has been given in Figure 2. 

Nanoparticles and membranes characterizations. Morphology of the synthesized poly 
(MBAAm-co-SBMA) nanoparticles was visuaiJzed using transmission electron microscopy (TEM) (JEOL ]EM-
2200FS) with an accelerating voltage of 200 kV. and Field Emission scanning electron microscopy (FESEM) 
(HITACHI SUSOOO). The elemental mapping was cattied out using Energy-dispersive X -ray spectroscopy (EDX) 
(X-act Oxford Instruments). The functional group identification was done by Fr-IR (Bruker Alpha) spectro
photometer. Each sample was made intD KBr pellet and analyzed at the resolution of2 cm-1 with 24 scans in the 
range of 4000-500 cm- 1• The thermal stability was measured by using thermogravimetric analysis (TGA) (HITA 
CHI BXSTAR 6300) in the temperature range of30-800"C at a heating rate of 10 "C min-1 under N2 atmosphere. 
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Figure 2. An illustration scheme ofHF membrane preparation. 

The Bruner-Emmet-Teller (BBT) surface area, pore volume and mean pore diameter were measured using Smart 
instruments (Smart Sorb 92/93). The surface charge and hydrodynamic diameter of the nanopar ticles were meas
ured by dispersing 5 mg of sample in distilled water (pH -6.5) using HORJBA SZ-1 00 nanopartide analyzer. The 
polymorphism of the poly(MBAAm-co-SBMA) nanoparticles was analyzed by benchtop powder X-ray diffrac
tometer (XRD) (Rigaku, mini Fl.el: 600) with Cu Ka as an X-ray source. The as-prepared membrane samples were 
dried at 50 "C for 12 h before the analysis. 'Ihe aoss-aectional images of the membranes were visuallzed by SEM 
(lllTAClfl TM3000). The samples were sputtered with platJnum to bestow conductivity. The surface hydrophilic
tty of the membranes was measured using water contact angle analyzer (OCA, Dataphysics inatrwnent) at room 
temperature. The zeta potential of the membrane surface was analyzed by the electrokinetic: analyzer (Surpass 
Anton Paar) with 0.001 M KO as the background electrolyte. The presence of nanoparticles in the membrane 
matrix was oonfinned by X -ray photoelectron spectroscopy (XPS. THERMO FlSHBR Scientific K-ALPHA) anal
ysis. Al Ka. radiation (1486.6 eV) was used as an X-ray source and take--off angle was 20". 

Porosity and water uptake studies. 1he poroalty and water uptake studies were carried out according to 
the Ji~ll.59. Briefly, the membrane samples were cut into a length of 2 em and dipped in distilled water for 
24h. 1he sample was taken out and water on the surface was wiped out gently with tissue paper. 1h.e wet weight of 
the sample was noted and dried at 60 "C until the constant weight The dry weight of the sample noted and water 
uptake was calculated using the following equation. 

96 Water uptake = ( W,. ~ Wd) x 100 
(1) 

Where w .• ,' is the wet weight of the membrane and w; is the dry weight of the membrane. 
The perce:n.tage of poroaity (e) was calculated by using the following equation. 

w.:-w.. 
e(96) = w " x 100 

A X l X p (2) 

Where. 'r is the thickness of the membrane (em), 'll. is the area of membrane (cm2) and 'p' is the density of pure 
water (0.998gem-,). 

Molecular weight cut-off (MWCO) study. The MWCO ofM-3 membrane was determined by filtering a 
aeries polyethylene glycol (PEG) with average molecular weight of2000, 4000, 6000 and 10,000 Da6<1. The .rejec
tion coetlident of 500 ppm of PEG solutions were assessed at 1 bar pressure. The solute conc:entration was meas
ured in terms of total organic carbon (TOC) with TOC-L SHIMADZU TOC analyzer. The percentage of rejection 
was calculated using the following equation. 

96 of rejection = ( 1 - ~ ) x 100 
(3) 

Where ~· and 'C/ are the solute concentrations of permeate and feed respectively. 

Permeation and antifouling study. In the perme;rtion study. 10 em length ofHF membrane sample was 
cut and potted using epoxy adh~ All the experiments were carried out in the lab made cross flow apparatus. 
At first, the membranes were compacted for 30min at 2 bar pressure. The pure water permeability (PWP) iw1' was 
measured using the following equation at 1 bar for 60 min. 
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Figure 3. FT-IR spc:ctra of poly(MBAAm-co-SBMA) and MBAAm. 

Where 'Ct ia the amount of water collected (L h-1), 'rl is the number of hollow fiber membnme, 'liP' is the applied 
pressure (bar), 'JI{ is eJfective area of the hollow fiber membrane (m2) and 'Jw~' is expressed in (L tm2 h bar). 

'!he percentage dye rejection was calculated by the above equation (3). An aqueous solution of RB 5 and RO 
16 were prepared Ill: the concentration of 100 ppm. The solute concentration was measured using UV-VIS spectro
photometer (HACH DR 5000) Ill: the~ of 592nm and 494 nm for RB 5 and RO 16. 

The antifouling performance of the membranes was studied by calculating the flux ream:ry ratio (FRR)G1• 

In this study BSA (0.8 g L - 1) was used as a model foulant The 1w1' was measured by calculating the clean water 
permeability fur 40min. The BSA solution was passed through the membrane surface for another 40 min and 'JP' 
was calculated. 1he membranes after fouling with BSA solution was washed in I'Wllling tap water fur lOmiD and 
'J.a' was measured as like 'Jw,: The FRR can be calculated using the following equation. 

FRR (%) = (t) X 100 
(5) 

Results and Discussion 
Characterization of poly(MBAArn-co-SBMA) nanoparticles. FI'-IR and TEM ~· FT-IR spec
tra in Figure 3 represents the functional groups present in the poly(MBAAm-co.SBMA) and MBAAm. The peaks 
Ill: 1656cm-1 and 1529 cm-1 designate the stretching vibration of amide C = 0 and bending vibration ofNH-CO. 
The peaks 111: 1722 cm-1and 1043 cm-1 indicate the ester (C = 0) and sulfonate (S = O) stretching vibrations62,65. 
The peak at 1626 cm-1 attributed to the alkene C = C stretching vibration of MBAAm, which was not observed 
in the poly(MBAAm-co-SBMA) due to the polymerization reaction. This change is one of the reliable confirma
tion that the reaction had been completed. 'Ihe peak at 3271 cm.-1 indicates the stretching vibration ofN-H in 
amide group ofpoly(MBAAm-co-SBMA). The peak at 1229cm.-1 due to C-N stretching vibration of the amide 
group. However, the peak at 954cm.-1 owing to the presence ofC-N stretching vibration of quaternary ammo
nium group63-65. 1he above results indicated that the poly(MBAAm-co-SBMA) was comprised by the monomer 
SBMA and crosa-linker MBAAm. 1he motphology of the as-prepared poly(MBAAm-co-sBMA) nanoparticle& 
was visualized using :field emiasi.on scanning dectron microscope (FESEM) and transmission electron micros
copy (TEM). As depicted in Figure 4, the nanoparticlea exhibited comparatively physical uniform shape and 
size, with a diameter in the region of around leas than 60 run. K.aiguang et al. reported that in DPP the size of the 
nanopartides does not depend on the amount of solvent removed, whereas the reaction temperatureS', AIBN, 
and monomer concentrations1 directly affects the size of the nanoparticles. Figure 4d preaent& the SAED pattern 
of the nanoparticles. It is clear from the picture that. the as-prepared nanoparticles exhibits small spots creating 
up a ring. It indicates that the nanoparticles are polycrystalline in nat:ure". In addition, the nanoparticles show 
slight agglomeration, which is clear from the TEM picture. The possible justification for such agglomeration may 
be due to the electrostatic attraction between the counterions. Figure 5 depicts the schematic representation of 
nanoparticl.es synthesis and possible mechanism of agglomeration. The similar kind of observation had been 
reported elsewhere'1·68• Further, the elemental mapping analysis was carried out to confirm the presence of all 
the elementa. Figure 6a-d show the distribution of C, N, 0 and S elements on poly(MBAAm-co-SBMA), among 
them Sis the characteristic element ofSBMA monomer. Consequently, Figure 6d con1irms the presence ofSBMA 
and uniform distribution. 

Surfoce properties and hydrodynamic dimneter. '!he surface charge of the synthesized poly(MBAAm-co-SBMA) 
nanoparticl.es waa measured. As shown in Figure 7a, the nanoparticles exhibited the zeta (0 potential of-
47.7 m V. 1he negative ~-potential of the nanoparticles could be attributed to the presence of sulfonate group. 
1he pK. value of sulfonate group is 269 and the piG, value of quaternary ammonium group is 570• Consequently. 
the quaternary ammonium group signiftes weaker base than the sulfonate group as acid. Therefore, the overall 
surface charges of the as-synthesized nanoparticles exhibit a negative charge in aqueoua solution. According to 
Dorian a fll. the dispersibillty of the nanomaterial could be enhanted by coating with the carboxylic acid group. 
which provides negatiw <;-potential to the material As a result. the nanoparticle maintains the suspension aver 
the extensiw range of pH depriwd of any agglomeration11• Similarly, the synthesized nanoparticles exhibit the 
negative C -potential and develop an dectrical double layer, which avoids the nanoparticles from agwegating and 
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Flpre 4. (a) FESEM image, (b,c), TEM images and (d) SAED pattern. 
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Flpre S. The schematic representation of nanoparticles synthesis and mechanism of agglomeration. 

preserves the stable dispersion in a variety of solvmts tluough electrostatic repulsion. Further. the nanoparticles 
eddbited the BET surface area of 89.2m2/g and mean pore diameter of 37 nm with the pore volume of0.12 eel g. 
In addition, the hydrodynamic diameter of the nanopartlcle wu 331 nm, which is presented 1n Figure 7b. The 
increase in the size wu due to the s11gh.t aggregation of nanopartide& in water. Russell et al. reported that sulfonate 
group has sb'ollg tendency to form hydrogen bondlng72. 'Iherefore. aggregate formation was attributed to the 
formation of hydrogen bonding between the sulfonate group and water. 

7herma1 stllbllity study. 1lte thermal stability of the nanoparticles was analyzed using TGA. 1lte TGA anal
ysis showed that the synthesized nanoparticle is thermally stable, as tbe onset of degradation is above 250 °C. 
Moreover. the curve contain& three-stage degradation. The first weight loss between 25 and 105 °C due to the 
adsorbed water. The second weight loss from ca. 255 to 333 °C attributed to the degradation of a quaternary 
ammonium group. The third stage degradation in the region of ca. 340 to 450 •c ascribed to the removal of more 
stable oxygen functionalities. Figure 8 shows the TGA curves of the nanoparticles, along with its differential 
thermogravimetry (DTG) ~ 
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Fipre 6. Element mapping of poly(MBAAm-co-SBMA) (a-d). 
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XRD anmym Figure 9 depicts the XRD pattern of the poly(MBAAm-co-SBMA) nanoparticles. Two intense 
broad bands centered at 29 of -11.88° and -22.68° demonJtrates that these nanopartlcles are polycrystalline in 
natul'£. This result is well aligned with SAED pattern of the nanopartides. 

SCIENTIFIC REPORTS j7: J5889jDOI:l0.1038/s41S9B-017-16131-9 7 



www.nature.com/scientificreports/ 

~0 

3 .5 

3.0 

Cii:2.5 
.§. 
~ 2 .0 

1 .5 

1 .0 

0 .5 

0 .0 
0 ,00 200 300 400 SO() &00 700 800 

Temperature (°C) 

160 

140 

120 

100~' 
C> 

80 i? ce. 
6()~ 
•o 

Figure 8. TGA and DTG curves ofpoly(MBAAm-co-SBMA). 

450 

400 

350 

~300 
c: 

.!!! .= 250 

200 

150 

100 

10 20 30 40 50 60 70 
2 0 (degree) 

Fipre 9. XRD pattern of poly(MBAAm-co-SBMA) . 
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M-2 71.4 53.1 

M-3 67.0 61.7 

M-4 65.2 56.4 

Table 3. Membrane properties. 
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Characterization of membranes. Surfaa hydrophilidty. The hydrophiUclty of the as-prepared mem
branes was evaluated by measuring the oontact angle and water uptake capacity. In general. it .Is believed that 
lower the contact angle higher will be the hydmphilicitf'·74• Since the pristine membrane (M-0) is less hydro
philic in nature, it exhibited the higher oontact angle of 80.0". However for the nanocomposite membranes such 
as M-1, M-2, M-3 and M-4, the contact angle was observed 76.1 •, 71.4°, 67.0" and 65.2° respectively (Table 3). The 
decrease in contact angle was attributed to the incorporation of hydrophilic poly(MBAAm-co-SBMA) nanopar
ticles. The hydrophilic functional group such sulfonate and amide group present in the nanoparticla was changed 
the interfacial free energy of the membrane. In addition, the sulfoni.c acid group has a greater water uptake capac
ity, which increases the surface bydrophilidty of the membrane. 

Membrane .Morplwlogy. 1he change in the morphology of the membranes upon the addition of nanoparticles 
wu characterized using SEM. & shown in Figure 10, the nanocomposite hollow fiber membranes ahibit asym
metrk structure with top skin layer. sub-layer, and 6ngerlike maaovoids. The sub-layer is sandwiched between 
the top and bottom fingerlike layer. AB stated by McKdvey et al. the growth of macrovoids depends on the change 
in diffu&ion rate between non-solvent and solvent during phase inversion75• Since the pore-forming agent such 
as PVP was added to all the membranes invariably, the change in fingerlilce projection between the prepared 
membranes was not observed distinctly upon the addition of nanoparticles. In addition. the air gap 1 em was 
maintained throughout the spinning process to increase the flux. Subsequently, the phase in~rsion occurred 
on both outer and inner side of the membranes at a nearly concurrent rate and led to the formation of two 
layers of the finger-like structure. The reported results are consistent with the literature75• The normal digital 
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Figure 10. Cross-sectional SEM images of(a) M-0, (b) M-1, (c) M-2, (d) M-3 and (e) M-4 membranes 
magnified at 800X and digital photographic image of (f) M-3 membrane. 

photographic image of the HF membrane is depicted in Figure 10F. Besides, the MWCO ofM-3 membrane is 
9242Da (Figure 11), which suggests that the as-prepared membrane is UF membrane77

• 

XPS analysis. The M-3 membrane surface was analyzed by XPS and depicted in Figure 12. As shown in 
Figure 12a, the peaks at 168.38 eV, 285.18eV, 400.18 eV and 532.18 eV were attributed to S 2p, C 1 s, N 1 sand 
0 1 s elements. Additionally, the deconvoluted peaks of C 1 s and N 1 s are presented in Figure 12b and c. In 
Figure 12b, the peaks at 285.21 eV, 286.14eV, 286.36eV, 287.11 eVand 288.15eV were corresponding to C-C, 
C=O, C-N+JC-S03- and 0-C=O. For N 1 s, N-C=O, N-C, and +NR,. were observed at 400.28eV, 398.18eV, 
and 402.68 eV. The elemental composition (atomic %) of the nanocomposite HF membrane was observed as 
77.35%, 15.81%, 2.76% and 4.08% for C, 0, Sand N elements respectively. Thereby, the existence of the nanopar
ticles in the membrane matrix was confirmed. 

The surface charge of the membrane. As shown in Figure 13, the membranes M -0 and M -3 exhibited the negative 
charge over the entire pH range 4-10, and the absolute (-potential value was decreased to acidic pH values. The 
isoelectric point (IEP) ofPSF neat (M-0) membrane was observed at pH 3.0, which is similar to the literature78• 

However, the IEP ofM-3 membrane was detected at pH 3.4. The change in the IEP could be attributed to the 
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Figure 12. XPS spectra ofM-3 membrane. 
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incorporation of nanoparticles. In addition. the incorporated zwitterionic nanoparticles are negatively charged 
at pH 6.5. However, the t,- potential of M-3 was less at pH 7 when compared to M-0 membrane. The reduced 
C.- potential could be attributed to the intervention of cation adsorption from background electrolyte (KCI.) on 
the surface, which decreases the negative charge density of the sulfoll8le group. As a result, the C..- potential of the 
nanoparticle becomes less negative, that directly reduces the net charge of the membrane surface. Overall. the 
as-prepared membrane could ahibit negative charge over the large range of pH. 

Permeability and antifouling performances. The permeation of water through the membrane is deter
mined primarily by the surface hydrophilicity and pore size7S'. In order to evaluate the effect of the diffi:rent 
poly(MBAAm-co-SBMA) nanopartides content on the filtration performance of the as-made membranes, the 
pure water permeability (PWP) of all the UF membranes was measured; the results are presented. in Figure 14. 
As shown, the PWP of the membranes increases with the enhancement of the concentration of nanoparticles. 
The pristine (M-0) exhibited the lowest PWP of 22 Ll m2 h bar. The membrane M-3, embedded with 0.5 wt% 
of nanoparticles exhibited the PWP of 56 U m2 h bar. A plausible explanation is that the added nanoparticles 
could be increased the surface hydrophilicity of the membranes. The increased hydrophilicity would enhance 
the rate of demi"Jing during phase inversion. Further, the non-solvent inflow and solvent outflow would be more. 
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Fipre 14. PWP ofM-0, M-1, M-2. M-3 and M-4 membranes. 

Consequently, the porosity showed the Increasing trend. AB shown in Table 3, the porosity and water uptake 
increase as the concentration of nanoparticlea inaeases. The membrane M-3 showed the highest porosity of 
66.596 and water uptake of 61.7% compared to the pristine membrane M-0 of 41.6 and 29.5%. However, fur the 
membrane M -4 with 1 wt% of nanoparticles, the porosity and water uptake reduced to 62.2 and 56.4%. The simi
lar trend had been observed in PWP ofM-4 membrane. The PWP was reduced to 35 U m1 h bar. The convincible 
reason for the reduction in porosity, water uptake, and PWP is that the embedded nanopartlcles may lead to 
partial agglomeration, consequently blocking the pores of the membranes and increase the resistance towards the 
water permeationt6,80. Figure 15 represents the time-dependent water permeability of the membranes at different 
conditions. The initial decline in the permeability of the water was due to the mechanical deformation of the 
membrane mauu&1• In addition. Figure 15 indicates the increase of water permeability as the concentration of 
nanopart.icle increues. Howewr, during the BSA filtration, there was a sudden decline in the water permeability. 
The sudden decline was attributed to the adsorption of BSA molecules on the membrane surface, which blocks 
the polymeric membrane pores. 1he antifouling capacity of the as-made membranes was meuured In terms of 
flux recovery ratio (FRR) and it is depicted in Figure 16. The membrane M-3 emfuited the FRR of73% compared 
to the pri&tine membrane M-0 of24%. The inaeased FRR of the M -3 was due to the increased hydropbilicity. It 
bas been accepted widely that membrane surface decorated with zwitter:ionic substances can bestow outstanding 
antifouling~- Furtber,lt forms the hydration layer over the membrane surface, which avoid& the ad&orp
tion of foulants on the membrane surface. Moreover, the prepared nanocompos:ite membranes are exhibiting 
negative charge at the neutral pH. As a result, the BSA molecules are poorly adsorbed via electrostatic repulsion 
as the BSA molecules are negatively charged at pH 7 .4. However, the membrane M-4 exhibited the reduced FRR 
of 67%. The reduced FRR was owing to the agglomeration of the nanoparticles, which encourages the adsorption 
of the foulant. In summary, the membrane with 0.596 of nanoparticle loading is the optimal concentration for the 
preparation of membrane. 

Dye Rmoval study. The filtration ability of the M-3 membrane for the different dye solutions as a function of 
pH is depicted in Figure 17. In the pH range of3-10, the membrane performance varies with the solution pH. 
As shown in Figure 17, in acidic pH the permeability of the d~ decreases and rejection increases. In general. the 
sodium salt of dye molecules is highly soluble in water. However, while decreasing the pH to highly acidic side, 
the sulfonate groups present in the dye molecules are getting protonated and become a rulfonic acid group. As a 
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result. the solubility and polarity of the dye molecules are decreased. Thus, the dye molecules are precipitated and 
aggregated largely at pH 3. In .summary, the increased rejection owing to the aggregation of dye molecules and 
declined permeability due to the precipitation of dye, which is in good agreement with the reported literatureTT. 
At pH 10, the permeability of dye was reduced to a smaller extent. 1he reduced permeability could be due to 
the swelling of the membrane at the basic pH. The swelling could increase the thickness of the membrane". 
Consequently, the permeability of the dye molecules was reduced to a smaller extent. Further, the rejection of 
RB S was high as compared to RO 16 at pH 7. The reason for the enhanced rejection was due to size exclusion 
mechanism i.e., the higher molecular weight of the former compared to later. In conclusion. the optimum pH fur 
the removal of both the dye molecules is 7. The digital photographs of the feed and permeate ofRB 5 and RO 16 
are depicted in Fig. 18. The comparison of dye remaval capacity of polymeric membranes from recent literature 
and the present study is illustrated in Table 4. Generally, the e11luent from the textile and dyeing industry usually 
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Figure 18. Digital photographs of (a) RB S, (b) RO 16 feed and permeate at different pH. 

~ 'l'fpeaf--- .,. PWP (Jhrhllu)" DPP (1Jm1 h llu)' O,.l!ljedlaa lid 

PHSIGO-PSBMA LoowNF R.adive blac:k s 11.98 !}.4 9!1.2 46 

PA!IK-COOH 'IlflbtUF Cou&ored 29.5 2S 99.0 77 

ScproNF6 LoowNF DirmredSO 13.7 13.2 99.95 rn 
UH004 (Hydroph111c PES) 'IlptUF Direct red 80 27 26 99.9 88 

So!pmNF:ZA LoowNF DirmredSO 10.5 9.6 99.98 rn 
PSf-poly(MBAAm-co-SBMA.) UP Ructlve black 5I 56 51/51.8 98/80.7 lhllltudy Ructlve orange 16 

Table 4. Compariaan of dye removal ability of polymeric membranes from recent literature and this study. 
"PWP, pure water permeability. '~>DPF, dye permeate fJ.UL 

consist of dyes and salts4'. In that respect. salts such as NaCl and NazSO~ection studies were carried out 1he 
M-3 membrane Wrlbited the rejection in fullowing order NazS04 (1196) > Naa ('796), signifying that the nano
compos:ite membrane was negatively charged. which is consisteot with the zeta potential result 

Conclusions 
The zwitteriooic polymer nanoparticles were synthesized via distillation-precipitation polymerization. The 
as-synthesized nanoparticles exhibited high surface area (89.2m1/g), thermal and colloidal stability. The syn
thesized nanoparticles were successfully incorporated into polfiU]Cone membrane matri:J: and the membranes 
were prepared by dry/wet phase inversion method. 1he M-3 nanocomposite membrane showed high pure water 
permeability of 56U ml h bar. rejection of reactive black 5 (>98%) and reactive orange 16 (>80.7%) with the 
dye permeability of 51 U m2 h bar and 51.8 U m2 h bar at dye concentration of 100 ppm, which has the molecular 
weight cut-off of9242Da. These .results clearly reveal that the as-prepared membrane can be an attractive candi
date for the treatment of industrial and textile wastewater treatment. 
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Citrus peel essential oil 
nanoformulations to control the 
tomato borer, Tuta absoluta: 
chemical properties and biological 
activity 
Orlando Campolo1, Asma Cherif2·3, Michele Ricupero2, Gaetano Siscaro2, Kaouthar Grissa-Lebdi3, 

Agatino RussoG)1, Lorena M. Cucci\ Patrizia DiPietro\ Cristina Satriano4, Nicolas DesneuxS, 
Antonio Biondi2, Lucia Zappala2 & Vincenzo Palmeri1 

The repeated use of conventional synthetic pesticides in crop protection leads to resista nee 
development by pests along with a negative impact on the environment, particularly non-target 
arthropods. Plant-derived active compounds, such as essential oils (EOs), play a key role in sustainably 
controlling pests. The lethal and sublethal activity of citrus peel EOs as emulsions and included in 
polyethylene glycol (PEG) nanoparticles (EO-N Ps) was determined against the invasive tomato 
pest Tufa absoluta. Their effects on the plants were also assessed. The results showed an overall 
good insecticidal activity of the compounds tested, with a higher mortality through contact on eggs 
and larvae by EO emulsions and through ingestion on larvae by EO-NPs. The nanoformulation also 
significantly reduced the visible toxic effects on the plants. The data collected suggest that these 
natural compounds, especially when nanoformulated, could be successfully used in integrated pest 
management programs for T. absoluta. 

The tomato crop has a very high economical and social significance worldwide and has recently been threatened 
by an invasive pest, the South American tomato pinworm or tomato borer Tuta absoluta (Meyrick) (Lepidoptera: 
Gelechiidae)1• This moth has a high reproductive potential, completing up to 13 generations per year. The larvae 
feed inside the tomato leaves, stems and fruits, leading to severe yield loss in greenhouse and open-field tomato 
crops1• The potential damage and high growth rate of this pest have pushed growers to increase the number 
of insecticide applications throughout the tomato production cycle1• This has led to the rapid development of 
insecticide resistanceM and has also had a considerable negative impact on non-target organisms, such as natural 
enemies and pollinatorss-7• As a consequence, alternative control tools to conventional synthetic pesticides have 
been tested and/or implemented within tomato Integrated Pest Management (IPM) packages. The efficacy of 
resistant tomato varieties8, synthetic pheromones9, mineral deterrents1u, ecological services provided by fortui
tous natural enernies1

\ with particular reference to generalist Heteroptera predators1
2-

1
\ have all been tested with 

contrasting results. 
In terms of sustainable control tools, plant-derived active compounds, i.e. botanical insecticides, have his

torically occupied a key role15
, but recently research has increased in the development of new compounds and/ 

or the inclusion in IPM packages of old ones, e.g. neem essential oils16.17
• The idea supporting the use of such 

substances derives from the evolution of natural plant defence mechanisms, for which plants have developed 

1University of Reggio Calabria, Dipartimento di AGRARIA, Loc. Feo diVito, 89122, Reggio Calabria, Italy. 2University 
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BarePEG-NP 53±2 0.2 0.27 (±0.03) - -
Lmlon.EO-NP 240±2.51 0.34 -30.60 (±0.58) 24'!(, 96'!(, 

Mandarin EO-NP 212.05± 0.04 0.26 -31.13 (±0.38) 23'J6 92'J6 

Sw«t Orange EO-NP 216.6±0.63 0.23 -27.80(±0.57) 22'J6 88')6 

Table 1. Average size (mean value± SE), polydispersity index (PDI), surface charge and loading determined for 
the various EO- PEG NPs dissolved in ethanol/water (3:1, v/v). 

an array of secondary metabolites used to protect themselves against herbivores and pathogens13
• The route of 

exposure, the environmental conditions and the physiological status of the target organism can affect the ton city 
ofbotanicals19- 21• These substances have then been tested against a large number of arthropod pests, such as 
ingestion larvicidesll, contacticides23

, fumigants:u, repellents25.26 and antifeedants27
• Among the various extracts, 

plant essential oils (EOs) have shown a good potential in controlling insect pests, as well as managing bacterial 
and fungal plant pathogensl&-~. 

Despite their promising properties, EO-based insecticides have some drawbacks (e.g. volatility, poor water 
solubility, environmental degradation) related to their chemical composition, which can negatively affect their 
application31• The encapsulation ofEOs inside nanoparticles could reduce these problems, improving at the same 
time the efficacy and the induction of systemic activity due to the small size of the particles32.33• Specifically, pol
yethylene glycol (PEG) functionalised nanoparticles (NPs) considerably improve solubility in water and control 
pesticide release34.35• 

The aim of this study was thus to assess the insecticidal activity of different citrus EOs against eggs and larvae 
of the tomato borer T. absoluta. Both emulsions and PEG nanoparticles containing EOs were evaluated through 
contact and exposure ingestion route in order to determine their lethal and sublethal effects. The potential toxic 
effects on tomato plants were also investigated. 

Results 
EO-NPs characterization. Lemon EO-NPs showed a loading efficiency of 96% ( w/w), as determined spec
trophotometrically (see Figures S1, S2 and Table S1 in Supplementary Material), and an average size of approx
imately 240 ± 2.51 nm. Both mandarin and sweet orange EO-NPs showed a smaller mean diameter, of about 
212 ± 0.04 nm and 216 ± 0.63 nm respectively, and a loading efficiency comparable to that oflemon EO-NP, i.e. 
92% (w/w) mandarin-NP and 88% (w/w) orange EO-NP. The relatively low values of the polydispersityindex 
(0.23-0.34) for the EO-loaded NPs {Table 1) indicated the homogeneity of the formulations. Moreover, the SEM 
observations confirmed that the size of all EO-NPs falls within the sub-micrometer range {Fig. 1), each NP con
sisting of clusters of spherical features approximately 50 nm of size. Finally, all the EO-loaded NPs exhibited a 
negative surface charge of about -30m V. whereas the unloaded nanoparticles were neutral {Table 1). 

Toxicolog ica I bioassays. Repeated-measures analysis showed that both the application rate (F = 1 04.249; 
df= 1;p<0.001) and the formulation (F=5.532; df= 1;p<0.001), i.e., EOs or EO-NPs, had a significant effect 
on the mortality registered 24h, 72 h after the treatment, and at adulthood. 

Contact Toxicity on Eggs (CTE). The mortality of eggs sprayed with indoxacarb (positive control) was 
0.50%, 4.5% and 100% after 24, 72 h, and at adulthood, respectively. Eggs, exposed to contact toxicity, were less 
susceptible to both tested EO formulations than larvae exposed through the translaminar and ingestion route 
(F = 203.375; df = 2; p< 0.001). Eggs that died during the trial ranged from 0 to 12%, without significant differ
ences compared to the water or the TWEEN control treatments (F= 1.680; df= 1;p=0.178). Overall, the egg 
mortality was mainly influenced by the application rate (F= 24.534; df= 4; p < 0.001), whereas no significant dif
ferences were highlighted in the mortality registered comparing the formulation {ie., EO emulsion and EO-NP: 
F= 1.628; df= 1;p=0.203) and the differentEOs (F= 1.468; df=2;p <0.232). After 24hours {Table 2) and at the 
maximum application rate, the highest mortality was achieved in the sweet orange EO emulsion treatment. In the 
second sampling (72 h after the treatment), the maximum mortality was registered in the sweet orange EO-NP 
treatment at the maximum application rate (40 mg x mL-1 ). A similar trend was observed when analysing the 
proportion of emerged adults (Table 2). 

TranslaminarToxicity on Larvae (TTL). In the two control treatments, no larvae died during the first 
72h after the treatment, whereas 0% and 4% did not reach the adult stage for water and TWEEN, respectively 
(F=O; df= 1;p= 1). In the first sampling (24h after the treatment), sweet orange EO emulsion was the most 
effective in killing the moth's larvae. In all cases, the EO emulsions were, on average more effective than the 
EO-NPs (F= 49.568; df= 1; p < 0.001) (Table 3). In the second sampling (72 h), the mortality ofT. absoluta larvae 
increased in all the treatments, and in the sweet orange EO-NP, the mortality rates almost doubled compared to 
the first sampling. The number of adults that emerged after the EO application, was significantly higher in the 
EO-NP treated larvae compared to the EO emulsion. The only exception was the Lemon EO-NP treatment, where 
the emergence reduction was higher (12%) compared to the respective EO emulsion formulation (F= 15.541; 
df= 1; p < 0.001). Indoxacarb killed 60 ± 3.16, 70 ± 9.35 and 92 ± 3.74% of the exposed larvae after 24, 72h, and 
at adult emergence, respectively. 
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a) b) 

c) d) 

Figure 1. SEM micrographs of unloaded and EO-loaded NPs. (a) Bare PEG; (b) Lemon EO-NP, (c) Mandarin 
EO-NP, (d) Sweet orange EO-NP. 

Applkation Rate 
Lemon Manclarln Sweet Orange 

Time (mgxmL-1) EO EO-NP EO EO-NP EO BO-NP 

2.5 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

5.0 0±0 0±0 0±0 0±0 0±0 0 ± 0 

24h 10.0 0±0 0±0 0±0 0±0 0±0 0±0 

20.0 0±0 0±0 0±0 0±0 0±0 0±0 

40.0 O±Ob O±Ob O±Ob O±Ob 8±3.7a 2±2ab 

2.5 O±Ob O± Ob O±Ob 2±2ab 6±2.4a O±Ob 

5.0 O±Oc 6±4ab 10±3.2a 8±2a 6±2.4ab O±Oc 

72h 10.0 8±4.9a 8±4.9a 12±5.8a 8±3.7a 8±2a 6±2.4a 

20.0 10±3.2a 10±3.2a 18±5.8a 14±5.1a 8±3.7a 14±2.4a 

40.0 l2 ± 4.9b 12 ± 2b 22 ± 3.7ab 12 ± 5.8b 22 ± 3.7ab 40 ± 4.5a 

2.5 8±2a 6±4ab 2±2ab 2±2ab 6±2.4ab O±Oa 

5.0 12± 4.9a 8 ± 2a 10± 3.2a 8 ± 3.7a 10± 3.2a 2 ± 2a 

to adult 10.0 16± 4a 12± 4.9a 16± 5.1a 10± 4.5a 14± 5.la 14± 2.4a 

20.0 16±2.4a 16±4a 26±4a 16±5.la 14±4a 20±0a 

40.0 22±2b 18±3.7b 26±2.4b 26±4b 24± 2.4b 46±5.la 

Table 2. Mean mortality (percentage ± SE) ofT. absoluta eggs exposed to different EO and EO-NP 
formulations at the various application rates in the contact toxicity on eggs (CTE) bioassay. Different letters 
within the same row indicate statistical differences at p < 0.05 (GLM, Duncan's multiple range test). Statistics are 
based on transformed data. 

Ingestion Toxicity on Larvae (ITL). In the ITL trial, only two larvae failed to reach the adult stage in 
the controls. Conversely to findings in the TTL trial, the EO-NP formulations killed a higher number oflarvae 
(F= 29.106; df= 1; p < 0.001) than the EO emulsions. Throughout the entire trial, the mandarin EO-NP formu
lation was the most effective against the wandering larvae (max mortality = 94 ± 4%), whereas the lemon EO 
emulsion was only able to kill a maximum of 38 ± 3.7% of the exposed larvae (Table 4). The mortality induced by 
indoxacarb ranged from 48 ± 3.74% (24h) to 100% at the end of the trial. 

SCIENTIFIC REPORTS 17: 730361 DOI:10.1038/s41598-017-13413-0 3 



www.nature.com/scientificreports/ 

~ IIIDclada SweetO,.. 

n- .~lltlaa llde (-. X IIIII. -I) EO EO-NP EO EO-NP EO EO-NP 

2.5 10±3.2a 16±4a 14±5.1a 16±4 20±4.5a 16±4a 

5.0 16±4bc 16±4c 30±4.5ab 20±3.2abc 32±2a 16±4bc 

24b 10.0 20±0b 22±2b 32±3.7a 18±3.7b 34±2.4a 22±3.7b 

20.0 50±5.5b 32±4.9c 70±3.2a 38±5.8bc 74±4a 32±4.9c 

40.0 58±3.7c 48±4.9c 76±2.4b 50±4.5 90±5.5a 64±4bc 

2.5 30±3.2a 24±7.5a 36±4a 24±6a 36±2.4a 22±3.7a 

5.0 40±8.9ab 24±7.5b 44±4a 30±4.5ab 38±3.7ab 24±5.1c 

72b 10.0 42±6.6ab 30±3.2b 46±4a 36±4ab 48±3.7a 32±2b 

20.0 64±7.5a 36±7.5b 76±5.la 42±3.7b 76±2.4a 40±4.5b 

40.0 66±2.4ab 52±4.9b 78±3.7b 62±3.7b 92±3.7a 80±4.5b 

2.5 38±6.6a 28±10.2a 36±7.5a 26±4a 38±3.7a 24±4a 

5.0 46±6a 30±7.1b 44±4ab 30±3.2ab 40±4.5ab 28±3.7b 

to adult 10.0 48±3.7a 44±2.4ab 46±2.4a 36±2.4b 48±3.7a 36±2.4b 

20.0 66±6bc 56±5.1cd 76±4b 44±d 90±3.2a 44±4d 

40.0 70±3.2bc 82±3.7b 78±3.7b 62±5.8c 92±2a 82±3.7b 

Table 3. Mean mortality (percentage± SE) ofT. absoluta larvae exposed to different EO and EO-NP 
formulations at the different application rates in the translaminar toxicity on larvae (TTL) bioassay. Different 
letters within the same row indicate statistical differences at p < 0.05 (GLM, Duncan's multiple range test). 
Statistics are based on transformed data. 

~ llaDdadll Sweet()rup 

n.. .o\pflk:adcm .... (1111 )( IIIII. - •) EO EO-NP EO EO-NP EO EO-NP 

2.5 4±2.4c 12±3.7b 24±4a 28±3.7a 18±2ab 26±4a 

5.0 8±3.7c 12±3.7bc 30±4.5a 36±4a 20±3.2ab 28±3.7a 

24h 10.0 12±3.7b 16±2.4b 32±3.7a 38±3.7a 18±2b 32±4.9a 

20.0 18±4.9d 22±2cd 40±3.2b 60±4.5a 22±2cd 30±3.2bc 

40.0 24±2.4b 30±3.2b 64±5.la 72±3.7a 30±4.5b 62±3.7a 

2.5 8±2c 16±2.4bc 38±3.7a 44±8.la 28±3.7ab 42±4.9a 

5.0 12±2d 20±3.2<: 44±4a 48±3.7a 34±2.4b 48±2a 

72h 10.0 18±2c 20±3.2c 46±5.1b 62±3.7a 36±2.4b 62±3.7a 

20.0 28±3.7c 38±3.7c 54±4b 64±4ab 38±2c 68±3.7a 

40.0 30±3.2d 40±3.2cd 74±6b 815±4a 50±3.2c 74±4b 

2.5 14±2.4c 20±3.2c 50±4.5ab 58±3.7a 42±2b 52±3.7ab 

5.0 18±3.7c 22±2cd 52±4.9ab 64±4a 46±4b 60±3.2a 

to adult 10.0 24±2.4c 26±4c 54±5.1b 68±4.9a 48±3.7b 68±3.7a 

20.0 32±3.7c 46±2.4b 74±2.4a 72±2a 50±3.2b 80±3.2a 

40.0 38±3.7d 46±2.4d 84±4b 94±4a 68±2c 82±3.7b 

Table 4. Mean mortality (percentage± SE) ofT. absoluta larvae exposed to different EO and EO-NP 
formulations at the different application rates in the ingestion toxicity on larvae (ITL) bioassay. Different letters 
within the same row indicate statistical difference at p < 0.05 ( GLM, Duncan's multiple range test). Statistics are 
based on transformed data. 

Median lethal concentrations (LC50) for larvae. The LC50 values (Table 5) were not calculated for eggs 
because the maximum mortality registered was less than 50%. The dose-mortality data in larvae exposed to the 
EO formulations showed low x2 and high o.-values ( <21.53 and >0.36, respectively). These parameters indicate 
the suitability of the model to estimate the LC50

36• In the TTL trial, the LC50 values calculated for the EO-NP 
formulations were higher than the EO emulsion values, regardless of the essential oil used. Sweet orange EO 
emulsion showed the highest capacity to kill the exposed larvae. The mandarin EO· NP formulation needed the 
highest concentration (23.10 mg x mL -I) to kill 50% of the exposed larvae. Conversely, in the IL trial, the EO-NP 
formulations required a lower application rate than the EO emulsion formulation (Table 5). 

Phytotoxicity assessment. The toxic effects of the tested formulations on the plants, expressed as the phy
totoxicity index (P ;). are shown in Fig. 2 (see Equation ( 1) in Data analysis section). No phytotoxicity was regis
tered either in the water treatment or in the positive control (i.e., indoxacarb ), whereas in the TWEEN 80 control, 
a slight phytotoxic effect (P 1 = 0.09) was shown at the maximum application rate, 14d after the treatment (data not 
shown). The tested EOs had toxic effects on the plants which significantly depended on the formulation (i.e. EO 
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~~outeof.....-n ~· IW•uladela I.e., (1111 X 1111. -•) ""J:l141acWIIallU Slope±SB llltlrapt±SB r(df=:zs> 
Leman EO 7.58a 3.60-13.01 0.70±0.192 -0.62±0.21 14.26IUI 

Leman EO-NP 11.06ab 8.02-15.62 1.19±0.20 -1.25±0.22 24.63na 

Mandarin EO 6.45a 3.48-9.90 0,86±0.19 -0.69±0.21 21.53DS 
1Iamlaminar (TIL) 

Mandarin EO-NP 23.09b 13.94-64.57 0.76±0.19 -1.03±0.21 10.16na 

Sweet Orange EO 5.77a 4.19-7.46 1.53±0.21 -1.17±0.21 20.27DS 

Sweet Orange EO-NP 14.68b 11.18-20.48 1.11±0.20 -1.31±0.22 19.43IUI 

Lemon EO 111.04<: 41.36-4,817 0.66±0.20 -1.36±0.23 6.05IU 

Leman EO-NP 47.4c 31.15-95.39 0.72±0.20 -1.21±0.22 6.214na 

Mandarin EO 3.79a 2.01-5.55 0.77±0.19 -0.42±0.20 13.97na 
Ingestion (111.) 

Mandarin EO-NP 0.99a 0.05-2.82 0.57±0.20 0.02±0.21 21.31IUI 

Sweet Orange EO 8.9b 1.46-33.71 0.43±0.18 -0.41±0.20 6.17IU 

Sweet Orange EO-NP 1.53a 0.053-3.62 0.61±0.19 -0.11±0.20 11.69DS 

Table 5. Estimated median lethal concentrations (LC50) of the various EOs and formulations on T. absoluta 
larvae in the translaminar toxicity on larvae (TTL) and ingestion toxicity on larvae (ITL) bioassays. Different 
letters within the same column of each trial indicate statistical differences (p < 0.05); ns =not significant 
(a>O.OS). 

emulsion vs. EO-NP, F = 107.69 df = 2 p < 0.001 ), the application rates and the time elapsed after the treatment 
(model: F = 73.083; df= 8; p < 0.001). The P; ranged from 0 (no damage) to 0.78 registered after 14d in the plants 
treated with the sweet orange EO emulsion at40mg x mL -'.Among the EO-NP formulations, the sweet orange 
essential oil also had the highest negative impact on the plants (max P; = 0.48). The other two EO-NPs reached 
their maximum P 1 (0.27 and 0.21 for mandarin and lemon EO-NP, respectively) at the highest application rate and 
14 days after the treatment. In all the treatments, the new vegetation grown in the 14 days after the beginning of 
the trial, did not show any phytotoxic effect. 

Discussion 
Nanoparticles improve both the stability and effectiveness of botanical insecticides. In fact, nanoformulations can 
solve problems related to EO volatility, poor water solubility, and the tendency to oxidize34• In addition, nanopar
ticles are able to release the active compounds at the site of action graduallf 7, and also minimize the toxic effects 
on non-target organisms38,3!1. Both the size and the polydispersion index obtained in our study are comparable 
with those recorded for other citrus EO-NPs (i.e. Bergamot EO-NPs)34• The change of the zeta potential from 
about zero in the case of unloaded NPs to about -30 m V for the different EO-NP formulations can be considered 
an indicator of the extent of EO loading in the nanoparticles, as confirmed by spectroscopic analyses that indicate 
an efficient loading (>90% w/w) for the different EO-NP systems. Another interesting property of the EO-loaded 
nanoparticles is that the relatively high values of surface charges suggest a good stability of our NP formulations. 
A minimum of ±30m V of zeta potential is required for a physically stable nanosuspension solely stabilized by 
electrostatic repulsion40• 

OurresultshighlightedthegoodinsecticidalactivityofthecitruspeelessentialoilsagainstthetomatoborerT.absoluta. 
The different exposure routes and target instars (i.e. CI'E, TTL and ITL) together with the observations regarding 
phytotoxicity, contributed to a thorough understanding of the potential use of the tested EOs in the field. 

Despite the large number ofEOs tested as insecticides, only a few studies have focused on the tomato borer. In 
general, very few studies on crop-pest systems are available where both the efficacy and the impact of the insec
ticide treatments on the plant have been assessed. In addition, most papers tend to report the acute toxicity (or 
repellence) of a given EO in trials lasting less than 48 h41, whereas the long-lasting effects of these compounds are 
lacking. To the best of our knowledge, this is the first study where the long-lasting effects of EOs on a crop pest 
and on the plants are reported. 

EOs extracted from citrus fruit have been used in many industrial applications, such as perfumery, pharmacol
ogy, food industry and fine chemistry. Citrus EOs have been tested as pesticides against a number of pests2"U9•4245• 

This interest may be due to their easy availability worldwide at a reasonable cost. Very frequently citrus EOs are 
by-products of the citrus juice industry, and the cold-pressing technique makes the EO extraction less expen
sive than other methods. The cost of the nano-formulations is influenced by the manufacturing process and 
by the reagents (i.e. PEG) needed. The scalability of the EO nano-encapsulation process at commercial level is 
easy to achieve by pesticide industry because this process is already used to produce several "new generation" 
insecticides. 

Our study suggests that eggs are less susceptible than larvae to EO-based formulations. Less than 50% of 
the exposed eggs in our study did not reach adult stage when treated with the most effective formulation (sweet 
orange EO-NP) at the maximum application rate. Insect eggs are often considered as the most vulnerable stage, 
however the egg response to insecticide exposure has seldom been assessed. In addition, eggs are sometimes hard 
to reach with insecticide applications because of their sessile conditions in hidden placeg46. In addition,. the struc
ture of the eggs protects the developing embryos and may interfere with insecticide penetration<lM7

• 

Tome et al.27 reported a negligible ovicidal activity of the growth regulator pyriproxyfen in the tomato borer, 
and highlighted a delayed mortality due to a reduction in the larval activity. This also happened in our study, with 
eggs exposed to indoxacarb showing a delayed mortality starting three days after exposure when newly emerged 
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Figure 2. Mean values of the phytotoxicity index (P1) of the tested EOs and formulations recorded at 1, 3, 7, 14 
days after the treatments. (a) 2.5mg x mL - 1; (b) S.Omg x mL - 1; (c) lO.Omg x mL - 1; (d) 20.0mg x mL - 1; (e) 
40.0mgxmL-1• 

larvae began feeding. Similarly, the EOs led to a delayed effect on the eggs, reducing the number of emerged lar
vae that reached adulthood, therefore confirming their disruptive effect on insect growth41• 

In the translaminar toxicity trial, in almost all cases the EO formulations showed a higher toxicity compared 
to the mortality rate in the EO-NP treatments. The EO-NPs contain a tenth part of essential oil compared to the 
EO emulsion, therefore, the amount of active ingredients that reached the larvae inside mines may not be enough 
to trigger the biological effects ofNPs. By contrast, in the ingestion toxicity trial (ITL) in which larvae were trans
ferred onto the treated leaf surface, the EO-NPs killed more larvae than the respective emulsion. Nanoparticles 
are known to be much more mobile than the bulk substances48

• This characteristic enhances the penetration of 
the active ingredients into the insect tissue by direct contact through the insect's cuticle or by ingestion32

•
34.48

• 
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In our study, the insectl.cldal activity of the tested EOs varied with stage. exposure route. and formulation. 
Sweet orange EO emulsion was the moat toxic against eggs (Cl'E) and larvae inside mines (Tn), whereas man
darin EO In the NP formulation was the most effective in the ingestion tondty trial In the sweet orange. man
darin, and lemon EOs, lim.onene was the most abundant among the compounds detected (88.7%, 59.2%, and 
52.8%, rc:spectively)29• The amount of Jimonc:ru: ill cilrwl EOs also depends on scaaonal varia:tions, ecological, 
environmental and/or agronomic factors24.29. The insecticidal effects oflimonene were confirmed in trials against 
stored product pestsG-53 mealybugs and other scale insectsS'. Despite the role of single compounds in insecticidal 
activity41, the synergi&tic effects of complex mixtures (such ui!Os) strengthen the toxicity to pest.s55.S6. 

Apart from their insecticidal and repellent activity, some essential oils or some of their compounds lead to 
negative impacts on the plants57

• In our study, the phytotcmc effect was dose-dependent, and the EO emulsions 
caused more damage to the plants than the BO-NPs. Among the BOs tested, sweet orange had the strongest 
impact on plants, whereas mandarin was the least ph~c EO. In plants, most of the biological activities of 
EOs are mediated through direct interaction with the lipid layers ofbiological. membranes58, and when used as 
herbicides, foliar-applied EOs caused visible damage within a few hours of their application~. In this study, the 
tmic effects on plants progressed over time. and Cor the first three days. the phytotmic effects were negligible (P1 
close to zero) even at the highest application rates. 

'!he citrus EO-NPs were effective in controlling the t:arget pest, while reducing the toxic effects on the plants. 
Further work is needed to test their efficacy under realistic :field conditions. In addition, from an Integrated Pest 
Management (IPM) perspective, the potential lethal and sublethal cffi:cts of citrus peel esaential oils and of their 
PEG formulations should also be assessed on non-t:arget organisms, such as pollinators and natural enemies. 

Methods 
Insect and plant rearing. Tuta absolut4 speclmens used fur all the experiments originated from infested 
tomato leaves collected in 2009 in organic greenhouses In south east Sicily (Italy), which were re-inoculated 
with adults coming from the fi.eld twice a year. 1be colony was maintained in the laboratory on cherry-type 
tomato plants (cv. Shiren). All plants used for the in&ect rearing. as well as those used for the experiments. were 
grown outdoors, under natural temperature. humidity and light conditions, In 1-liter pot&, inside screened cages. 
No pesticides were used. Insects were reared inside polyester net cages (50 x 60 x 80cm), in the laboratory at 
24±2 °C and 50± 1096 RH. LliD lamps were positioned above each cage, maintaining a photoperiod of 14:10 
(L;D) according to the rearing methodology described by ZappalA et al.10• 

To obtain coetaneous insect cohorts, 200 unsexed newly-emerged adults ofT. alnolut4 were released inside 
each cage containing four potWd tomato plants (height 25 em). The moths were left overnight to lay eggs and then 
removed. Eggs (72 ± 12h old) and newly-molted second-instar larvae were used in the trials. 

Essential Oil-nanoparticle (EO·NP) preparation. Commercial citrus peel easential oils (Capua SRL, 
Campo Calabro Italy) of lemon (LE), mandarin (MA) and sweet orange (SO), extracted with the cold pressing 
technique from fruit grown in southern Italy, pesticide-free certified, were used in the trials. A total of 88 com
pounds were detected. with limonene being the most abundant compound (88.75, 59.19 and 52.80% Cor SO, MA 
and LE EOs respect:ivcly), Monoterpene hydrocarbons ranged from 96.0896 (SO) to 91% (LE). Oxygenated com
pounds (aldehydes, esters and alcohols) were more abundant in LE (8.9196) than in SO (3.28%) and MA ( 4.36%). 
For complete analytical procedures and chemical characterization see Campolo et al. 21• 

TWEEN 80 (Polyoxyethylene (20) sorbitan monooleate) and PEG 6000 (Polyethylene gtycoi. molecular might 
6,000) were purchased from Sigma-Aldrich (Italy). The EO-NPs were prepared following Werdin Gonzalez et aL ' 4 

with some m.odi:fi.cations. In brieL PEG 6,000 (100 g) was melted at 65 oc on a hotplate stirrer. Then. 10 g of each 
easential oU were added to the melted PEG, while stirring the mixture using a T25 digital ULTRA-TURRAX• 
(IKA, Germany) for 30 min at 15,000 rpm. The mixture was then cooled at -4 "C for 2 b and completely ground in 
a refrigerated mortar. Finally, the product was sieved using a stainless steel sieve (230 mesh), stored at 25 ±0.5 "C 
in an airtight container, and used for the bioassay within the following 48 h. 

EO-N P characterization. The EO-NP loading efficiency was calculated spectrophotometrically. Aliquots 
of PEG 6000 and EOs were diluted with absolute ethanol-water (3;1 vlv) and then stirred at 1000 rpm fur 30 min. 
Serial dilutions were used to draw the standard ~s. The absorbance of the solutions was determiDed by 
UV -visible analyses (Lambda 2SUV-vis spectrometer, Perkin Elmer) at the reference waftlengths of 313 nm fur 
lemon. and 330 run for both mandarin and orange, re~ectively. 

A Dynamic Light Scattering (DLS) particle size analyser (NanoPartica SZ-100 apparatus, equipped with a 
514 nm laser, Horiba Scientific) was used to assess the NPs surface charge at 25 oe, indicated by the zeta potential 
values, and the NP dimension, expressed in terms ofZ-average size (d), and polydispersity index (PDJ). After 24 h 
of EO-NP preparation, aliquots of each EO-NP were suspended in 10 mL of distilled water for 30 min and then 
the suspension was filtered using Whatman n° 1 filter raper-34

. The morphology of the EO-NPs was visualised 
using scanning eiectron microscope (Hitaclii SU8020). 

Toxicological bioassays. All the experiments were conducted at the Department of Agriculture, Food and 
Environment of the University of Catania (Italy) under controlled environmental conditions in growth cham
bers (25 ±2"C, 60 ± 10% RH, 14:10L:D). The EO and EO-NP solutions were prepared using an agitator for 
IS minutes at 300 rpm Cor mixing: (i) the EOs or the EO-NPs at five different concentrations (2.5, 5, 10, 20 and 
40 mg x mL -l ), (ii) the same proportion of TWEEN 80 as emulsifi.er, and (iii) water. 

'!he commercial insecticide indoxacarb (Steward•, DuPont'"') was used as a positive control, because of its 
known efficacy in controlling the target pest It was applied at the bigbest application rate recommended fur 
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tomato crops (12.5 glhL). Water and TWEEN 80 +water were used as untreated controls. In preliminary trials, 
PEG particles alone were tested and no difference with the negative controls (both for insects and plants) were 
highlighted (data not shown). Therefore, this treatment was not included in the data analysis. Five replications per 
treatment were performed. The pest control efficacy of the tested compounds was evaluated by contact on eggs 
and larvae, and by ingestion on larvae. 

Contact Toxicity on Eggs (CTE). Bioassays were c:arried out using 40cm high tomato plants (40-d old, 
grown from seeds), exposed to T. absoluta adults for oviposition, as described above. These J'lants were then 
sprayed with the formulations, until run off, using a 2 L power-pac:k aerosol hand sprayer (Dea , Volpi, Italy). 

After drying for one hour, 10 treated eggs per replication were c:arefully transferred on a fine paintbrush to the 
untreated tomato shoots (with four expanded leaves). The shoots were placed inside a bioassay isolator made of 
600 mL plastic glass. To prevent the shoots from dehydrating, each isolator was provided with a three em layer of 
agar gel ( 15 giL) in which the stem of the shoots was inserted. A fine mesh net was fixed on the upper opening of 
the glass to facilitate ventilation60

. 

TranslaminarToxicity on Larvae (TTL). In this experiment, 10 healthy second instar larvae per replica
tion were transferred to untreated shoots. Larvae were left to settle until they entered the leaves by digging mines 
(about 2 h), after which they were sprayed, dried and isolated as described above. 

Ingestion Toxicity on Larvae (ITL). In the ITL trial, tomato plants were sprayed and left to dry. Five shoots 
per treatment were collected and individually placed in the isolator described above. Ten second instar larvae per 
replicate were transferred to each treated shoot 

In all the trials, mortality was checked, using a binocular (at 12-36 magnifications), 24 and 72 h after the 
treatment. Eggs were considered dead when they became opaque, necrotic and/or appeared dehydrated Larval 
mortality was assessed by stimulating the insects with a fine paintbrush, considering them dead if they remained 
immobile. In addition, the chronic toxicity of the tested compounds was assessed by calculating the proportion of 
juveniles, alive 72 h after the treatments, that reac:hed the adult stage. Thus, 14 and 12 days after the egg and larvae 
exposure to the c:hemic:als, respec:tively, the isolators were c:hec:ked daily to rec;ord adult emergenc:e. 

Phytotoxicity assessment. To evaluate the toxic: effects of the tested formulations on the plants, five addi
tional plants were sprayed for eac:h treatment. Sprayed plants were kept in insect-proof cages in a greenhouse 
(min< mean temperature< max: 15.1 °C < 25.4 °C < 35.2 °C; min< mean RH <max: 36% < 62.9% < 89%; nat
ural ambient light in March-April). These were observed at 1, 3, 7 and 14 days after the treatments, recording the 
proportion of damaged leaves and damage severity. The damage severity was classified as: 0 (no damage), 1 (par
tially damaged leaf surface, with chlorosis and without necroses), 2 (leaves with evident necroses), 3 (dead leaves). 

Data analysis. The efficacy of the tested formulations was corrected. for control mortality using Abbott'sformula61
• 

Dependent variables were subjected to Levene and Shapiro-Wille. tests in order to assess the homogeneity and 
normality of variance across the groups, respectively, and transformed whenever needed. Repeated-measures 
analysis was conducted with the EO formulation (ie., EO emulsion, EOs-NP) as the main effect, application rate 
as the covariate, and insect mortality registered at three different time intervals (i.e. 24, 72 hand at adult emer
gence) as the response variable. In addition, following the GLM procedure, within the datasets of eac:h sampling 
time (24, 72 hand at adult emergence), a univariate analysis of variance was carried out with insect mortality as 
the dependent variable and the insecticide formulation (i.e. EOs emulsion, EOs-NP) and the application rate as 
fixed factors. Multiple comparisons were carried out using Duncan's multiple range post-hoc test. Probit analysis 
was performed in order to estimate the median lethal concentrations (LCs50). Values were c:onsidered significantly 
different if their 95% fiducial limits did not overlap. 

The phytotoxicity index was subjected to univariate analysis of variance, with formulations and time after 
the treatment as fixed factors and application rates as the c:ovariate. Statistics were c;arried out using SPSSGD V. 20 
(IBM). The phytotoxicity index (P ;) was c:alculated as follows: 

P; = t(DLj x DC ) 
J=O TL n - 1 (1) 

where DL is the number of damaged leaves for eac:h damage severity class j, TL is the total number of leaves 
sprayed, DC is the damage severity class, and n is the number of damage severity classes. The P1 ranges from 0 (no 
damage) to I (dead leaves). 
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Overcoming blood brain barrier 
with a dual purpose Temozolomide 
loaded Lactoferrin nanoparticles for 
combating glioma (SERP-17-12433) 
Sonali Kumari1, Saad M.AhsanG)2,Jerald M. Kumarl,Anand K. Kondapi1 & Nalam M. Rao2 

Targeted delivery of drugs to the brain is challenging due to the restricted permeability across the 
blood brain barrier (BBB). Gliomas are devastating cancers and their positive treatment outcome 
using Temozolomide (TMZ) is limited due to its short plasma half·life, systemic toxicity and I im ited 
access through the blood-brain barrier (BBB). Nanoparticles made of Lactoferrin (Lf) protein, have 
been shown to enhance the pharmacological properties of drugs. Here, we report the specific ability 
of Lf nanoparticles to cross BBB and target over· expressed Lf receptors on glioma for enhanced TMZ 
delivery. TMZ-Ioaded Lf nanoparticles (TMZ·LfNPs) were prepared by our previously reported sol-oil 
method. While the Lfprotein in the NP matrix aids intranscytosis across the BBB and preferential tumor 
cell uptake, the pH responsiveness leads to TMZ release exclusively in the tumor microenvironment. 
Delivery through LfNPs results in an enhanced and sustained intracellular concentration ofTMZ in 
G L261 cells in vitro along with improving its in vivo pharmacokinetics and brain accumulation. TMZ· 
LfNPs treatment results in a significant reduction of tumor volume, highertumorcell apoptosis and 
improved median survival in glioma bearing mice. These results demonstrate that LfNPs present an 
efficientTMZ delivery platform for an effective treatment of gliomas. 

Positive clinical outcome of glioma, the most common malignant brain tumor, is dismally poor1• This is mainly 
due to poor prognosis and lack of effective therapeutic options after diagnosis. Originating from astrocytes, a type 
of glial cells in brain, glioma infiltrates into other brain tissues as well2• The exact cause(s) of glioma are unknown 
and several genes have been implicated in its origin' . The major reasons behind treatment failures are the prolif
erative nature of the tumor, the inaccessibility of brain to a number of small and large molecular drugs and high 
chances of recurrence after treatment4. 

Temozolomide, a DNA alkylating agent, is the preferred drug for glioma treatment and has been shown to 
provide clinically meaningful survival benefits in patients5

• However, a prolonged therapy leads to TMZ resist
ance and poor responsiveness to subsequent treatments. This is mainly due to an induction of enhanced levels 
of DNA damage repair enzymes6, thus leading to tumor recurrence in 60-75% of patients5• 7• In addition, TMZ 
requires continuous administration due to its low solubility in physiological media and shorter plasma half-life 
(1.8h)8• While higher doses ofTMZ may result in positive outcomes by way of causing extensive tumor kill, 
the resulting toxic effects ofTMZ does not permit dose escalation and results in haematological to.xicityll, acute 
cardiomyopathy10, oral ulceration, hepatotoxicity11 and pneumocystis pneumonia12 and ultimately resulting in 
discontinuation of therapy. The limitations associated with TMZ therapy highlights the need for a delivery vehicle 
to increase the therapeutic index ofTMZ. Several carriers of TMZ, including liposomes, solid lipid nanoparticles, 
polymers etc. have been tested for their efficacy. The success of these formulations was however been limited due 
to lack of tumor specific delivery ofTMZ11• 1' . A drug delivery system for glioma therapy should be targetable to 
the tumor with an ability to cross the BBB. 

1Department of Biotechnology and Bioinformatics, School of Life Sciences, University of Hyderabad, Prof. C. R. 
Rao Road, Gachibowli, Hyderabad, 500 046, Telangana State, India. 2Centre for Cellular and Molecular Biology 
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Fipre 1. TEM analysis of particles incubated at (A) pH 7.4 and (B) pH 5.5 (scale bar 200mn). (C) FT-IR 
spectra of free Lf(black), UNPs (green), TMZ (blue) and TMZ-LfNPs (red). (D) Release ofTMZfrom LfNI's 
studied at different pH values. pH 5.5 and pH 7.4 are highlighted in grey and black respectively. (E) Cumulative 
TMZ release from LtNPs at pH 5.5 (grey) and pH 7.4 (black). Each data points were repeated in biplicates 
(n = 3) and presented as Mean± Standard Deviation (S.D). 

Lactoferrin (Lf) is an 80.kDa cationic protein belonging to the transferrin family. It is an iron carrying protein 
with multiple physiological roles including host-defence against infection and inflammation'~ 15• Receptors of 
Lf are known to be over-expressed in glioma cells and on brain endothelial cells16-'P. Lf iB known for its ability 
to cross BBB and this property has been extensively used fur targeted delivery of several drugs to the brain''· 20• 

Our group has previously reported the benefits of delivering several drugs using Lf nanoparticles21-D. 'Iheae Lf 
nanopartidcs were prepared with Lf as a sole matrix, by sol-oil method, without the involvement of any chemical 
modifications ofL£ 

We hypothesize that nanoparticles prepared exclusivdy with Lf as sole matrix with entrapped TMZ would 
retain its ligand properties, efficiently cross the BBB and deliver the drug in a targeted fashion to the glioma. 
Further, due to the entrapment ofTMZ in NPs, the toxic side effects of the drug may be reduced. The clJJTent 
study aims to develop TMZ loaded lactoferrin nanoparticl.es (TMZ-LfNPs) and their characterization. Using a 
combination of in vitro and in wvo methods we have evaluated the BBB crossing, glioma targeting and enhanced 
therapeutic e11icacy ofTMZ when delivered tluough LiNPs. 

Results 
Preparation and characterization ofTMZ-LfNPs. TMZ-LtNPs were prepared by a previously estab
lished sol-on methodX. 25• The TMZ-LtNPs, as cha.racterized by TEM and DLS, showed a spherical morphology 
and uniform size distribution in the range of70 ±lOam (TBM) (Fig. lA). The hydrodynamic diameter, as studied 
by DLS, was found to be 160 ± 13.3 nm. The larger size obtained by DLS could be attributed to the conttibution 
of the associated hydration shell of the nanoparticles. The polydiapersi.ty index (PDI) and zeta-potential of the 
particles were 0.24 ± 0.1 and -2.5 ± O.lm V respectively, suggesting a narrow size distribution and slight negative 
(near neutral) surface c:huge of the particles. Flwm:scein loaded UNPs (FL-UNPs) were u.sed fur confocal exper
iments and their physico-chemical properties (size and zeta-potential) (Supplementary Fig. lA and B) were found 
to be similar to the TMZ-UNPs. The size of the nanoparticles prepared in several batches and also at diffen:nt 
starting protein concentrations (10-SOmg/ml) was fuund to be very reproducible (Size 170.3 ± 12.8nm. n= 6). 
The stability of the LfNI's was assessed by monitoring the hydrodynamic diameter using DLS. The nanoparticles, 
were found to be stable when stored in PBS and in the presence of serum (1096) at 4 oc, for a period of2 months 
(Supplementary Fig. 2). 

Assessment of encapsulation efficiency. The encapsulation efficiency (EE) ofTMZ in l£NPs was fuund 
to be42±4.996 (n=3) with adrugloadingcontent (DLC) of17.5±2.596 (n=3).1he highEEand DLC achieved 
in the present study, as compared to the previous reports13·26.27 was probably due to the partitioning ofTMZ in 
the hydrophobic patches ofUin the LtNPs. 

FT-IR spectral analysis. The entrapment ofTMZ in the UNPs was confirmed by the FT -IR spectral analysis 
(Fig. 1 C). FT -IR spectrum ofTMZ-LfNPs showed characteristic peaks ofLf and TMZ (Supplementary Table 1) 
suggesting that the drug is entrapped in the particle without any interactions with Lf protein - a feature important 
to preserve TMZ efficacy and the LtR targeting ability ofLf. 
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Figurel. (A) FL-LtNPs uptake in GL261 cells in the ab&ence (top panel) and presence (lower panel) ofanti-I..m. 
antibodies. (Scale bar= 25 j.llll). (B) Intracellular TMZ concentratl.on, obtained by treating GL261 cells with 
either free TMZ (whit~: bars) or TMZ-UNPs (gray bars) in the presence and absence of anti-LfR. antibodies. 
(C) Comparative TMZ uptake and clearance by GL26l cella treated with either free TMZ (black curve) or TMZ
UNPs (grey curve). Each data points were repeated in triplicates (n = 3) and presenb:d as Mean± Standard 
Deviation (S.D). 

pH dependent release ofTMZ from LfNPs. The release of the encapsulated TMZ, speculated to be 
through diffusion, was found to be enhanced under mildly acidic pH conditions. TMZ release (60-70%) from 
LfNps was found to be significant in buffers with a slightly acidic pH (maximum at pH 5.5) (Fig. lD, grey bar). 
However, the release ofTMZ from LfNPs at pbysiologic:al pH (7.4), was found to be less (10-2096) (Fig. lD, 
black bar). '!he release of TMZ at acidic pH could be attributed to the shriukage of LfNPs under these condi
tions. The hydrodynamic diamcte:r ofUNPs was found to be reduced to 80± 10.6nm at pH 5.5 as compared 
to160 ± 13.3 run obtained at pH 7.4. TEM analysis also revealed a reduced size of 40 ± 15 run (Fig. 18) at pH 5.5 
as compared to 70 ± 10 nm observt'!d at pH 7.4 (Pig. lA). However, no significant changes were observed in the 
zeta-potential of the LtNPs at these two pH values. 

The TMZ release kinetics from LfNPs was studied over a period of72 h. As shown in Fig. IE (Bray a~ne), 
TMZ release from LtNPs at pH 5.5 exhibited a hlphasic profile with an initial rapid release phase (about 60-70%) 
in the first 10 h, followed by a slow and sustained release till72h (15 to 20%). However, the release ofTMZ at pH 
7.4 was found to be minimal and remained low over a period of72h (Fig. lB. blad. curft). 

Receptor-mediated endocytosis of LfNPs. LfRs are known to be over-expressed in the lumen of 
endothelial cells and surface of glioma cells11>-11• The expression ofLfRs in GL261 cells was studied and compared 
to liver hepatocellular carcinoma (HepG2) cells, which are reported to be positive for LfR. expression28• The lung 
carcinoma cell line (AS49), was used u a negative oontrol29

• & shown in Supplementary Fig. 3, the expression of 
Lflts in GL26l cells was fuund to be comparable to that ofHepG2 suggesting a significantly high expression ofi..m. 
in these cells. The specific role ofLfRs in the uptake ofLfNP.s was thereafter validated by a receptor blocking assay, 
using anti-LfR. antibody. In the presence of anti-LfR antibody, the uptake ofUNPs was found to be significantly 
decreased (F.Ig. 2A), suggesting a possible role of LfRa in the nanoparticle uptake. The receptor mediated uptake 
ofUNPs was further validated by estimating the intracellular TMZ levels in GL261cells after receptor bloddng by 
anti-I..m. antibody. As shown in Fig. 2B {grey bars), LfR blocking led to a signtli.cant decrease in the intracellular 
TMZ concentrations, when delivered through LfNFs. However, the uptake of free TMZ was found to be unaltered 
in the presence of anti-I..m. antlbody (Fig. 2B, white ban). 

The intracellular TMZ accumulation and clearance rate were studied after treating the GL261 cells with 
TMZ-UNPs and compan:d with fn:e TMZ. Tteat:ment with free TMZ resulted in a sudden increase in the intra
cellular drug concentrations (up tol h), followed by a mady decrease up to 5 h (Fig. 2C). In contrast, the intra
cellular levels ofTMZ, when delivered through UNPs, were found to increase gradually up to 4 h and thereafter 
remained constant up to 24b. The intracellular TMZ concentrations achieved in TMZ-LfNP treated cells were 
found to be significantly higher (3-folds) compm~d to cells incubated with free TMZ. The high and sustained 
TMZ intracellular concentrations achieved in case ofTMZ-LfNPs could be due to the large carrying capacity of 
UNPs and a steady release ofTMZ from the LfNPs. 

In vitro cytotoxicity ofTMZ-LfNPs. To compare the cytotoxic: effect of free TMZ and TMZ-UNPs, a 
micro&copic examination of GL26lcells was carried out Cells treated with TMZ-LtNPs displayed cha:acteristic 
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Figure 3. (A) Representative microscopic images of untreated cells (left), cells treated with 100 Jlgml-1 

ofTMZ (middle) and TMZ-UNPs-treated cells (equivalent dose) (right). (B) GL261 cells treated with 
different concentrations ofTMZ (white bars) and equivalent doses of the TMZ-LfNPs (grey). (C) Assessment 
ofbiocompatibility ofLf.NPs. Each data points were repeated in biplicates (n = 3) and presented as 
Mean± Standard Deviation (S.D). 

morphological features of apoptosis and a slgnJficant detachment of cells from the surface (Fig. 3A. right panel). 
M. compared to free TMZ (Fig. 3A, midclle panel), treatment with TMZ-LfNPs led to a significant reduction in 
cell number. 'Ihe enhanced cytotcmc effect ofTMZ-UNPs was further confirmed by MTT assay (Fig. 38). '!he 
ICso values ofTMZ (Fig. 38, white ban) and TMZ-l.t'NPs (Fig. 38, pey bars) in GL261 cells were found to be 
94.3 ± 2.3 and 9.3 ± l.31J.gmi-1 respectively. A 10-fold lower ICso value observed for TMZ-UNPs, as compared 
to free TMZ, could be attributed to the c:ohanced .intraccllular retention ofTMZ when delivered through LfNPs. 
Further, the vehicle-associated toxicity, ie., UNPs, was found to be minimal (Fig. 3C) even at the highest tested 
concentration (0.5 mgmi-1 ). LtNPs were also tested (0.01-0.5 mglml) on healtby cell line, HBK293 (Human 
embryonic kidney cells) and were found to be very safe (data not reported). 

Transcytosis of LfN Ps across BBB in healthy mice. To assess the transcyto8is of UNPs througb BBB, 
healthy C57BU6 mice were injected with equivalent amounts of free If and L£NPs via tail vein injection. Western 
blot analysis of the brain tissue lysate, obtained at 24h post-injection. showed significantly higher band intensity 
in mice injected with LfNPs, as compared to mice injected with free Lf (Fig. 4A). The higher brain accumulation 
ofLfNPs could be attributed to the decreued plasma cleanmce ofLfNPs and its ability to cross the BBB. Th obtain 
a qtological evidence for the presence ofUNPs in the brain, animals injected with LfNPs and PBS (negative con
trol) were processed for immunohistochemistry. Confocal images of brain sections showed fluorescence signals 
(Alexa Pluor-488) corresponding to LfNPs in the brain cortex of mice injected with LfNPs. However, PBS controls 
did not show any signals (Fig. 4B). To further validate the ability ofUNPs to cross BBB, a tile scan on these brain 
sections was performed to substantiate the localiution ofFL-Lf.NPs along with CD3l. As shown in Fig. 4C, dis
tinctly visible FL-LfNPs in the cerebral corta above the hippocampus region were observed (Fig. 4C, inset in the 
merged im~ was zoomed for clarity), lndicati.ng transcytosi.s ofLfNPs ac:roas the BBB. A lack of fluorescence in 
the lung, kidney and spleen (Fig. 40) indicated negligible accumulation ofi.fNps in these tissues. However, some 
ftuorescence signals were observed In the liver tissue sections suggesting an accumulation of some fraction of the 
injected LtNPs In the liver. 1his could be due to an apression oflf receptor in the liver tilsueZZ. Moreover, liver 
being a first-pass organ for foreign particles, it is expected to retain some amount ofi.fNPs-'1°. 

Phannacokinetic studies ofTMZ·LfNPs. Pharmacokinetic studies ofTMZ-Lf.NPs were carried out by 
administering a single dose (equivalent TMZ dose of lOmgkg-1 body weight) and compared with free TMZ, into 
healthy C57BU6 mice intravenously (IV bolus). The plasma clearance of free TMZ and TMZ-UNPs followed a 
bisponential kinetics (Fig. SA). Free TMZ was cleared rapidly from the circulation with a plasma concentration of 
app.rmi:mately 0.21% II> mi-1 at 15min. On the contrary, the plasma TMZcoru:entration in TMZ-LfNP-administer 
mice remained high for a longer period. Bven 24 b post administration. the plasma concentration for TMZ-LtNPs 
was found to be 0.02% ID mi-1• The pbarmacokin.etic parameters are listed in Table l. The TMZ concentrations 
achieved in the brain (after 24h), as studied by HPLC (Fig. 58), suggested that deliver.ing TMZ through LfNPs 
(Fig. 5B, grey bar) resulted in a Bigni:fi.cantly higher drug concentration compared to free TMZ (3-fold). Our data 
suggests that delivery through LfNPs results in an improved pbannacokinetic (PK) profile ofTMZ. 
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Flgure4. (A) Western blot for determining the Lflevels in brain of healthy mice injected with lOOj.il of 
2mgml-1 of free Uand UNPs (equivalent dose). (B) Immunohistochemistryi.mages ofbrain tissues of control 
and LfNP-tteated animals probed with anti-Lf anb"body followed by Alen Fluor-488 (green) tagged secondary 
antibody and counter-stained with PI (red). (C) Partial projection of a representative tile scan of the mouse 
brain showing strong duorescence corresponding to Fir LiNPs (green) In the brain cortex (inset) above the 
hippocampus (white arrows). Area higbl.ighted in white box is enlarged where duoreacence ofFL-LfNPs (green) 
and brain micro-vessels (stained with anti-CD31 fullowed by secondary antibody tagged with Cy3 (red)) was 
visualized. (Scale bar= 500 JID1 and 50 JID1 (inset)). (D) Organ bio-diatribution ofFL-LfllnJ&. Representative 
confocal images depicts fluorescence signals present in the liver and absent in lung. kidney and spleen. 

TMZ·LfNPs brain distribution in glioma mice model. The accumulation ofTMZ in the brain tumors 
was studied in glioma bearing mice. ~ shown In Fig. SC, TMZ uptake was found to be highest in the glioma 
region (right striatum) (Fig. SC, black ber) as compared to other brain amu (left striatum and cortex) (Fig. SC, 
white and pey bar) in TMZ-UNP-treated mice. '!he high TMZ tumor concentrations achieved through UNPs 
could be attributed to a combined effect of enhanced trarucytosis ofUNPs across the BBB. a passive accumula
tion due to EPR effect and tumor tissue targeting due to the over-expressed LtRs on tumor cells. In contrast. the 
brain distribution achieved in free TMZ administered mice was found to be significantly lower (p < 0.001) and 
uniform across different brain regions. 

Tumor regression studies in glioma mice. To compare the anti-tumor effect ofTMZ-UNPs with free 
TMZ, gll.om.a bearing mice were :randomly dMded into three treatment groups (n = 3 mice) u described in the 
method section and in the treatment schedule (Fig. 6A). On the 14th day when all the PBS treated mice suc
cumbed to death, mice in other groups were also saaificed and the brain tissues were removed and processed fur 
histology and molecular analysis. 
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Figure 5. (A) Pharmacokinetic studies. % ID/mL of plasma TMZ is plotted versus time after i.v. injection of 
free TMZ (black) and TMZ-LfNPs (grey) with an equivalent dose of 10 mgkg-1 ofTMZ in C57BL/6 mice. 
(B) Brain uptake ofTMZ in healthy mice 24h post i.v. injection ofTMZ and TMZ-LfNPs with an equivalent 
doseoflOmgkg-1

. Sample data were recorded asMean±SD, n=3. ***P<O.OOl. (C) Brain uptake ofTMZ 
in glioma bearing mice after i.v. injection ofTMZ and TMZ-LfNPs (equivalent dose of 5 mg kg-1 ). ** *P < 0.00 1. 

Paramctcn TMZ TMZ-LfNPI 

T112 (min) 68±2.13 360±70.86 

MRT(min) 88±7.4 367±18.33 

AUC (min)*(J.lll mJ-1) 4639.66 ± 109.24 10998±754 

Table 1. Comparative plasma pharmacokinetic parameters after i.v. injection of free TMZ and TMZ-LfNPs 
with an equivalent TMZ dose of 10 mgkg-1 in mice (n = 3 ). T 112 - elimination half-life of drug, MRT- mean 
residence time of drug in the plasma, AUC-The area under curve, 

As evident from Fig. 6B, (i-iv), PBS treated mice showed a huge tumor burden, infiltrating tumor cells sur
rounded by large necrotic areas and numerous atypical cells. Glioma bearing mice treated with free TMZ showed 
reduced infiltration of tumor and caused moderate shrinkage of the tumor relative to PBS treated mice (Fig. 6C, 
(i-iv). However, the tumor burden was found to be negligible and glioma cells were replaced by normal brain 
parenchyma cells in mice treated with TMZ-LfNPs (Fig. 6D, (i-iv)). 

The tumor volume and tumor area also showed a significant decrease in TMZ-LfNP-treated mice (Fig. 7 A 
and B, grey bar) as compared to mice treated with free TMZ (Fig. 7 A and B, white bar). A PI!annexin V-FITC 
staining of brain tumor (Fig. 7C) suggested an increased apoptotic cell percentage in TMZ-LfNP treated mice 
(Fig. 7C, gray bar), as compared to mice treated with TMZ (Fig. 7C, white bar). The enhanced apoptotic activity 
was further confirmed by studying caspase-3 activation through western blotting. A higher intensity band of 
cleaved caspase-3 was observed in mice treated with TMZ-LfNPs, as compared to free TMZ (Fig. 7D), suggesting 
increased apoptotic activity. 

In a separate survival curve studies, the glioma bearing mice were randomly divided in separate groups (n = 6) 
and treated as given in method sections. Their life-spans were recorded and plotted using Kaplan-Meier survival 
estimates (Fig. 7E). The median survival time of PBS treated mice was 10 days (Fig. 7E, black curve) as compared 
to 18 days when treated with TMZ (Fig. 7E, blue curve). However, the increase in median survival was found 
to be highest (25 days) in the mice treated with TMZ-LfNPs (Fig. 7E, red curve). The increase in survival time 
(IST) of the group treated with TMZ-LfNPs was found to be 2.5 times more as compared to PBS treated group 
and 1.4 times more than free TMZ treated group. Our results indicate that the improved anti-tumor activity of 
TMZ-LfNPs leads to a significant enhancement in median survival time of glioma bearing mice. 

Toxicity studies. For toxicity studies the blood samples were collected at the end of treatment from the 
glioma mice and various blood parameters were estimated. In free TMZ treated animals a significant reduction 
in the number of immune cells viz. leukocytes, lymphocytes and platelets was observed. Also, an increase in the 
levels of enzyme markers for cardiotoxicity, hepatotoxicity, nephrotoxicity viz. lactate dehydrogenase (LDH), 
serum glutamic oxaloacetic transaminase (SGOT), serum glutamic pyruvic transaminase (SGPT), creatinine and 
blood urea nitrogen (BUN) in the TMZ-treated group was observed, revealing the toxic side-effects of the drug. 
The levels of these blood parameters and serum enzymes in the TMZ-LfNP-treated mice were however found to 
be similar to the untreated or normal mice. Our results, as summarized in Supplementary Table 2, suggest that 
TMZ delivery through LfNPs substantially reduces its side effects. Similar studies were reported by our group 
where drug related toxicity was minimized upon encapsulation in Lf nanoparticles22• 
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A) 

Figure 6. (A) 'frelltment schedule. Photomicrographs ofbrain (i) and histological brain sections a:t SX (ii), lOX 
(iii) and 20X (iv) magnifu;ation obtained from brain dissected from glioma bearing mice treated with PBS (B), 
TMZ (C), and TMZ-LtNPs (D). (Necr. represents necrotic area with numerous penetrating tumor cells and 
blood vessels in the periphery of the tumor cell islets (arrows) as well as areas ofbaemorrh~ (asterisks). 

Discussion 
1he efficient encapsulation of TMZ in nanoparticles and its delivery across the BBB has been a cballenge. 1he 
ability of Lf to cross BBB and its a:ppHcalions in drug/gene delivery has been previously exploited through func
tionalization of nanoparticles with Lf'1- '-'. However, for the first time, utilization of Lf as a sole matrix for devel
oping nano-formulati.oii8 was reported by our group21. U.lS. In the present study, TMZ loaded Lf nanoparticles 
were developed and their brain targeting abilities were evaluated which till now has remained unexplored. NPs, 
reported in the present study, demonstrate efficient drug loading and brain targeting capabilities. The advantage 
of using Lf-based nanoformulations is the utilization of minimal number of components and absence of any deri
vatizatioo stepsZ5. Such ·as iS' formulations are more acceptable in red.eral regulatory demands. The classic exam
ple is nab-paclituel (Abraxane•)35, a FDA approved nanoformulations ofhuman serum albumin (HSA), wherein 
pacHtaxel. bound with protein through hydrophobic interaction without involving any chemical conjugationl5.36• 

It is a formulation of choice for most cao.cers due to its simple preparation and excelleot efficlency. 
The LfNPa used in this study have several advantages. Firstly, the preparation ofTMZ-LtNPs does not involve 

any heat:inJf7 or cross-Jinking3', unlike the other reported methods of stabilization of protein nanoparticl.es used 
in drug dcl.ivery39-to. Furtbe:nnore glutraldehyde, a cross linker used in stabillziDg protein nanopartldes, requires 
additional toxicity evaluation as it is toxic4l. Compared to other methods of protein nanoparticle preparation, 
vit. coacervation42, salt-precipitation, heat denaturation~ etc. our method is non-disruptive and maintains the 
physiological conformation of the Lf protein thereby preserving its receptor binding properties24. Also. developed 
from a na:tural protein (Lf), LfNPs were found to be completely safe even at high doses. Secondly, a high TMZ 
entrapment efficiency of -45%, which is signi1ica.ntly higher from that reported earlier ( -5%)13• 26.27, could be 
achieved probably due to strong hydrophobic interactions between Lf protein and TMZ. Thirdly, the protocol 
optimised for the preparation ofl.tNPs is bighly reproducible in terms of nanoparticle properties and entrapment 
efficiencies as reported earJier21

• 
23

• Though LtNPs show near neutral surface charge, their stability is probably due 
to strong hydrophilic nature of the particle surface contributed mainly by both positive and negative fixed charges 
from side groups of amino acids. Unlike charged nanoformulations, low zeta potential of these nanoparticles 
may contribute to the enhanced circulation life of the particles by reducing opsonisation through mononuclear 
phagocytic system (MPS~45• Alao, the size ofUNPs obtained in the present study (160 nm), is considered to be 
particularly advantageous for passive accumulation in tumor tissue due to the EPR effect4'. '!he observed .stability 
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Fipre 7. Thmor volwne (A) and tumor area (B) in untreated mice (black. bar) and mice treated with TMZ 
(white bar) and TMZ-UNPs (grey bar). (C) Quanlitication of apopt:osis in Ul1.treated mice (black bar) and mice 
treated with TMZ (white bar) and TMZ-LfNPs (gray hill'). (n = 3, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
(D) Western blot of cleaved Cupase-3 in representative bunor lysate&. GAPDH is used as a loading control. 
Pull length blot has been given in Supplementary Information (]!) Kaplan-Meier survival curve: comparison of 
slll'Vival. in glioma bearing mice treated with: PBS (black curve), TMZ (blue clll'W) and TMZ-LtNPs (red curve). 
No of animals per treatment group= 6. 

ofLfNPs, as assessed by DLS, may also contnbute to the longer in vivo half-life. Further, the FT-IR spectra suggest 
the stability ofTMZ and Lf protein in the nanoformulations, as the characteristic peaks corresponding to TMZ 
and Lf are observed in the nanoformulation as well. Fourthly, LfNPs show a surprising ability to release TMZ 
(4-fold ~ess) at acidic pH. a phenomenon observed for several other drugs by our groupll, 24• This property 
may facilitate a triggered TMZ release within the acidic tumor interstitium and in the en.dosomal compartments, 
following LfR-mediated endocytosis ofLfNPs. The prolonged retention of intracellular drug when delivered as 
nanoformulation reported in many studiea23

• 
47

• 
48 is probably due to the reduced efllux kinetics of nanoform 

of drug as compare to free drug. The Lf receptor blocking studies suggest that the particle uptake process is 
largely detennined by the receptor endocytotlc process. The preferential release ofTMZ from TMZ-LtNPs at 
lower pH could be attributed to the pH dependent changea in the secondary structure of lactoferrin451• These 
structural changes may lead to a reduction in nanoparticle size thereby releasing the encapsulated drug. The 
receptor-mediated uptake ofLfNPs oorrtnbuted to an enhanced intracellular TMZ concentration and prolonged 
intracellular retention ofTMZ. leading to a significant reduction (10-fold) in ICso values ofTMZ on GL261cclls. 
This gives the advantage of using reduced dosage ofTMZ in the nanoformWations thereby minimising uowaoted 
side effects and resistance due to prolonged dosinf. 

The brain distribution studies ofhealthy mice showed an enhanced accumulation of the drug. The concentra
tion ofTMZ in brain wu found to increase by 3-fold when delivered via nanoparticl.es. Similarly, the plasma bio
avallabi.li:ty studies exhibited an lmprowd PK profile - AUC (area under the curve) and T tfl showed an increase by 
5-fol.d. and 2-fold respectively, when compared to free TMZ. The slgnifu:anrly higher brain accumulation ofTMZ 
may be attributed to the plasma stability ofTMZ-UNPs and the over-apression of LfR In brain and endoth.elial 
tissue whkh facilitates eflident crossing ofBBB by TMZ-LtNPs and accumulation In the brain. 

Tumor regreasion abilities ofNPs were studied in intraaanial orthotopic glioma mice model. AB compared 
to subcutaneous xenograft. intracranial orthotopic tumor models are considered to be more relevant in order to 
obtain accurate response to therapiesOO. 51• Moreover. GL261 based glioma model is coDBidered more appropriate 
for !rtu.dying human gliomas due to its infiltrative nature and also for carrying key mutations in p53 and K-ras 
genes that are similar to human gliomas51• Brain distribution studies in glioma mice model showed a preferential 
and more than 3-fold aa:umulation ofTMZ at the tumor site when delivered through LfNPs; as compared to free 
TMZ. This could be attributed to the combined e~ of passive accumulation, due to enhanced permeability 
and retention effect (EPR effect), and active targeting due to preferential binding with ovu-expressed LfR.s on the 
glioma tissue. The higher drug concentration at the tumor site ultimately led to significantly higher anti-tumor 
actMty in TMZ-LtNPs treated group as assessed by reduced tumor volume and significantly higher tumor cell 
apoptosis. The overall pharmacological benefit ofTMZ in TMZ-LfNPs showed a si.gni1i.cant improvement in 
slll'Vival. index of glioma bearing mice as compared to treatment with free TMZ. The Improved survival of glioma 
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mice either by encapsulating TMZ in tumor targeting nanocomplex11 or by sensitizing TMZ chemotherapy has 
been reported earlier.-53. 54• Additionally in this study, aloog with previous studies from our group21, it has been 
shown that LfNPs have excellent biocompatlble properties and the off-target effects of TMZ are si.gnificantly 
reduced when delivered via LfNlls. 

Therapeutic dosage of TMZ ia currently limited by the risk of developing myclosupprcssive disordcrsss. 
When delivered via LfNPs. TMZ did not result in any alteration in haematological parameters that are otherwise 
observed with free TMZ. Thus, a clear advantage ofLfNP is its potential to deliver efrective dosage of'I'MZ at the 
glioma site with miDimal toxicity. 

Conclusion 
The results presented here suggest that exploiting l.actoferrin nanoparticles (LfNPs) fur their ability to cross BBB, 
tumor-targeting and pH dependent drug release, provides a means to euhanc:e the therapeutic efficacy ofTMZ 
with reduced side-effects. L£R. specific uptake and subsequent tonclty on GL261cells leading to a significant 
reduction In tumor burden In orthotopic glioma model. subatantiating the utility of this formulation in glioma 
tu:atment. Prepared from a natnral and abundant protein with no modifications, UNPs were shown to be safe 
canif:r for TMZ. We atrongly believe that the ability of the nanofmmulation reported hf:rc to target tumor5 with a 
high degree of specificity may allow dose escalation and result in an improved response in glioma patients along 
with increasing the median life survival. Moreover, the proof-of-concept study provided here may be applied for 
other drugs. 

Methods 
Preparation ofTMZ·Ioaded Lf..nanoparticles. Temozolomide-loaded U-ll8l'l.oparticles (TMZ-UNPs) 
were prepared by a previously described sol-oU method with minor modi.ftcationgl2. 24• Briefly, TMZ dissolved 
in DMSO ( -25 mglml) was mixed with Lf prepared in phosphate-buffered saline (PBS) at 1:2 (w/w) ratio and 
Incubated for 30 min on lee. followed by addition of 20 ml olive oil. The .mixture was sonicated with a 30 s pulse 
followed by cooling for 1 min (Power range 50-8096). 1he cycle was repeated 15 times with temperature main
tained at 4 °C. '!he sonicated mixture was snap frozen in liquid nitrogen and then thawed on ice. '!he suspension 
was centrifuged at 30,000 x g for 15 min and the pellet. containing the particles, was washed thrice with diethyl 
ether followed by three washes with phosphate-buf~Ued saline (PBS) to remove excess oil and free TMZ. FiDally, 
the particles were dispersed In PBS and stored at 4 OC till further use. Alt£rnatd.y, the particles were dispersed in 
double distilled water, snap frozen and lyophilized. Fluorescein (FL)-loaded Lf-nanopartides (FL-UNPs) were 
prepared using the above mentioned method acept that FL was used in place ofTMZ. 

Characterization of Nanoparticles. For TEM analysis, LfNPs were resuspended In 0.01 M PBS (pH 5.5 or 
7.4). Th.e particles were then placed on carbon coated copper 300 mesh grids, air dried and stained using 1% aque
ous solution of uranyl acetate fur 1 min. The samples were examined using Transmission Electron Microscope 
(JEM-2100, MLSJeol Limited. 'Th.chikawa. Tokyo. Japan). 

The hydrodynamic diameter, polydispersity index (PDI) and zeta potential were analysed by SZ-100 
Nanopartica analyzer system (Horiba Scientific, USA) equipped with a Diode-pumped solid-state (DPSS) laser 
of wavelength 532 nm. Measurements were made by suspending the particles in 0.01 M PBS (pH 5.5 or 7.4). 

For, in vitro stability studies, TMZ-LtNPs were prepared as described earlier, and stored in PBS at 4 °C. At 
regular time intervaJs, aliquots were withdrawn, mildly sonicated and analyzed for their hydrodynamic diameter 
using DLS as described above. 

Determination of drug encapsulation efficiency and drug loading content. TMZ entrapment 
efficiency in nanoparticles was determined by resuspending 0.5 mg TMZ-LfNPs in 1 ml of PBS (pH 5.0) and 
incubated for 4h at 37 "C on a rocker. 100 J1l of20% AgN03 was then added to precipitate the l.ac:toferrin proteiD, 
followed by addition of 900 J1]. of mobile phase (a mixture of water: methanol: acetonitrile (45:45:10 v/v), pH 
adjusted to 3.0 with o-phophosphork acid). The mixture was centrifuged at 30,000 x g for 15 min. supernatant 
was collected and filtered through a 0.2J1D1 syringe :filter. The amount ofTMZ released was quantified using an 
Agilent 1200 series reversed-phase high perfonnance liquid chromatography (RP-HPLC) system. Separation was 
curled out by using a Zorbu 300 SB-C18 column (250 mm x 4.6 mm, 5 JUil particle size, Flow rate - 0.5 mlmin-1, 

Injection volume - 200 pi and run time- 10 min). TMZ was estimated by its absmption at 340 run. The limit of 
detection of TMZ by this method was found to be 10 ng mi-1• All experiments Wl!!re performed in triplicates. 
TMZ entrapment efficiency and drug loading content was calculated by the following formulae. 

Ena. ulation efficiency (96) = (Mass of the drug in NP) x 100 
ps (Initial mass of drug used) (1) 

D loadin ca "ty = (Mass of the drug in NP) x 100 
rug g paa (Total mass of the NP) (2) 

In vitro TMZ release studies. NPs (0.5 mg) were resuspended in different pH values (1-8) ofl ml of 0.01 M 
PBS and incubated fur 4h at 37 °C on a rocker. 100 f.11 of20% AgN03 was then added and followed by addition of 
900 f.ll of mobile phase. Samples were collected by centrifugation at 30,000 x g fur 15 min. TMZ released from the 
llaDOp8rticles was quantified using HPLC as described in supplementary information. 

To study the release kinetics of TMZ from TMZ-LfNFs, the nanoparticles (10 mgmi- 1) were resuspended 
in PBS (pH 5.5 or 7.4) and placed in dialysis tubings (MWCO 8kDa to 12 kDa) and incubated in an incubator 
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shaker at 37°C. Samples were collected at various time intervals (0 to 72h) and analyzed for TMZ using HPLC as 
described in supplementary infonnation. 

Cell culture. All the cells (GL261, HepG2 and A549) were maintained in a growth medium composed 
of Dulbecco's modified Eagle's medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum 
(Invitrogen), 51J.Sml-1 penicillin, 61J.gml-1 streptomycin and 10 ~J,gml-1 kanamycin. Cells were grown and main
tained in 5% col, 95% relative hwnidity at 37 °C. 

Receptor-mediated endocytosis ofTMZ-LfNPs. Lf receptor (LfR) expression in GL261 cells was deter
mined by western blot. Briefly, GL261 cells along with positive (HepG2) and negative control (A549) cells were 
homogenised in radio-immuno-precipitation assay buffer (RIP A: 50mM Tris-Cl pH 8.0, 150mM NaCl, 2mM 
EDTA, 1% (w/v) NP-40, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS containing protease inhibitor cock
tail ( G-Biosciences, India). The homogenate was subsequently centrifuged to remove insoluble debris and pro
tein content of the lysate was estimated using Bradford's method. 20 I1S of protein was then resolved using 12% 
SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was subsequently blocked with 5% BSA 
and probed with primary anti-LfR antibody followed by secondary antibody conjugated with horseradish perox
idase. The blot was developed by a Vllber-Lourmat Chemiluminescence Imaging System using the Chemi-Capt 
software, after adding the Pierce111 ECL Western Blotting HRP substrate (Thermo Scientific). To investigate the 
role of LfR in the cellular internalization of LfNFs, a receptor blocking experiment was performed. The uptake 
of LfNPs was assessed by pre-incubating cells with anti-LtR antibodies ( 1 :300) in serum-free medium for 1 h. 
Subsequently FL-LfNPs (100 f.LSml-1

) were added to the cells and further incubated for 2h. After incubation, 
the cells were processed for confocal microscopy as mentioned previously. The effect of receptor blocking on 
TMZ delivery through LfNPs was investigated using HPLC. Briefly, GL261 cells (1 x 106) were incubated with 
anti-LfR antibody in serum-free media for 1 h followed by 2 h incubation with TMZ-LfNPs ( 100 JiSml-1 ). After 
incubation, cells were washed thrice with PBS and sonicated in PBST for 30 s. Protein in the cell lysate was precip
itated by adding equal volumes of 20% silver nitrate (AgN03) and incubated overnight at 4 °C. The precipitated 
protein was separated by centrifugation at 11000 x g for 15 min at 4 °C and TMZ was quantified using HPLC as 
mentioned previously. 

Animal experiments. All animal experiments were conducted in accordance with protocols approved by 
the Institute's Animal Ethics Committee of Centre for Cellular and Molecular Biology, which was constituted by 
the national body, Committee for the Purpose of Control and Supervision of experiments on Animals, (Project 
numbers 41/2016). Adult C57BL/6 mice (22-24g) were maintained at 22 oc on a 12h light and dark cycle in 
polyethylene cages with stainless steel lids with ad libitum access to food and water. Glioma generation was per
formed under anaesthesia using intraperitonial (i.p) injection of a mixture ofKetamine (120mgkg-1

) and xyla
zine {6mgkg-1) in saline. For survival studies, 6 animals in each group and for all other in vivo experiment, 3 
animals each group were utilized. 

BBB crossing capability and brain localization studies of LfNPs in healthy mice. 9 animals were 
randomly divided in three groups (n = 3) and intravenously injected with (i) PBS, (ii) 100 Ill of free Lf (2 mgml-1) 

and (iii) LfNPs (equivalent dose of free Lf). After 24h, hearts of the treated mice were perfused with 4% para
formaldehyde. Subsequently, brain tissues were removed, snap frozen in liquid nitrogen and stored at -80 °C till 
further use. 

For immunohistochemistry, frozen brain tissues were embedded in OCT tissue freezing medium (Leica 
Biosystems) and cryosectioned to obtain 5 J.Uil thick sections on positively charged slides. The tissue sections were 
fixed in isopropanol for 5 min and incubated with anti-Lf antibody at room temperature (RT) for 1 h, followed 
by staining with Alexa Fluor-488labelled secondary antibody. The sections were counterstained with propidium 
iodide (PI) and visualized under a confocal fluorescence microscope. 

For transcytosis studies, mice were intravenously injected with 100 Ill ofFL-LfNPs (2mgm1-1
). Brain sec

tions, obtained by the procedure described earlier, were blocked in 5% BSA for 1 h followed by incubation with 
CD31 antibody diluted in PBS containing 0.05% Tween 20 {1:300) for 12 hat 4 °C. The sections were washed and 
incubated with a Cy3-conjugated secondary antibody and processed as described above. Autofluorescence was 
removed by treating brain sections with freshly prepared 1% (w/v) NaBH. in PBS for 20 min before immunostain
ing. Subsequently, the sections were incubated in 1 mM cupric sulphate and 50 mM ammonium acetate solution 
(pH 5.0) for 1 h56• 

Pharmacokinetic studies. C57BU6 mice were intravenously administered with free TMZ and TMZ-LfNPs 
(with an equivalent TMZ dose of 10 mg kg-1 body weight), via tail vein injection. 200 Ill of blood was collected 
by retro-orbital plexus at indicated time points, 0.083, 0.25, 0.5, 1, 2, 4, 8 and 24 h following injection. Plasma was 
separated from the blood samples, followed by 30 min incubation with equal volume of 20% AgN03 at room 
temperature {RT). Subsequently, the homogenates were centrifuged at 11000 x g for 15 min at 4 oc and the super
natant was collected and filtered using a 0.2 IJ.lll syringe filter and assayed for TMZ concentration using HPLC 
as mentioned earlier. At 24 h mice were euthanized and brain was collected and assessed for TMZ uptake using 
HPLC. Pharmacokinetic parameters from quantified TMZ were calculated using Kinetica V.S.O software with 
non-compartmental model of estimation. 

Orthotopic glioma model generation. Thmorwas developedbyintracranialimplantation ofGL261 cells 57•511• 

Briefly, C57BU6 mice (21-22 gm) were anesthetised by i.p. injection ofXylene/Ketamine and cells (1 x 1lr cells 
in 3 j.i.l PBS) were injected stereo-tactically into the right striatum (1.8 mm lateral to the bregma at 3 mm depth) 
using a Hamilton syringe {Harvard Apparatus, UK) along with a 26-gauge needle at 0.2j.i.lmin-1 attached to a 
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stereotaxic frame (Stoelting, USA). Wounds were closed with sutures and mice were carefully monitored until 
recovery from anaesthesia. 

In vivo tumor targeting studies. The ability of systemically administered LfNPs to deliver TMZ at 
the tumor site was evaluated using HPLC. Six Glioma bearing C57BL/6 mke were randomly divided in two 
groups (n = 3) and treated with free TMZ ( 5 mg kg-1 body weight) and equivalent doses of TMZ in TMZ-LtNPs. 
Different parts of the brain tissue were isolated and TMZ was quantified using HPLC as described above. 

In vivo tumor regression and survival studies ofTMZ-LfNPs in glioma bearing mice. Nine intrac
ranial glioma bearing mice, were randomly divided into three groups (n = 3) and n:lected with: (i) PBS (ii) TMZ 
(5 mgkg-1 body weight) and (iii) TMZ-LtNPs (equivalent dosage ofTMZ) on 3rd, 5 , Tit and 9th day as described 
in the schedule given (Fig. 6A). When all the PBS treated mice succumbed to death (14th day after the GL261 
cells implantation), brain tissues from all the experimental groups were collected and fixed with 10% formalin 
( 48 h). The tissues were then embedded in paraffin wax followed by sectioning (5 ~ sections) and staining with 
Haematoxylin & Eosin (H & E) using standard protocols. The tumor area in the histology sections was measured 
using Image] software. To calculate the tumor volume (V), the maximum diameter (a) and minimum diameter 
(b) of tumor mass in the whole brain tissue was measured using vernier caliper and the tumor volume was calcu
lated using the below formula. 

Tumor volume (V) = 0.5 ab1 

For survival curve analysis, another set of 18 intracranial glioma bearing mice were randomly divided into 
three groups (n = 6) and treated as above in accordance with the treatment schedule (Fig. 6A) and monitored 
for their survival till they became moribund. Survival data was analyzed with log-rank test in Kaplan Meier 
non-parametric analysis mode. 

The in vivo response to TMZ-LtNPs was assessed by quantifying the level of apoptosis in tumor tissue using 
FITC Annexin V /dead cell apoptosis kit (Molecular probes). Briefly, the glioma bearing mice, after treatment with 
either PBS, TMZ or TMZ-LtNPs as described earlier were euthanized and the tumor bearing brain was dissected 
Single-cell suspensions were obtained by collagenase digestion5' . Subsequently cells were passed through a 70 IJJll 
cell strainer (BD Falcon), stained according to the supplier's protocol and analyzed using flow cytometry ( Gallios, 
BecKman Coulter). Gating on forward and side scatter was done to exclude cell debris and 10,000 gated events 
were recorded. Data was analysed using Kaluza flow cytometry analysing software provided by the supplier. 

Apoptosis was further analyzed by determining the levels of cleaved Caspase-3 using western blot Briefly brain 
tumor lysate was processed as mentioned earlier and 20 11g of protein was resolved on a 12% SDS-polyacrylamide 
gel, transferred to nylon membrane and probed with antibody against Caspase-3 followed by secondary antibody 
conjugated with horseradish peroxidase and the blot was developed as described above. 

Toxicity studies in glioma bearing mice. Toxicity related parameters were tested at the end of the treat
ment in glioma bearing mice (schedule and dosages are as described above) by collecting blood samples for 
haematological and serwn chemistry analysis. The complete blood picture from untreated control and treated 
mice was obtained using haematology analyzer Elite 5, as per manufacturer's protocol. The following enzymes 
were tested for hepatotoxicity; alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline 
phosphatase (ALP). For nephrotoxicity creatinine (CRE) and blood urea nitrogen (BUN) were studied Lactose 
dehydrogenase (LDH) was monitored for cardioto.xicity. Activity of all above mentioned enzymes were measured 
by using biochemical kits as per the manufacturer's protocol (Tulip Pvt. Ltd). 

Statistics. The statistical significance was determined by using two-tailed unpaired student's t test P-values 
of <0.05 were considered significant Statistical significance for Kaplan Meier curves was determined by log rank 
analysis. All values were expressed as the Mean± Standard Deviation (S.D) of triplicate experiments. Data anal
ysis was performed in Microsoft Excel and Origin Pro 8 software from Origin Lab. 
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Safety of Nonporous Silica 
Nanoparticles in Human Corneal 
Endothelial Cells 
Ja-Yeon Kim0 1, Joo-Hee Parkt:)1, Martha Kim1, Hyejoong Jeong2, Jinkee Hong2, 

Roy S. Chuck3 & ChouiYong Park1 

Nonporous silica nanoparticles (SiNPs) are promising drug carrier platfonns for intraocular drug 
delivery. In this study, we investigated the safety of three different sizes of SiN Ps (50, 100, and 
150 nm) in a human corneal endothelial cell (HCEC) line, B4G12. The HCECs were exposed to different 
concentrations (0, 25, 50, and 100 IJQ/ml) of three sizes of SINPs for up to 48 h. Cellular viability, 
autophagy, lactate dehydrogenase (LDH) assay, and mammalian target of rapamycin (mTOR) 
pathway activation were evaluated. Intracellular distribution of the SiN Ps was evaluated with 
transmission electron microscopy (TEM). TEM revealed that the SiN Ps were up-taken by the H CECs 
inside cytoplasmic vacuoles. No mitochondrial structural damage was observed. Both cellular viability 
and LDH level remained unchanged with up to 100 IJg/ml of SiNP treatment. Autophagy showed a 
significant dose-dependent activation with 50, 100, and 150 nm SiNPs. However, the mTOR activation 
remained unchanged. Human corneal tissue culture with 100 pg/ml concentrations of SiNPs for 72 h 
revealed no signific:ant endothelial toxicity. In vivo c:ornealsafety ofthe SiNPs (0.05 ml intracameral 
injection, 200 mg/ml c:onc:entration) was also verified in rabbit models. These findings suggested that 
50, 100, and 150 nm SiNPs did not induce acute significant cytotoxicity in corneal endothelial cells at 
concentrations up to 100 pg/ml. However, long-term toxicity of SiNPs remains unknown. 

Human corneal endothelial cells (HCECs) comprise a monolayer of cells located in the innermost area of the 
cornea. HCECs are important in maintaining corneal transparency through their role in ionic pumping (Na+/ 
K+ pump )1•2• They normally do not divide to replace injured cells in vivo. Therefore, significant injury or loss of 
HCECs eventually result in severe corneal edema and loss of transparencf. 

Amorphous silica nanoparticles {SiNPs) are commonly used as additives to cosmetics, printer toners, pack
aging, and irnaging3. They are actively being investigated as promising nanocarrier systems for drug delivery to 
various human tissues3• The large surface area to volume ratio, a stable chemical structure, and ease of surface 
modification increased the attractiveness of SiNPs as promising drug carrier system' . However, biodegradability 
and biocompatibility of SiNPs should be considered for safer and reliable biologic applications because retaining 
of SiNPs in human body can cause undesirable long-term health effect. Recently, biodegradable hollow meso
porous types of SiNPs were introduced for more safe effective drug carrier4.5. 

SiNPs are one of the promising intraocular drug delivery platforms6
• The recent observation that corneas are 

permeable to small sizes {5-50 run) of SiNPs suggests their use as an ophthalmic drug delivery system7
• However, 

the possible cytotoxicity is a concern. SiNPs are known to induce biological effects and cellular toxicity depending 
on the SiNP size, concentration, and cell typ~. Previously, our group reported the effect of various sizes of SiNPs 
on cultured human corneal epithelial cells and keratocytes. We verified the lack of significant cytotoxicity of 50, 
100, and 150 nm SiNPs up to a concentration of 100 ~ml in culture media10•11• 

SiNP-based ophthalmic medication can reach intraocular space by topical application or intraocular injection 
into the anterior chamber or vitreous cavity. Regardless of the route of administration, the major clearance of 
intraocular SiNP can be through an aqueous outflow pathwayl2• Therefore, a significant contact between SiNPs 
and HCECs is expected, and the safety issue ofHCECs is raised 

1Department of Ophthalmology, Dongguk University, llsan Hospital, Goyang, South Korea. 25chool of Chemical 
Engineering and Materia I Science, Chu ng-Ang University, Seoul, South Korea. 3Department of Ophthalmology and 
Visual Sciences, Montefiore Medical Center, Albert Einstein College of Medicine, Bronx, NY, USA. Correspondence 
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Dlldlle4 .... DPBS .Media 
l!be<-) ~(am) Zeta paiiDtill (.V) Dllpcnity (") Zeta pGtmlla1 (.IV) Zeta paiiDtill (IILV) 

50 50.68±2.93 -56.63±3.70 5.79 -3.77±1.36 -1.2±0.6 

100 102.81 ±3.78 -74.67±1.00 3.68 -2.30±1.47 -0.2±0.6 

150 149.41 ±8.39 -75.87±3.20 5.62 -6.90±1.51 -2.7±1.1 

Table 1. Size and zeta potential of the SiNPs (at a concentration of 1 mglmL) investigated in this study. *Data 
presented as mean± standard deviation. *Abbreviation: DPBS (Dulbecco's phosphate-buffered saline). 
*Culture medium: DMEM/F 12-FBS 10%. (reprinted with permission from Yim B, Park JH, Jeong H, et al. 'Ihe 
effect of nonporous silica nanoparticles on cultured human keratocytes. IOVS. 2017;58:362-371.)1°. 

To further extend our previous studies, monodisperse nonporous SiNPs with diameters of 50, 100, and 
150 nm were employed to investigate how particle size and concentration affect the biological activities ofHCECs. 
Specifically, the effect of different sizes and concentrations of SiNPs on critical biological responses, including 
cellular viability and autophagy, was evaluated. Furthermore, the effect of SiNPs on the mammalian target of 
rapamycin (mTOR) pathway, the upstream cellular proliferative pathway, was investigated. Finally, human ex vivo 
corneas and in vivo rabbit models were used to verify the safety of SiNPs in corneal endothelial cells. 

Results 
Characterization of SiNPs. The morphologies of each SiNP used in this study were observed by scan
ning electron microscope (SEM), and the size distribution graphs were previously reported 11

• The average sizes 
ofSiNPs were measured as 50.68, 102.81, and 149.41 nm11

• Dispersity of the nanoparticles was detennined on 
the basis of the coefficient of variation. Nanoparticles with under a 5% coefficient of variation were defined as 
monodisperse nanoparticles. The stability of SiNPs in different aqueous solutions was investigated as the meas
urement of the zeta potential. In distilled water, the SiNPs showed a high zeta potential of over -50 m V and this 
means good stability and dispersion. In comparison, the SiNPs dispersed in Dubelco's phosphate-buffered saline 
(DPBS) showed a lower zeta potential close to a neutral charge. The significant change of zeta potential of the 
SiNPs means the offset by various salts contained in DPBS. Our result also demonstrated that the charges of the 
SiNPs are almost neutral in a cell culture medium and this suggested SiNPs are prone to agglomeration in culture 
medium (Table 1)10• 

Intracellular Distribution of SiNPs. Transmission electron microscopy (TEM) revealed that SiNPs were 
localized primarily in cytoplasmic vesicles ofHCECs (Fig. 1). No SiNPs were observed inside the mitochondria. 
Mitochondria and nuclear membrane remained intact with the treatment ofSiNPs (Fig. 1). 

Cellular Viability and Lactate Dehydrogenase (LDH) Assay. In general, the viability of HCECs did 
not significantly change because of exposure to SiNPs (Fig. 2). Mild increases in the viability of HCECs were 
observed sporadically, as shown in Fig. 2, with 50 !Jg/mL of 50 nm SiNPs after 24h of incubation. In addition, 
LDH, which is released through cell membrane damage, showed no increase with the treatment by SiNPs (Fig. 3). 
A mild decrease in LDH release was specifically observed in 50 nm SiNPs after 48 h of incubation. 

Cellular Autophagy. The autophagy marker (LC3A/B) was used to investigate the effect of SiNPs on the 
cellular autophagy system (Fig. 4). With the activation of autophagy. LC3A/B II increased relative to LC3A/B I. 
The SiNP addition triggered a significant dose-dependent increase in the LC3A/B II protein expression, and this 
phenomenon was observed in all three sizes of SiNPs, especially at the 100 ~mL of concentration. The activation 
of autophagy was also demonstrated by the increased LC3B proteins in the cytoplasm as a result of the SiNPs 
treatment, and this was shown by the immunocytochemical analysis (Fig. 5). 

mTOR Pathway Activation. We measured the expression level of phosphorylated mTOR (p-mTOR) and 
mTOR (Fig. 4). The increase in phosphorylated mTOR indicated the activation of the pathway. The expression 
of p-mTOR showed no significant change with the SiNP addition when compared with the nonnal control. Our 
finding suggests that 50, 100, and 150 nm SiNPs do not inhibit mTOR signal transduction, which is one of the 
most important cell survival pathways. 

Ex Vivo HCEC Toxicity Assay. We used a low concentration of trypan blue (0.005%) mixed with minimum 
essential media (MEM) to minimize the endothelial cell toxicity during the staining procedure13• The trypan 
blue-stained area showed no significant difference compared with the baseline in all SiNP-treated corneas after 
72 h of incubation (Fig. 6). After the SiNP treatment, the corneal endothelial cells effectively maintained a normal 
hexagonal actin skeleton, as revealed by the phalloidin staining (Fig. 6). 

In Vivo Corneal Endothelial Cell Toxicity Assay. The rabbit corneas maintained their transparency for 
two weeks after the intracameral injection of SiNPs. No corneal haze, edema, or limbal vascular abnonnality 
was observed both in the control and in the SiNP-treated eyes. The iris appeared nonnal, and the crystalline lens 
was clear both in the control and in the SiNP-treated eyes. The hexagonal structure of corneal endothelium was 
well maintained, and no significant difference was found in the endothelial cell density between the control and 
treated groups (Fig. 7). The histopathologic evaluation revealed no difference in the corneal endothelial appear
ance between SiNPs-treated and control corneas (Fig. 7). 

SCIENTIFIC REPORTS 17: 14566 I D01:10.1038/s41598·017·15247-2 2 



www. nature .com/scie ntifi ere ports/ 

Figure 1. Cellular uptake of SiNPs in HCECs evaluated by TEM. HCECs were cultured with various sizes of 
SiNPs for 24 h (B,C, and D). The SiNPs (black spheres) were mainly accumulated in the cytoplasmic vesicles 
(black arrows in F,G, and H), and no SiNPs were observed in the negative control (A and E). The mitochondria 
remained intact with no visible damage (blank arrows in E to H). A: negative control with no SiNP, B: 50 nm 
SiNP added (100~tg/mL), (C) 100nm SiNP added (lOO~tg/mL), (D) 150nm SiNP added (100~tg/mL). Panels E 
to H are magnified images of the rectangular area of panels A to D, respectively. Error bar means 2 11m (A to D) 
and 11.L111 (E to H). 

Discussion 
In this study, we found that monodisperse nonporous SiNPs of 50, 100, and 150nm sizes induced no signifi
cant cytotoxicity in cultured HCECs up to 48 hand at a concentration of up to 100 j.Lg/mL. Cellular autophagy 
showed a dose-dependent increase with high concentrations of SiNPs, but the mTOR pathway remained intact. 
The human corneal tissue culture model demonstrated no significant cytotoxicity ofSiNPs (100 j.lg/mL) after 72h 
of exposure. The safety of SiNPs was further verified in vivo with the rabbit intracameral injection model. 

For efficient intraocular drug delivery, nanoparticle-based ocular drug delivery systems, including gold, 
carbon, lipid, chitosan, liquid crystalline, and albumin nanoparticles, have been actively investigated1

4-
19

• As 
a nanocarrier system, SiNPs have a great potential for ocular drug deliverf 0

•
2 1

• SiNPs have a stable chemical 
structure, a large surface area to volume ratio, ease of surface modification, and tolerable biodegradability, 
which all increase their attractiveness for biologic applications3• However, safety must be verified22

, and 
as mentioned earlier, the safety of SiNPs has always been a challenge for clinical application. The crystal
line form of silica is toxic to alveolar cells and can induce irreversible pulmonary silicosis23

•
24

• Conversely, 
amorphous silica, such as nonporous silica particle, is considered relatively biologically safe because of 
its biodegradability25- 27• Biodegradation and clearance are essential for biomedical use of nanoparticles 
because chronic accumulation of nanoparticles in human bodies can lead to serious long term complica
tions. It was reported that 5 to 10 nm sized nonporous SiNPs degraded in two weeks28• Furthermore, smaller 
and porous SiNPs degraded faster than larger and nonporous SiNPs28

• It was reported that mesoporous 
SiNPs biodegraded in human umbilical vein endothelial cells and human embro kidney (HEK) 293 
T cells29•30• Nevertheless, negative reports have suggested the significant nanotoxicity caused by SiNPs31- 35• 

The nanotoxicity of SiNPs seems to be dependent on size, dose, and cell types9•36• Therefore, the toxicity of 
silica nanoparticles should be evaluated independently in every target organ system by means of both in vivo 
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Figure 2. Cellular viability assay. Cellular viability was measured using the CCK -8 kit after incubation at 24 h 
(A to C) and 48 h (D to F) of various concentrations of 50, 100, 150 nm-sized SiNPs. The graphs show a mild 
increase in viability with SiNP addition for 24 h and 48 h. However, statistical significance was found only with 
50 j.tg/mL of 50 nm-sized SiNPs at 24h of incubation (B). Triplicates of each treatment group were used in each 
independent experiment. Values are the mean ± SEM from three independent experiments. **p < 0.01. 
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Figure 3. LDH assay. LDH released from HCECs was measured at 24 h (A to C) and 48 h (D to F) of incubation 
of various concentrations of 50, 100, 150 nm-sized SiNPs. LDH decreased significantly with SiNPs of 100 nm at 
a 75 j.tg/mL concentration after 24h ofincubation (B) and with SiNPs (10-100 j..Lg/mL concentration) of 50 nm 
after 48 h of incubation. Triplicates of each treatment group were used in each independent experiment. Values 
are the mean± SEM from three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001). 

and in vitro toxicity tests. For the ocular system, no direct toxicity of SiNPs in retinal and corneal cells has 
been previously reported6•37• In addition, our group recently reported the in vitro safety of 50, 100, and 150 
nm -sized nonporous SiNPs by using the primary culture of human corneal epithelium and keratocytes 10

•
11

• 

SCIENTI FIC REPORTS 17: 745661 DOI:10.1038/s41598-017-15247-2 4 



www. nature .com/scie ntifi ere ports/ 

A 

B 

SOnm-SiNP (IJg/rnl?) lOOnm-SiNP (IJg/rnl?) 150nm-SiNP (IJg/m~) 

0 25 50 100 0 25 50 100 0 25 50 100 

LC3AIB I 

LC3AIB IT 

p-mTOR 

mTOR 

~-actin 

:;; 
g 
0 

~ 
~ 

---
LC3AIB LC3AIB LC3AIB 

:;; :;; g4 g 
0 

f 3 
0 

~ 
"" ~ = 2 
!!1 
< 
81 
..J 

SINP (50nm) (flg/ml) SINP (100nm) (flg/ml) SINP (150nm) (flg/ml) 

Figure 4. Effect of SiNPs on the autophagy and mTOR pathway ofHCECs. (A) The expression levels for the 
autophagy signal, the LC3NB proteins, and the levels of mTOR were detected by Western blot analysis in 
HCECs treated with SiNPs for 24h. For the LC3A/B, the inactive is I form and the active is II form. For the 
mTOR, the active form is phosphorylated mTOR (p-mTOR). (B) The relative densitometric analyses of Western 
blots showed the dose-dependently increased expression of LC3NB II form with high concentrations of SiNPs 
(50, 100, and 150 nm) added. (C) The mTOR signal activation did not significantly change with the treatment 
of SiNPs at a concentration of up to 100 ~g/mL. Relative densitometry was calculated as a fold change from the 
control, and all values (mean± SEM) were obtained from three independent experiments; each independent 
experiment was performed in triplicate (*p < 0.05, **p < O.ol, ***p < 0.001). 

Although, the lack of acute toxicity of SiNPs on cultured human corneal epithelial cells and keratocytes was 
verified in our previous reports10

•
11

, further verification of the safety of SiNPs in HCECs is madatory. Corneal 
epithelial cells and keratocytes possess regenerative capability and they can actively repopulate the damaged cells 
within several weeks after the injury. However, HCECs are lack of regenerative potential and any injury to HCECs 
can lead to the irreversible loss of corneal transparency and serious visual deterioration2

• After penetrating the 
cornea, all nanoparticles disperse into aqueous humor. The aqueous outflow pathway is the most important clear
ance pathway for intraocular porous silicon micro-particles12

• Until full clearance is obtained through the tra
becular meshwork, SiNPs can remain in contact with HCECs for a prolonged time. Therefore, our current study 
regarding HCEC safety is an important step in the safety clearance for the future development of SiNPs as an 
ocular topical drug delivery system. 

In this study, SiNPs treatment increased autophagy in HCECs. This finding is consistent with previous 
reports that SiNPs can induce cellular stress38- 41• The similar elevation of autophagy by SiNPs was observed 
in our previous reports using human corneal epithelial cells and keratocytes10

•
11

• Autophagy is known as a 
natural cellular process that cleans up unnecessary and dysfunctional cellular components for recycling42

• It 
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Figure 5. Effect of SiNPs on the autophagy ofHCECs. Immunocytoch.emical. staining with LC3B antibody 
revealed the inaeased autophagy in HCECs with 100 11{9'mL of 50 nm SiNP (B), 100 nm SiNP (C) and 150nm 
SiNP (D) addition. Yellow arrows indicate the celJs with increased LC3B sblining (green). 'Ihe DAPI stained 
nucleus with blue and red repreaents the F-actin. The negative control ia HCECs with no SiNP addition (A). 
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Figure 6. Effect of SiNPs on ex vivo human corneas. (A) Trypan blue m.ining of ex vivo cornea revealed no 
significant difference in endothelial cell death (blue stained area) with the addition of 50, 100 and 150 run-sized 
SlNPs (100 l!g/mL) for 72h compared with the control (before SiNP treatment). B. 1he hexagonal architectme of 
the corneal endot:heliwn ia well maintained after 72 h of treatment of each SiNP size. lhe DAPI stained nucleus 
with blue and red represents the F-actin. 

also helps cells to ~e external stress and survive in harsh environments. Recently, it was reported that 
autophagy promotes the degradation of pol~leneimine-alginate nanoparticles in endothelial progenitor 
ceUs4l. Another study reported that the increased osteoblast proliferation was induced by autophagy after 
tantalum nanoparticle exposure« . Therefore we hypothesize autophagy system is one of the cellular mech
anism to overcome SINP-induced stress. It 1.8 noteworthy that mTOR pathway and cell viability remained 
intact even with increased autophagy in our study. 

Unfortunately, the primary culture ofHCBCa baa a limited proliferation capacity. Using primary cultured 
HCECs from different donors can cause donor-specific effects, such as age and topography-related (central 
vs. peripheral origin) effects on experimental resultsz. Therefore, because our studies required a great num
ber of homogeneous cells, we used the HCBCs cell line B4G 12 in this study. This cell line is one of the two 
clonal lines obtained from the HCEC-12 cell line, which was made by the immortalization of parental cells 
from a 91-year-old woman (http:l/www.creative-bioarray.com/HCEC-B4Gl2-CSC-C3457 -item-1468.htm). 
B4Gl2 can provide sufficient homogenous cell numbers for multiple experiments. As observed in many 
cell lines, the properties ofHCECs and B4G12 are not always the same. Nevertheless, B4Gl2 adequately 
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Figure 7. Effect of SiNPs on in viW> rabbit corneas. (A) Corneal transparency of rabbit corneas is well 
IIlllintab1ed at two weeks after the intracameral injection (200 mg/mL. 0.05 ml) of three sizes (50, 100, and 
ISO nm) of SiNPs. (B) The hexagonal attbitccturc of the corneal endothelium is well maintained after two 
weeks of treatment of each SiNP size. The DAPI stained nucleus with blue and red represents the F-actio. (C) 
Endothelial cell oount was performed in 500 llJD. x 500 llm square areu. Cell density was not affected by two 
weeks after SiNPs treabnent. (D) Histologic enmination (Hematoxylin and Eosin staining) revealed normal 
comeal endothelial celllaya- in both control and all treated groups. Lower panels an: magnified images of 
rectangular area of upper panels. 

expresses HCEC-specific 9.3. E-antigen, Z0-1, and occludin45.1n addition, B4Gl2 transplanted to replace 
corneal endothelium in rabbit eyes wu able to successfully restore the Na+IK+ pump function and main
tain corneal transparency46. B4Gl2 has been actively used as an ideal model for differentiated HCECs 
because of its morphologic and functional simiJarity"'-49. 

To compensate for the limitation of using immortalized B4Gl2 cells, we further verified the safety of SjNps 
by using ex vivo human corneas and an in vivo rabbit model. We found that 50, 100, and 150 om-sized SiNPs 
induced no significant endothelial tonclty in both human and rabbit corneas. 1he well-maintained hexagonal 
architecture suggests that the SiNPs did not cause significant cellular damage at the tested coru:ent:ratl.on. 
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Our study has several limitations. First. we tested limited sizes and concentrations of SiNPs (up to 100 J.l8/mL 
and three different sizes). A further increase in SiNP concentration to a higher range or with smaller particle sizes 
may possibly induce slgnt6cant cellular damage in HCECs. Moreover, the uptake of SiNPa by cells may eventu
ally lead to the chronic perturbation of intracellula:r mechanisms and cellular damage. Therefore, a clo.se in vivo 
obacrvati.on for an cxt.c:ndcd period of time (e.g., years) is nccessuyto further verify the sakty of SiNPs. Second, 
the long-term exposure effects ofSiNPs on HCECs are lacking. Note that ex vivo human corneal tissue culture is 
different from the in vivo environment because the dynamic circulation of aqueous humor is absent in a tissue 
culture setting. 

In summary, we found SiNPs of sizes 50, 100, and 150nm to be safe in HCBCs at up to nh of exposure. 
The cellular uptake of SiNPs was localized inside the vacuoles of the cytoplasm with no nuclear membrane or 
mitochondrial damage. 1he cellular surviwl in the mTOR pathway remained intact, although some activation of 
autophagy was observed at higher concentrations ofSiNPs. The cellular viability ofHCECs was not affected at up 
to 48 b of exposure to SiNPs at the tested concentrations. The human corneal tissue culture revealed no significant 
toxicity of SJNFs at 100 11g/mL of concentration at up to 72h. The In vivo rabbit model further verified the lack of 
tmicity of SiNPs in corneal endothelial cells. 

Conclusions 
Our current study verified the safety of 0, 100, 150 nm sized SiNPs in human HCECs. 1hese findings can facllJ1ate 
the future development of the SiNP-based ophthalmic drug deUvery method for iDtractable eye diseases. 

Materials and Methods 
Synthesis and Characterization of Nanoparticles. Three sizes of silica (SiOJ nanoparticles (SiNPs; 
sizes: 50, I 00, and 150 nm) were manufactured using the StOber synthesis method as previously reported1o.11• 

The synthesis of SO nm ofSiNPs stamd with mixing 2 mL of ammonia (~OH, 2896, Junaei, Tolcyo. Japan) and 
SOmL of ethyl alcohol (EtOH, anhydrous, 99.5%, Daejung, Kyeonggi, Korea) were first mixed. Then, 1 mL of 
tetraethyl orthosilkate (TEOS, Samchun, Gyungsi, Korea) was added. Similarly, 100 run and 150 nm of SiNPs 
were prepared using equal molar ratios of ingredients. Afterward, 1.5 mL ofTBOS was added to the mixture of 
3 mL solution of ammonia in 50 mL of ethyl alcohoL Then. the solutions were stirred continuously for 12 hat an 
ambient condition {25 ac, 1 atm). Smaller-sized SiNPs could be produced by quickly addmg TEOS while stirriDg 
the solution. 1he prepared SiNPs were washed with EtOH three times using centrifugation (10,000 rpm, 15 min). 
The final SiNP precipitates were dispersed in distilled water. 

The surface charge of the prepared SiNPs. was measured by the zeta potential (SZ-100, Horiba, Kyoto, Japan) 
in both distilled water and DPBS. In addition , SEM (SIGMA, Carl Zeiss, Oberkochen, Germany) images and 
ImageJ software were used to analyze the size and distribution ofSiNPs. 1he dispersity ofSiNPs was defined as the 
coefficient of variation {Dispersl.ty (%)=a/ d x 100, where a is the standard deviation and dis the mean slze)5G. 

Cell Culture. 1he limited proliferative capability of cultured primary HCECs makes any in vitro experiment 
requjring large numbers of these cells unrealistic. Therefore, we used an established HCEC line (i.e., B4G 12 cells) 
in this study. B4G 12 cells (Cat .no.CSC-C3457 -CRA. Creative Bioarray, Shirley, NY, USA) were used. 1he cells 
wen: cultured in tissue culture-trellted plastic at 4 x 104 cells/cm1• The culture medium recommended by the com
pany, which contains human endothelial serum free medium (Cat no. CM-34517, Creative Bioarray, Shirley, NY, 
USA) and 10 ng/ml of fibroblast growth factor-2 (Cat no. CSC-CfK0134. Creative Bioarray, Shirley, NY, USA), 
was used. After reaching oonfluency, the cells were harvested and resuspended in the culture medium. The cells 
were plated in 75 cm2 tissue flasks and then maintained at 37 OC in a 596 C01 and 9596 air-humidified atmosphere. 
The culture medium was changed every three days, and the cells were passaged using 0.25% Trypsin- ethylenedi
aminetetraacetic acid {EDTA) (Giboo BRL, Carlsbad,. CA, USA). The passage number ~5 was used for the study. 

Treatment of SiNPs. SiNPs with sizes of 50, 100, and 150nm were confirmed using SEM. Before being 
mixed into the HCECs culture medium, the stocluolution of the SiNPs, which was 10 mglmL in DPBS (Gibco), 
were sonicated for 30 min. HCHCs were cultured in the SiNP-containing culture medium in a 5% <A>:2 and 9596 
air-humidified atmosphere at 37 °C for 24h or 48 h. 

Electron Microscopy Analysis. The intracellular distribution ofSiNPs in HCECs was~ byTBM as 
previously described11• The HCECs were treated with three sizes ofSiNPs (100flB/ml) for 24h. and then the ceUs were 
fi2d in 3.7% paraformaldehyde (Sigma-Aldrich, St. Louis, MO. USA) and 2.5% g1utaraldehyde (Sigma-Aldrich, St. 
LoWs, MO. USA) in a0.1 Mph~ buffer (PB; pH7.6) avemight. Afterwaabiugin 0.1 MPB, the HCECs were fixed 
in I% osmium tetroxide in the same buffer for I h. Dehydration of cells was performed with a series of graded EtOH 
(Mm:k, Kenilworth. NJ, USA), and then the cells were embedded in an epoxy embedding medium (Sigma-Aldrich. 
St. Louis, MO. USA). Polymerization was then performed at60°C for three days. Ultrathin sections (60-70mn) of 
the samples were obtained by an ultramlaotome {Leica Ultracut UC"t Leica, Germany). Obtained sections cmiected 
on grids (200 mesh) were examined under the TEM (JEM-1010; JEOL. 'lbkyo. Japan) operating at 60k.V. The images 
were recorded by a charge-coupled device camera (SClOOO; Gatan, Warrendale, PA. USA). Length on the electron 
micrograph was .mt:ll8lll"eld using the GMS software (Gatan, Warrendale. PA, USA). 'Ihe normal amtrol for TEM was 
inoibated in a comeal basal medium without SiNPs for 24h. 

LDH Assay. Necrotic c:ell death with plasma membrane damage was evaluated using an LDH cytotoxicity 
detection kit (Takara Bio Inc., Shiga. Japan)10• The experimental procedure was previously described and per
formed following the manufacturer's protoool11• Briefly, HCECs were cultured at 3 x 10' cellslwell in a 96-well 
plate and incubated for 24h and 48 h. Following the adherence of cells, 50, 100, and 150 nm SjNps were applied to 
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the cells for 48h dose dependently at 0, 25, 50, and 100 ~mi. The wells with no SiNP addition and the wells with 
1% triton X-100 addition were used as the negative and positive controls, respectively. Following the incubation of 
cells, cell free supernatants were transferred into a new 96-well plate. The wells were incubated with the reaction 
mixture for 20 min at room temperature (RT). Absorbance at 490 nm was measured. 

Cell Viability Assay. A commercial cell counting kit (CCK-8; Dojindo Molecular Technologies, Inc., 
Kumamoto, Japan) was used to measure HCECs's viability according to the manufacturer's protocol11• Briefly, the 
HCECs were cultured at 3 x 103 cells/well in a 96-well plate and incubated for 24 h. Following the adherence of 
cells, SO, 100, and 1SO run SiNPs were added to the culture media for 24 h and 48 h over a range of concentrations 
(0, 2S, SO, and 100 JIS!ml). After the appropriate incubation, 10 1JL of CCK-8 solution was added to each cultured 
well, and absorbance at 450 nm was determined after 2 h of incubation of the HCECs with the reagent at 37 °C. 

Western Blot Analysis. Western blot analysis was performed following the previously reported method11• 

All SiNP-treated HCECs were lysed in an ice-cold radioimmunoprecipitation assay buffer [50 mM Tris-HCl (pH 
8.0), 1SO mM N aCl, 1% NP-40, O.S% deoxycholate, and 0.1% sodium dodecyl sulfate (SDS)] for 30 min. Debris 
was removed by centrifugation at 16,000 g for 1 min. Equal amounts (20 J.Lg) of total cell protein were separated by 
SDS-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difuoride membrane. After blocking 
with 5% bovine serum albumin (BSA) in tris buffered saline with tween 20 (10mM Tris, pH 8.0,150mM NaCI, 
0.1% Tween 20) for 1 h at RT, the membranes were incubated overnight at 4 °C with the following primary anti
bodies: rabbit anti-phospho-mTOR (1:1000; catalog number: 5536; Cell Signaling), rabbit anti-mTOR {1:1000; 
catalog number: 2983; Cell Signaling), rabbit anti-LC3A/B {1:1000; catalog number: 12741; Cell Signaling, 
Beverly, MA, USA), and mouse anti-~·actin (1:10,000; catalog number: sc-47778; Santa Cruz, Biotechnology, 
Dallas, Texas, USA). Then, incubation with peroxidase-conjugated secondary antibody was performed for 1 h 
at RT. Blots were developed using an enhanced chemiluminescence kit (catalog number: RPN2232; GE health
care, Buckinghamshire, UK) and visualized using a Fujifilm Image Reader LAS-3000 (Fujifilm, Tokyo, Japan). 
Densitometric analysis was performed using Multi Gauge V3.0 {Fujifilm Life Science, Tokyo, Japan). Each exper
iment was repeated at least as triplicate. 

lmmu nocytochem istry. As previously reported11, the HCECs were seeded at a density of 2 x 1 Q4 cells per 
milliliter and grown on 4-well Lab-Tek chamber slides {Nalgene Nunc International, Penfield, NY, USA), and 
100 f!g/mL of 50, 100, 150 nm-sized SiNPs was treated for 24h. The HCECs were fixed with 3.7% paraformalde
hyde for 10 min at RT, and permeabilization was performed using 0.1% triton x-1 00 for 5 min at RT11• After wash
ing with DPBS, the blocking of non-specific antigen site was done using 1% BSA in DPBS for 30 min at RT. The 
chamber slides were incubated at 4 •c overnight with rabbit polyclonal anti-LC3B (0.5 uglmL; catalog number: 
Ll0382; Molecular Probes, ThermoFisher Scientific Inc., Waltham. MA, USA). Next, the slides were washed with 
DPBS and incubated with Alexa 488-conjugated donkey anti-rabbit antibody (1:1000; catalog number: A21206; 
Molecular Probes) for 2 h at RT. Tetramethylrhodamine isothiocyanate (TRITC)-conjugated phalloidin ( 1 }Jg/mL; 
Sigma-Aldrich, St. Louis, MO, USA) was used for staining ofF-actin. Nuclear counterstaining was performed 
using 41,6-diamidino-21-phenylindole (DAPI, catalog number: P36931; Molecular Probes) with a mounting solu
tion. Finally, slides were examined under a fluorescence microscope. 

Ex Vivo HCEC Toxicity Assay. Untransplantable human corneal donor buttons ("research use only" grade) 
were provided by Eversight International (Seoul, South Korea). Two corneas were from a 63-year-old male 
donor and another two corneas were from a 59-year-old male donor. Informed consent regarding the possible 
researcll use of the corneas was obtained from the donors when they agreed on tissue donation form. The exper
iment followed the tenets of the Declaration of Helsinki and was approved by the institutional review board of 
Dongguk University, Ilsan Hospital, Goyang, South Korea. The corneas were harvested at the date of death of the 
donors and used for the experiment at 9 and 11 days after death. Fresh human corneal donor buttons (n = 4) were 
divided by quadrant segments. Each segment was stained with 0.005% trypan blue mixed with minimum essen
tial medium (MEM) for 5 min. Corneal endothelial cell viability was assessed by examining the blue-stained area 
under an inverted-phase contrast microscope. After the baseline viability assessment, the corneal segments were 
divided into four groups (n=4 in eacll group), and each segment was incubated at 37"C in aS% C02 and 95% 
air-humidified atmosphere for 72h. The tissue culture medium was serum-free MEM containing L-glutarnine 
(2mM), NaHC03 (20g!L), penicillin (100 IE/mL), and streptomycin (0.1 mglmL). Three different sizes (50, 
100, and 150 nm) of SiNPs were mixed in the tissue culture medium at a 100 fig /m.L concentration (n = 4 each 
group). The tissue culture medium with no SiNPs was used for the control group (n = 4). After 72h of incubation 
with SiNPs, the corneal segments were stained again with 0.005% trypan blue mixed with MEM for 5 min. Any 
increase in the blue-stained area from the baseline was used as the indicator of corneal endothelial cell toxicity, 
and these were compared among the groups. After trypan blue evaluation, the corneal segments (n = 3 each 
group) were fixed in 10% formalin and incubated with TRITC-conjugated phalloidin (1 JIS!mL; Sigma-Aldrich). 
The tissue was rinsed three times with PBS {Smin per rinse), and the whole-mount corneas were mounted 
endothelial-side down on a slide and stained with DAPI (catalog number: P36931; Molecular Probes). The slides 
were examined with a fluorescent microscope. 

In Vivo Rabbit Corneal Endothelial Cell Toxicity Assay. To investigate the in vivo corneal effect of 
SiNPs, we used 12 New Zealand white rabbits {males, weighing 2.5-3.0kg). The animals were treated in com
pliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Researcll. Experimental 
protocol was approved by Institutional Animal Care and Use Committee ofDongguk University, llsan Hospital 
{reference number: 2016-03146). The rabbits were divided into four groups {n=3, each group), including the 
negative control group. and treated with intracameral injection of the SiNP solution {O.OSml) of each size ofSiNP 
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(50, 100, 150 n.m-sized SiNPs, 200 !Jg!mL concentration mixed with balanced salt solution) to the right eyes. To 
consider the average aqueous humor volume of rabbits (290 ~).the final concentration of SiNP in the anterior 
chamber was estimated as 30 IJ.&{mL. The left eyes were used for the negative control. Corneal photographs of both 
eyes were taken at baseline, days 1, 2, and 3, and weeks 1 and 2. Corneal transparency was evaluated according to 
these photographs. At two weeks after the intracameral injection, the rabbits were euthanized and both eyes were 
enucleated. Tissues were fixed in 10% formalin, and a histopathologic examination using hematoxylin and eosin 
staining was performed. One cornea from each group was incubated with TRITC-conjugated phalloidin ( 1 !Jg/ 
mL; Sigma-Aldrich). The tissue was rinsed three times with PBS (Smin per rinse), and the whole-mount corneas 
were mounted endothelial-side down on a slide and stained with DAPI (catalog number: P36931; Molecular 
Probes). The slides were examined with a fluorescent microscope. Using the fluorescent pictures, endothelial cell 
count (DAPI stained nucleus) in three 500 IJ.lll x 500 IJJll square areas was calculated in each cornea using Image] 
software (http:/ /imagej.nih.gov/ij/). 

Statistical Analysis. Data were presented as mean±standard error, and statistical significance was deter
mined by ANOVA and Dunnett's multiple comparison test. Pvalues ofless than 0.05 were regarded as significant 
by GraphPad Prism Ver. 5.01 ( GraphPad Software Inc., La Jolla, CA, USA). 
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Onset of disorder and protein 
aggregation due to oxidation
induced intermolecular disulfide 
bonds: case study of RRM2 domain 
fromTDP-43 
Sevastyan 0. Rabdano1, SergeiA.Izmailovl, DmitriiA. Luzilcl, Adam Groves2, Ivan S. 
Podkorytov1 & Nikolai R. Skrynnikov1.2 

We have investigated the behavior of second RNA-recognition motif (RRM2) of neuropathological 
protein TDP43 under the effect of oxidative stress as modeled in vitro. Toward this end we have used the 
specially adapted version of H/D exchange experiment, NMR relaxation and diffusion measurements, 
dynamic light scattering, controlled proteolysis, gel electrophoresis, site-directed mutagenesis and 
microsecond MD simulations. Under oxidizing conditions RRM2 forms disulfide-bonded dimers that 
experience unfolding and then assemble into aggregate particles (APs). These particles are strongly 
disordered, highly inhomogeneous and susceptible to proteolysis; some of them withstand the 
dithiothreitol treatment. They can recruit/release monomeric RRM2 through thiol-disulfide exchange 
reactions. By using a combination of dynamic light scattering and NMR diffusion data we were able to 
approximate the size distribution function for the APs. The key to the observed aggregation behavior 
is the diminished ability of disulfide-bonded RRM2 dimers to refold and their increased propensity to 
misfold, which makes them vulnerable to large thermal fluctuations. The emerging picture provides 
detailed insight on how oxidative stress can contribute to neurodegenerative disease, with unfolding, 
aggregation, and proteolytic cleavage as different facets of the process. 

The system of redox signaling and regulation in the cell is vast and complicated1
• One important element of this 

system is antioxidant defense. Indeed, it is commonly known that oxidative stress can adversely affect lipids, pro
teins, and DNA, necessitating multiple lines of protection. In particular, in the case of proteins typical symptoms 
of oxidative damage are loss of function, destabilization, and enhanced proteolysisl· 3• Generally, it is clear that 
indiscriminate oxidative modifications tend to compromise protein's integrity and activity. However, relatively 
little work has been done on detailed structural characterization of oxidatively damaged proteins. 

The prime targets of oxidative modification in proteins are cysteine's thiol groups that become linked in 
disulfide bonds. Oftentimes this process has an ominous significance in the context of disease. For example, 
intermolecular disulfide bridges have been directly implicated in conversion of the normal cellular form of prion 
protein into the infectious form•. Along the same lines, disulfide-bonded dimers of protein tau show prion-like 
characteristics, inducing tau pathology-5. Oxidative stress leads to formation of disulfide-linked aggregates of 
superoxide dismutase SOD1 which are associated with amyotrophic lateral sclerosis6• 7• The same mechanism 
is relevant for inclusion bodies formed by neuropathological protein TDP-43 which are also aJIJsociated with 
amyotrophic lateral sclerosis, aJIJ well aJIJ frontotemporal lobar degeneration8• It appears that such disulfide-linked 
proteinaceous deposits are formed when the cell is nearing its death and redox homeostasis is severely impaired 
Nevertheless they clearly remain the key element of neurodegeneration and a strong potential drug targ~. 

In this study we focus on the second RNA recognition motif (RRM2) ofTDP-43. This domain contains 
two cysteines, Cl98 and C244. Cohen et al. have shown that these cysteines are involved in the formation of 

1Laboratory of Biomolecular NMR, St. Petersburg State University, St. Petersburg, 199034, Russia. 2Department of 
Chemistry, Purdue University, West Lafayette, IN, 47907, USA. Correspondence and requests for materials should be 
addressed to N.R.S. (email: nikolai@purdue.edu) 
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Figure I. Schematic representation ofTDP-43 RRM2 behavior during the oxidation-reduction cycle. Free 
cysteine side chains, solvent-exposed C244 and buried C198, are indicated by red sticks; disulfide bonds are 
shown as yellow bands. Green dots at the C-terminus of the disordered protein correspond to the tenninal 
residue N265 which is projected into solvent and remains highly flexible. 

disulfide-linked aggregates by full-length TDP-438• Furthermore these cysteines are, in fact, sufficient to form 
such aggregates (observed in the cells which overexpress TDP-43 constructs lacking the other key cysteines). 
In addition, RRM2 is the site of proteolytic cleavage leading to formation of certain C-terminal fragments10- 12• 

These fragments appear to play a major role in the pathogenesis ofTDP-43 proteinopathies13- 15• We propose that 
proteolytic cleavage in RRM2 domain is intimately connected to its propensity for formation of disulfide-linked 
aggregates. 

In this paper we sought to characterize the behavior of RRM2 domain under the effect of oxidative stress. 
Toward this end we have used the specially adapted version of H/D exchange experiments, 15N relaxation and 
gradient diffusion experiments, DLS measurements in conjunction with HSQC spectroscopy, controlled prote
olysis, site-directed mutagenesis, and MD simulations. The emerging picture is schematically illustrated in Fig. 1. 
When exposed to oxidizing environment, RRM2 forms disulfide-bonded dimers (db-RRM2). These dimers tend 
to self-associate and assemble into aggregate particles (AP), i.e. moderately sized soluble bodies consisting of par
tially cross-linked disordered peptide chains. Unsurprisingly, these particles prove to be vulnerable to proteolytic 
digestion. Upon reduction by dithiothreitol the protein is largely returned into monomeric state, but a sizeable 
fraction remains aggregated 16

, with the smaller APs no longer dependent on disulfide linkages. 
Of special interest is the mechanism of transition between the disulfide-bonded dimers and APs. Our results 

suggest that (i) AP formation does not depend on the presence of disulfide-linked network, rather it is sufficient 
to have two protein units connected by a single disulfide bond and (ii) the limiting step in the formation of APs is 
oxidative dimerization ofRRM2. Based on the experimental evidence, as well as the outcome of MD modeling. 
we propose a simple mechanism for formation of APs. The example of RRM2 shows how small globular domain 
subjected to oxidative stress can become an initiation point for formation of proteinaceous bodies. 

Materials and Methods 
RRM2 expression and purification_ pET-15 vectors for RRM2 (wild type and C244S) encoding resi
dues 191-265 of human TDP-43 were purchased from GenScript. C198S plasmid was made in-house using a 
QuikChange II kit from Stratagene. The protein additionally containing N -terminal methionine was expressed 
in Rosetta DE3 cells (Novagen) using minimal M9 media (when necessary supplemented with 15N ammonium 
chloride and 13C glucose); expression was induced when 00600 reached 0.8. After 16hours of incubation at 
37 oc, cells were harvested, resuspended in the standard lysis buffer (containing 10 mM of ~-mercaptoethanol) 
and then homogenized by SPEX SamplePrep 6870 Freezer/Mill followed by three cycles of sonication on ice. The 
sample was purified using anion-exchange and size-exclusion chromatography (columns GE HiTrap Q HP and 
GE Sephacryl S-200 HR). For various experimental measurements we used samples containing 1 mM RRM2, 
20 mM sodium phosphate, 150 mM NaO at pH 6.7, temperature 25 oc (standard sample conditions) unless indi
cated otherwise. 

SDS-PAGE. The freshly prepared protein material was kept for several days in phosphate buffer with 25 mM 
DTT. Prior to the measurements, DTT was removed by ultrafiltration and the samples with protein concen
tration 1 mM were prepared as follows. Control sample: incubated for 5 h with 25 mM DTT; oxidized sample: 
incubated for 2 h with 5 mM H20 2; reduced sample: incubated for 2 h with 5 mM H20:z, then incubated for 3 h 
with additional25 mM DTT. The procedure was timed such that all samples were ready for loading at the same 
time. Samples were loaded on non-reducing tris-glyc:ine 14% acrylamide gels as is, i.e. without quenching redox 
reactions and without boiling. This protocol has also been used with certain modification, as explicitly described 
in the text. All gels were stained using Coomassie Blue. The intensities of the bands have been digitized using the 
program GelAnalyzer and carefully integrated using scripts written in-house. 

SCIENTIFIC REPORTS 17: 17161 I D01:10.1038/s41598-017-10574-w 2 



www.nature.com/scientificreports/ 

NM R assignment. Backbone assJgnme:nt waa conducted using the standard suite of triple-resonance exper
iments: HNCO, HNCA, HNCACB. HN(CA)CO, HN{CO)CA and HN(CO)CACB17• All spectra were acquired 
using 500 MHz Broker Avance III spectrometer equipped with TBI room temperature probe. Experimental 
debilla can be fuund in BMRB deposition 19922. 

15N CSA-dipolar transverse cross-correlation experiments. Mea.mreme:nts were conducted using 
pulse sequence by Hall et al.18 Cross-correlated cross-relu:ation rates "'zy were extracted from the intensity ratio 
of the upfield and downfieldcomponents in the iSN doubletq,~u.,_, = "exp( -4t]'9'~). 'Ihe data werecoll.ected 
with delays~ of 0, 11, 22, 32, 43, 54, 65, 75, 86, 97 and 108 ms, integrated with nmrPlpe routine nlinLS19, and 
fitted with monoexponential function. 'Ih.e recycling delay was set to 2 s. 

HID exchange experiments. The &Ol.ution containing 20 mg ofRRM2 in phosphate buffer was divided 
into four parts and lyophilized. Protein material was then resuspended to obtain two samples in 100% H10 and 
two other samples in 80% ~0/20% H20. The sample conditions were standard fur all four samples (no isotope 
correction fur pH), with additional2mM 15N-labeled N-acetylglycine (NAG) added u an internal standard. 

'The oxidation/reduction experiment begins with resuspension of the lyophilized protein material as described 
above (time point t= 0). 'Ih.e reference HSQC experiment starts at t= 25 min (scheduled via Bruker Spooler) to 
determine peak volume V ,.,fur each spectral resonance. Subsequently at t= 55 mm an aliquot of~02 is added 
directly to the NMR tube and the sample is thoroughly mixed using Pallteur pipette (concentration of ~02 in 
the sample 5 mM). At t= 1 h 15 min the series of fuur consecutive HSQC experiments is initiated to produce 
the time-dependent peak in.tenllity data V(t). At t= 2h 55 min the oxidation u reversed by adding an aliquot of 
DTT to the NMR tube (concentration ofDTT in the samplt: 25m.M). Finally, at t=3h 15min the series of fifty 
five consecutive HSQC experiments is initiated to extend the V(t) dataset. 'The same protocol is used for control 
measurements except that the aliquot of~O u added to the sample instead of~Oz. 

All spectra have been acquired using 1H, 1~ BEST-HSQC pulse sequence30. Each spectrum was collected in 
24 mins with 128 complex points in indirect dimension and 16 scans using the recycling delay of0.2 s. The data 
were linear-predicted in both dimensions, multiplied by sine bell squared window function and zero-filled prior 
to Fourier transformation. Peak integration was performed using nlinLS routine on the individual 2D planes 
(because spectral peaks experienced small shifts in the presence ofH10 1 and DTT we have not used the autoFit 
option to treat the data as pseudo-3D dataset)19• Prior to the analysis, the data were normalized such as to equalize 
the intensity of reference spectra for mrldation/reduction and control experiments. Specifically, constant normal
ization factors (v; + V:)/2 v.; and (V,;j + v:f)l2 v: were derived fur each peak and then applied respec
tively to VU(t) and ~(t) profiles: 

Dynamic light scattering. The DLS data were obtained using Horiba SZ-100 nanoparticle analyzer with 
wavelength ..\ = 532 nm and scattering angle 0 = 173°. Each data point, corresponding to the second -order auto
correlation function Gl)( r), has been acquired in 1 min, followed by 1 min delay. Prior to the measurements, the 
fre&hl.y prepared solution of RRM2 wu ce:ntrlfuged for lOmin at lO,OOOx g to remove impurities. Ten conaecu
tive points were recorded for the fresh sample under the standard sample conditions. After that 5 mM of ~01 
wu added to the sample, the sample wu thoroughly mixed and DLS data were recorded continuously for 24 h. 
Finally, 25mM DTT (or, altema:tively, lOOmM DTT) waa added directly to the oDdized sample and DLS data 
were recorded for additional24h. 

'The experimental data were first converted according to G(1l( T) = J G(2l( T) - 1. As it turns out, G(ll(r) often 
contains small-amplitude tails with extremely long decay times attributable to residual sample contamination 
(dust particles. air bubbles, etc.). Specifically, the control sample, which scatters poorly due to small size of the 
monomeric RRM2, consistently produces such tails in the GUl( r) data. 'The fully oxidized sample, which scatters 
much more e:ffi.cie:ntly because of the large APs, shows no vistbl.e tails (the contribution of impurities to the net 
scattering intensity becomes, in relative terms, negligibly small). Finally; the reduced sample, which consists of a 
mixture of monomers and smaller APs, display& the tails, but their relative magnitude is smaller than in the con
trol sample. Every time when the tails are observed. their amplitude fluctuates from one scan to the next - con
sistent with a handful of dust particles doating in the cuvette. To remove t:hJs unwanted feature, the taUs were 
fitted to a linear model and then subtracted out of G<'l(r). 1he resulting artefact-free functiong(1>(r) wu then 
fitted using the fonnula by Shibayama fJt al. which is appropriate for the sample containing two types of spherical 
particles (ie. RRM2 monomers and aggregates)21: 

(1) 

Here c u the instrument-dependent amplitude factor, q u the magnitude of the scattering vector,~ = ( 4-rrn,q/.\) 
llin(0/2), D1 are the diffusion coefficients of the particles, a. are the amplitude factors, a. = P.r16~ (rJ, P• are the 
populations of the two species, and (il(rJ are the corresponding form fuctors. ({l(r) = 3(sin(qr) - qr cos(qr))/ (qrY, 
The diffusion coefficients are related to particles' radii r1 via the Stom-Einstein formula: 

(2) 

The refractive index 1lr.F 1.3324 and viscosity of the buffer '1/ = 0.9223 cP have been calculated for the problem at 
hand using the Malvern Solvent buflder program (based on data from ref. 22). 

In the case of control NMR. sample,g(ll(-r) is dominated by monomeric globular RRM2, allowing for highly 
accurate determination of the corresponding diffusion coefficient D1• To determine the fraction of monomeric 
species as a function ofH2~TT exposure, we turned to NMR experiments. In brieL a series ofback-to-baclt 
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HSQC spectra have been recorded for the sample that has been subjected to the same oxidation-reduction treat
ment as the DLS sample. As detailed in the text, the spectra generally contain (i) the set of resonances correspond
ing to folded monomeric species of RRM2 and (iJ1 several isolated peaks corresponding to the aggregate particles 
ofRRM2 (these peaks are associated with the tlexible C-terminal tail of the protein). By integrating the first set of 
peaks we determine the fraction of monomer p 1 that ranges from very nearly 100% in the control sample to 4.5% 
in the fully oxidized sample. The obtained values of p 1 were then inserted into Eq. {1) to facilitate the analyses of 
the DLS data. In doing so, we matched the HSQC data with those DLS data that correspond to the time point at 
the middle of each HSQC experiment. 

After the substitution of D1 and p1, only two variable parameters remain in Eq. (1), namely the radius of the 
aggregate particle r2 and the overall scaling constant c. Such analyses using Eq. (1) yield the r2 values that are small 
on the scale of the laser wavelength, qr2 < 1. This means that to a very good approximation 9:>(r1) = 9:>(r2) = 121

• 

Pulsed field gradient NM R diffusion measurement. Puhed-field-gradient stimulated-echo (PFGSTE) 
NMR diffusion measurements were conducted using the pulse sequence by Choy et al.23

• Ten 1H, 15N spectral 
maps have been recorded with the amplitude of g2 gradient g. ranging from 10 to 50 G/cm, g2 duration 6/2 = 1 ms 
and gradient spacing ..:l = 350 ms. The experiments were arranged such as to minimize a potential bias due to 
progressive oxidation (reduction) of the sample during the measurements: Kz = 1 0.0, 50.0, 14.4, 45.6, 18.9, 41.1, 
23.3, 36.7, 27.8, 32.2 G/cm. The g2 gradients were applied with smooth squared shape, corresponding to the effec
tive field strength G.g= 0.9g .. Each spectral map (64 x 1024 complex points) was acquired in 55mins. Gradient 
field strength was calibrated according to the spectrometer manufacturer instructions using the 'doped water' 
standard. The sample handling in the three diffusion experiments was as follows: (i) 9h diffusion experiment on 
the freshly prepared control sample; (ii) 26.5 h incubation with 5 mM H20 2 followed by 9 h diffusion experiment 
on the sample undergoing oxidation; (iii) 43.5 h incubation with 5 mM H20 2 followed by 80 h incubation with 
25 mM DTT followed by 9 h diffusion experiment on the sample undergoing reduction. The spectral peaks corre
sponding to monomeric RRM2 have been integrated and summed. The resulting net signal intensity was fitted to 
the modified Stejskal-Tanner equation as presented in ref. 23: 

(3) 

where e = (6/3) + (3{3/4)- (/J'/4), with f3 and fJ' denoting delays between the two encoding and two decoding 
gradient pulses ( 1.360 and 1.364 ms, respectively). The selected intense peak originating from APs was integrated 
separately and also interpreted by means of Eq. (3). 

Trypsinolysis. RRM2 digestion by trypsin has been monitored using tris-tricine gel electrophoresis24
• The 

freshly prepared protein material was kept for several days in phosphate buffer with 25 mM DTT. Prior to the 
measurements, the buffer was exchanged to 50 mM Tris-HQ, pH 6.7 and the samples with protein concentration 
1 mM were prepared as follows. Control sample (unoxidized, uncleaved): incubated for 2h with 25 mM DTT, 
DTT removed by ultrafiltration, stored on ice overnight; control sample (oxidized, uncleaved): incubated for 2 h 
with 5 mM H20 2, H20 2 removed by ultrafiltration, stored on ice overnight; first test sample ( unoxidized, cleaved): 
incubated for 2h with 25 mM DTT, DTT removed by ultrafiltration, treated with trypsin overnight; second test 
sample (oxidized, cleaved): incubated for 2h with 5mM H20 2, H20 2 removed by ultrafiltration, treated with 
trypsin overnight. Trypsin digestion was conducted at 37°C with trypsin-to-protein mass ratio 1:50. 

In a separate series of measurements, RRM2 fragmentation has been monitored using HSQC spectroscopy. 
The samples were initially conditioned as follows. Control sample (unoxidized): incubated for 2h with 25 mM 
DTT; first test sample (oxidized): incubated for 2 h with 5 mM H20 2, H20 2 removed by ultrafiltration; second test 
sample (reduced): incubated for 2 h with 5 mM H20 2 , then incubated for 3 h with additional25 mM DTT. For 
each of the samples we subsequently recorded a reference HSQC spectrum, then added trypsin and acquired a 
series of twelve back-to-hack HSQC spectra reporting on the progress of tryptic cleavage over the time interval of 
8h. Trypsin digestion was conducted in the standard {phosphate) buffer at 37°C with initial protein concentra
tion 1 mM and trypsin-to-protein mass ratio 1:50. 

Molecular Dynamics simulations. MD simulations were conducted under Amber tfl4SB force field in 
TIP3P water using the NPT ensemble. Langevin thermostat with collision frequency 2 ps-1 was employed to 
maintain constant temperature 298 K. A cutoff of 10.5 A was used for nonbonded interactions; long-range electro
static interactions were treated with the particle mesh Ewald method. All bonds involving hydrogen atoms were 
constrained using SHAKE algorithm. The integration step was 2 fs. 

Two PDB structures have been used to build initial models ofRRM2 domain: lWFO (sequence similar to 
human IDP-43193_267, solved by NMR spectroscopy) and 3D2W (mouse TDP-43192_265, solved by X-ray crystal
lography). The former was altered using PyMol mutagenesis tool in order to exactly reproduce the sequence used 
in our study (4 mutations). The portions of peptide chain that are not contained in our experimental construct 
have been deleted from 1 WFO; the oligonucleotide ligand has been deleted from 3D2W. The protonation state of 
the protein has been adjusted to pH 7 with the help ofPROPKA program25• 

As a first step, the models ofRRM2 dimers covalently bonded through C244-to-C244 disulfide bridge have 
been constructed. Toward this goal, two identical RRM2 units (termed a and~) were positioned against each 
other such that their respective centers of mass and C244 sulfur atoms fell on a straight line with 20 A separation 
between the sulfur atoms. Then two random rotations were performed: first, f3 unit was rotated about its own 
center of mass; second, it was rotated about the center of mass of a unit. The axes of both rotations were chosen 
randomly and the amplitude was a random number obeying normal distribution with the mean of 0° and the 
standard deviation of 45°. 
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Figure 2. (A) Schematic representation ofTDP-43, including ubiquitin-like N -terminal domain (ND)60, two 
RNA recognition motifs (RRM1 and RRM2)61 and glycine-rich domain (GRD)62

• Also marked in the scheme 
are nuclear localization and nuclear export signals (NLS and NES, respectively)63

, as well as the two cysteine 
residues within the RRM2 domain. The structured and disordered segments are colored in blue and grey, 
respectively. (B) Structure ofRRM2 (PDB ID 1WFO) with two cysteine side chains shown in space-filling mode. 
(C) SDS-PAGE characterization ofWT, C198S and C244S samples under non-reducing conditions. The samples 
have been subjected to oxidation (2 h with 5 mM H20 2) or oxidation and subsequent reduction (3 h with 25 mM 
DTT). Of note, disulfide-linked n-mers ofRRM2 (n ~ 2) show lower-than-expected apparent molecular weight 
in the gel. This is a rather typical behavior since disulfide-bonded proteins are more compact and therefore 
travel through the gel faster64. The evidence of disulfide-mediated dimerization ofRRM2 was also obtained 
by ESI mass spectrometry (data not shown). Our in vitro model of oxidative stress using H20 2 treatment is 
admittedly a crude one. However, it is clearly relevant in the context ofTDP-43 proteinopathies: disulfide
mediated aggregation ofTDP-43 has been observed not only in the cultured cells transfected with TDP-43 
plasmid, but also in the untransfected cells subjected to oxidative stress; furthermore, disulfide-cross-linked 
species ofTDP-43 are prevalent in the brains afflicted by TDP-43-positive frontotemporal lobar degeneration8• 

As a next step, disulfide formation was modeled using a suitably modified variant of the restrained MD 
method by Marti-Renom et aF6• In this method the two sulfur atoms are slowly brought together by means of the 
specially designed soft restraints. Formation of disulfide bond is initiated when two sulfur atoms approach each 
other to within 2.5 A. To minimize energy perturbations to the simulation, the bond is introduced gradually, i.e. 
with a linear ramp applied to the corresponding energy items27• During the entire procedure we maintain a set of 
synthetic distance restraints intended to preserve the internal structure of the RRM2 units (specifically, all intra
domain C"-C" distances are restrained to their original values via harmonic potentials with k = 0.1 kcal/mol-A2

). 

The net length of the simulations leading to formation of the disulfide bond is ca. 5-10 ns, which is consistent with 
diffusion-controlled process. 

Using this protocol, we have generated 50 models of the disulfide-bonded RRM2 dimers. From this set we 
selected a subset of 5 maximally diverse models ( > 10 A pairwise C" rmsd between any two models in the subset). 
The selected models provide a reasonably good sample with regard to mutual orientation of the two units in the 
dimer and thus have been used as starting coordinates for MD simulations. Each simulation begins with 20 ns 
time interval, during which the synthetic C"-C" restraints are gradually released, followed by 111s unrestrained 
trajectory. The total of 10 such trajectories have been generated based on 1 WFO and 3D2W geometries. In addi
tion, two control trajectories of monomeric RRM2 based on the same geometries have been recorded. 

To analyze the stability of domain structures in the disulfide-bonded RRM2 dimers vs. monomers, we have 
used two different metrics: C" rmsd and amide exchange protection factors Pt To calculate C" rmsd the two 
domain structures have been aligned via C" atoms from within the secondary-structure regions and the mean 
coordinate deviation was determined for the same invariant subset of C" atoms. P1 data were calculated using 
the empirical algorithm by Best and Vendruscolo28• As a part of this calculation, hydrogen bonds were identified 
using simple geometric criterion: nitrogen-to-oxygen distance less than 3.5 A and deviation from linearity less 
than 30°. P1 values were calculated using a series of MD frames sampled with the step of 10 ps and then averaged 
over all frames. 

Results 
H20 2 treatment causes formation of disulfide-bonded oligomers in RRM2 sample. RRM2 con
struct used in this study is a 76-residue globular domain with a ferredoxin-like fold ~1a1~2~3a2~4~529• It car
ries two cysteine residues, C198 and C244 (the numbering is from full-length TDP-43, see Fig. 2A). The C198 
thiol group is buried, while the C244 thiol group is largely exposed to solvent (see Fig. 2B). This can be conven
iently quantified using solvent accessible surface area: the calculations using NMR ensemble 1 WFO indicate that 
SG atom of residue C198 is consistently oriented toward the protein core with average solvent exposure of 1%, 
whereas SG atom of residue C244 is often projected into solvent with average solvent exposure of24%. It appears 
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that C244 can funn an intermolecular disulfide bridge while maintaining its native fold (see below the discussion 
of MD modeling results). 

Figure 2C illustrates the effect of oxidant (H20 2) on the wild -type RRM2, as well as single-cysteine variants of 
RRM2. The data from non-reducing denaturing protein gel, SDS-PAGE, report on disulfide-mediated oligomeri
zation of RRM2, but offer no information about noncovalent self-association. Oxidation of the wild-type protein 
produces a characteristic ladder of oligomeric species on the gel (lane 3 ). The fraction of cross-linked protein mol
ecules can be quantified by gel densitometry; it turns out to be 40%, i.e. smaller than the fraction of single-chain 
species. The appearance of trimers and higher-order oligomers in the gel suggests that RRM2 domain becomes 
(at least partially) unfolded during the experiment, thus exposing C198 thiol and facilitating disulfide bonding 
through this residue. The formation of intermolecular disulfide bonds via Cl98largely occurs within the struc
turally disordered aggregate particles (further discussed in what follows). 

The data from two mutant samples, C198S and C244S, shed light on the efficiency of disulfide bonding via 
the two individual cysteines. Although it cannot be fully appreciated from the photographic image of the gel, the 
densitometry analysis indicates that the fraction of covalent dimers in C198S sample (lane 6) is 2.5-fold higher 
than in the C244S sample (lane 9). This is in line with expectations, given the difference in the positioning of the 
respective thiol groups (see above). Note, however, that the rate of disulfide formation is dependent on many fac
tors in addition to steric constraints. For instance, the efficiency of the reaction may be lowered due to high thiol 
pKa30• 31• Conversely, the efficiency may be increased if formation of reaction intermediates, i.e. thiolate or sulfenic 
acid32, has a destabilizing effect on the structure leading to a greater exposure of the reactive site. The latter sce
nario is, in principle, feasible for Cl98, which turns out to be sensitive to perturbations. Indeed, mutating C198 to 
serine leads to a significant loss of protein stability (see HID exchange data below). 

HSQC spectroscopy reports on RRM2 monomers and aggregate particles. Itis worth noting that 
1H, 15N HSQC spectrum of (unoxidized) wt RRM2 shows somewhat non-unifunn distribution of peak intensi
ties, see Fig. 3A. This effect can be attributed to low-affinity self-association, as documented for many globular 
proteins at high concentrations typically used in the NMR spectroscopfl· 34• Consistent with this interpretation, 
the tumbling correlation time of wt RRM2, as obtained from 1~ R2/ R1 measurements on 1 mM sample, is some
what higher than the value predicted by HYDRONMR program, T11. = 5.3 ns vs. 4.6 ns35• In the same vein, several 
residues in RRM2 show small, but discernible chemical shift titration effects with increasing protein concentra
tion (notably, V195 and A230 that are located opposite of each other in the ~1 and ~3 strands). There is no reason 
to think, however, that weak self-association observed in monomeric RRM2 has any significant influence on its 
response to cysteine oxidation, which is detailed below. 

When 5 mM H 20 2 is added to the RRM2 sample, the intensity of the HSQC spectrum is progressively 
decreased, with all peaks attenuated in nearly uniform fashion, see Fig. 3B. To further probe this effect, we have 
measured transverse cross-correlated cross-relaxation rates '7"'18 in the control and oxidized samples ofRRM2 
(see Fig. 3C). This experiment has an advantage of being insensitive to exchange broadening. which can poten
tially complicate the situation for the system experiencing various on-off exchange events. The measured '7ZJ rates 
in the oxidized RRM2 sample were virtually indistinguishable from those in the control sample, 3.9 vs. 3.7 s-1 

after averaging over complete set of spectral signals labeled in Fig. 3A. This means that the observed spectra 
originate from one and the same monomeric species. More specifically, it allows us to rule out the possibility 
that disulfide-linked dimers (see MD model later in the article) contribute to peak intensities in the spectrum of 
oxidized RRM2. It is appropriate to draw comparison with ubiquitin, which is identical in size to RRM2, 8.5 vs. 
8.7 kDa, and also experiences weak self-association effects. Our measurements on 1 mM sample of ubiquitin pro
duced the average 1J"' rate of 3.8 s-1• This value is the same as in RRM2 and clearly characteristic of the monomeric 
species, in line with what has been suggested above. 

In light of these results, the decrease in the intensity of HSQC signals simply reflects the disappearance of 
globular monomeric RRM2, which gradually becomes oxidized, converted into oligomeric species and recruited 
into aggregate particles. Of note, after 2 h oxidation 60% (±4%) of the protein has been transfOrmed into APs (see 
Fig. 3B). At the same time, the densitometry analysis of SDS-PAGE gel suggests that only ca. 40% of the peptide 
chains are linked into oligomeric species by that time {see Fig. 2C). This leads us to conclude that the APs are 
not comprised only of disulfide-bonded oligomeric species, but also contain a certain proportion of single-chain 
peptides (illustrated in Fig. 1 ). This notion is strongly supported by the data from the C198S mutant. 

As shown below, the oxidized sample contains significant proportion of small-sized particles (starting from 
disulfide-bonded dimers) alongside with heavier APs. In principle, RRM2 dimers and trimers are small enough 
to produce sharp NMR signals. However, these species turn out to be disordered and highly inhomogeneous. 
Consequently, they produce extremely broad (unresolved) spectral features that occupy the region of the spec
trum typical of disordered proteins and barely rise above the noise level. This is illustrated by Fig. S1 which 
shows the HSQC spectrum recorded after 24 h incubation of the RRM2 sample with 5 mM H 20 2• Apparently, 
the low-order oligomeric species lack fast conformational dynamics that could average out the confOrmational 
inhomogeneity and narrow the spectral signals (in this sense they are different from many disordered proteins 
that give rise to well-resolved spectra). 

In swnmary, the spectrum of fully oxidized RRM2 is of extremely poor quality due to inhomogeneity of the 
oligomeric species and aggregate particles and, in addition, large mass of the bigger APs. Nonetheless, a handful 
of well resolved peaks can be linked to the m:idized RRM2, as illustrated in Fig. 3D. In particular, the distinctive 
peak from C-tenninal residue 265 can be seen in the spectral map (labeled N2651 in the plot). In the fulded RRM2 
this residue sits at the end of the 5-residue-long disordered tail, which is solvated and highly dynamic. When 
the protein is oxidized and assembles into APs, the terminal residue apparently remains solvated and highly 
dynamic. Due to generic nature of its environment (solvent) and its rapid motion, this residue produces a fairly 
sharp spectral signal Although the peak N265' (fully oxidized sample) is somewhat broader than the peak N265 
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Figure 3. (A) 1H, 15N BEST-HSQC spedrwn of unoxidized (control) wt RRM2 sample. (B) Decreases in the 
intensity of spectral peaks in 1 H, 15N BEST-HSQC spectrwn after 2h treatment with 5 mM H20 2• To correct for 
small systematic differences between the two measurements (before and after oxidation), e.g. small variations in 
the sample volwne, shimming. etc., we have used the resonance from the internal reference, 15N -labeled NAG 
(labeled in the spectral map). According to these data, after 2-h oxidation the population of monomeric globular 
RRM2 declines to the level of 40%. The corresponding nwnber for the unstable Cl98S mutant is 28%, whereas 
for C244S it is 98% (the latter is poorly suited to form disulti.de bridges through its single thiol site, C198, as 
can be predicted from the structure of the globular RRM2). (C) Transverse CSA-dipolar cross-correlation data 
for residue E209 in the control and oxidized RRM2 samples (red and blue curves, respectively). Shown is the 
intensity ratio of the upfield and downfield components in the 1~ doublet as a function of delay .6.18

• 

(D) Superposition ofl H, 15N HSQC spectra of unoxidizcd sample and fully oxidized sample after 24 h 
incubation with 5 mM H 20 2 (red and blue contour lines, respectively). Note that the highly flexible terminal 
residue N265 produces strong peak in the regular HSQC experiment but not in the BEST-HSQC,likely due 
to amide solvent exc.hange65

• The small difference in the position of the peak N265 in the two control spectra, 
(A) and (D), is due to titration of the neighboring histidine H264 (the nominal pH of our sample, 6.7, is close 
to the histidine side-chain pi<_, typically 6.666, which makes chemical shifts at this site sensitive to even minor 
variations in sample pH)67

• 

(control sample), the volwnes of the two peaks are essentially identical. Specifically, for the spectra shown in 
Fig. 3D, the ratio of the respective peak volwnes is determined to be 1.02. This result has important ramifications 
for what follows. It means that in the fully oxidized sample we observe the spectral signal from all C-terminal 
asparagines, without any selection or attenuation. 1his situation is illustrated in Fig. 1: residue 265 is invariably 
solvated and dynamic in different RRM2 species: from disulti.de-bonded dimers to heavy APs. 1his makes N2651 

a good probe36 to measure diffusion in the aggregated RRM2 and further characterize the size distribution of the 
aggregate particles (see below). At the same time the signals from globular monomeric species are too weak in 
the spectrwn of the fully oxidized RRM2 sample and cannot be used in the context ofPFGSTE NMR experiment. 

Finally; we turn to the discussion of reduced samples, i.e. those samples that were initially treated with H 20 2 

and after that reduced with DTT. As will be demonstrated in the next section, under these conditions the APs are 
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partially broken down and the proportion of the folded RRM2 monomers increases. Yet, a fraction of smaller APs 
persist and turns out to be resistant to the DTT treatment (illustrated in Fig. 1 ). Spectroscopically; this situation 
is not particularly favorable because N265' peak (aggregate particles) partially overlaps with much stronger N265 
peak (folded monomeric RRM2), see Fig. S2. Therefore, we did not attempt any NMR diffusion measurements on 
the residual APs found in the reduced sample. However, the collected HSQC data allowed us to accurately deter
mine the fraction ofRRM2 monomers in the reduced samples, 84% (±4% ). Furthermore, the diffusion coefficient 
of globular monomeric species was successfully determined under these conditions. 

RRM2 in the aggregate particles is disordered. Amide proton HID exchange experiment is a powerful 
tool to probe protein stability and foldedness37

• Typically, in this experiment a lyophilized protein material is dis
solved in D20 and a series of back-to-back HSQC spectra are recorded to monitor progressive loss of peak inten
sities due to deuteron-for-proton substitution. In our system, however, the situation calls for a more elaborate 
experimental design. As already described, aggregate particles are not directly visible in the spectra. Therefore, we 
first conduct HID exchange in the oxidized sample containing the APs and after that reduce the sample with DTT 
such as to (partially) transform the APs into globular monomeric species. The latter lend themselves to spectro
scopic observation and thus make it possible to indirectly probe deuterium uptake by the APs. Similar strategies 
have been widely used in the studies of fibrils and inclusion bodies; typically; the samples are first soaked in D20 
and then rendered monomeric by dissolving them in DMSO such as to facilitate data collection by means of the 
regular HSQC spectroscopf8• 

In our case the HID exchange experiment was conducted using four RRM2 samples. The first pair of samples -
one dissolved in 100% H20, another in 80% D20/20% H20- was used as a control. These samples were not 
subjected to oxidation: instead ofH20 2, they were injected with a small amount ofbutfer solution. The data from 
these two samples characterize the structural stability of the globular RRM2 domain and, therefore, provide a 
convenient point of reference to judge the stability of APs. The results are illustrated for residue F231 in the RRM2 
domain. The profile in Fig. 4A was obtained from the sample in 100% H20 solvent; it comprises the data from 60 
consecutive HSQC spectra (see Materials & Methods). As expected, the profile is essentially flat aside from a small 
intensity drop at the point 3 h 30 min (after 25 mM DTT has been added to the NMR tube, causing 2.5% sample 
dilution). Its counterpart profile, shown in Fig. 4B, was obtained from the sample in 80% D20/20% H20 solvent; 
it illustrates the gradual displacement of protons in the F231 amide site by deuterons. 1his process proves to be 
relatively slow, which is expectable for residue F231 given that it is located in the ~3 strand near the middle of the 
of ~-sheet surface and, therefore, is well protected from solvent exchange. 

The other pair of samples is intended to probe directly the effect of cysteine oxidation. These two samples have 
been subjected to 2h treatment with 5 mM H20 2 (from t= 55 min until t = 2 h 55 min, terminated by application 
ofDTT). The green profile shown in Fig. 4C illustrates the data from the sample in 100% H20. The initial steep 
loss of intensity results from the transformation of globular monomeric RRM2 into unobservable APs. The subse
quent recovery reflects the return of RRM2 to its globular monomeric form. The recovery is clearly incomplete -
as already mentioned, some of the APs prove to be resistant to the DTT treatment. Finally, the green profile in 
Fig. 4D demonstrates the effect of oxidation as seen in the 80% D20/20% H20 solution. The extremely steep ini
tial drop has two obvious sources - decreasing fraction of globular monomeric RRM2 in the oxidized sample and 
the penetration of deuterium in the remaining globular domains. In fact, there are additional contributing fac
tors, which we will discuss below. The DTT treatment at t = 2 h 55 min produces a hint of recovery, but the effect 
turns out to be minimal. This is because the RRM2 chains in the APs are "saturated" with deuterium (given the 
composition of the solvent, the content of deuterium in the amide sites must be approaching 80% ). Consequently; 
the refolding ofRRM2 due to DTT contributes very little to the observable signal. Finally, after t= 5 h the inten
sity of the signal continues to slowly decline due to further entry of deuterons into the globular RRM2 structure. 
Eventually, the magnitude of the signal is expected to reach a plateau at the level ca. 0.16, reflecting the content of 
H20 in the solvent, 20%, and the proportion of monomeric species in the reduced sample, 80%. 

The above discussion offers one important insight. Specifically, the data indicate that aggregate particles rap
idly exchange amide protons for deuteriwn. This is consistent with disordered nature of the polypeptide chains 
comprising the APs, as shown in Fig. 1. 

To further extend the analysis of HID exchange data, we have calculated the ratio of the profiles in Fig. 4C and D, 
f~ = V~ofV~0• The result is represented as a green curve in Fig. 4E. To a first approximation, this procedure 
removes the effect of intensity loss/gain due to the transitions from globular RRM2 to the APs upon sample oxida
tion and the reverse transitions upon reduction. What remains is only the effect of increasing deuterium content in 
the globular monomeric RRM2. As a point of comparison, we have also calculated the ratio of the profiles shown in 
Fig. 4A and B referring to the control samples, fml = V3:ofv:g~. The result is represented as a black curve in 
Fig. 4E. 

In what follows we focus on the data in Fig. 4E. During the sample oxidation, 2-nd to the 5-th data point, we 
observe that globular RRM2 domains relatively rapidly take up deuterium (green curve). The rate of the deute
rium uptake over this time interval is, in fact, distinctly higher than in the control measurements (black curve). 
Given that both curves pertain to the identical globular monomeric species, how does one explain this observa
tion~ We suggest that there is dynamic exchange between globular RRM2 species and aggregate particles, which 
results in increased uptake of deuterium by the globular RRM2 (as compared to the unoxidized control sample). 
The mechanism of this exchange is described in what follows. 

The reduction of the sample with DTT further increases the content of deuterium in the globular RRM2 
domains and, consequently; lowers the ratio f., (5-th to 6-th data point on the green curve). Indeed, during this 
time interval a large fraction of AP species is converted to the globular monomeric form. Because peptide chains 
in the APs are disordered and saturated with deuterium at exchangeable sites, this increases the level of deuter
ation in the globular RRM2 pool Finally, beginning with the 6-th data point we observe further gradual decline 
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Figure 4. HID exchange data for wt RRM2 sample subjected to oxidation and subsequent reduction: peak 
volumes of residue F231 in the series of consecutive HSQC spectra. (A) Control (unoxidized) sample, 10096 
H20 buffer solution. (B) Control (unoxidized) sample, 8096 0 20/2096 H20 buffer solution. (C) Oxidized 
sample, 100% H 20 buffer solution. (D) Oxidized sample, 8096 0 20/2096 H 20 buffer solution. Sample oxidation 
involved 2 h treatment with 5 mM H 20 2, from t = 55 min to t = 2 h 55 min, terminated by the application of 
25 mM OTT. Other experimental details, including peak normalization, are described in Materials & Methods. 
(E) Ratios of peak volumes in the 0 20- and H 20-based solvents, fctr~ = vtrofv::;0 (black symbols) and 
!"" = V~ofV~0 (green symbols). 
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Figure 5. HID exchange data for wt RRM2 sample subjected to oxidation and subsequent reduction: ratios of 
peak volumes fctr! = vg;:~vii:0 and fm: = V~ofV~0 (black and green symbols, respectively) for residues (A) 
L207, (B) T233, tC) F210 and (D) C244. 

in f.m due to continuing exchange of amide protons for deuterons in the globular RRM2 domain. In the reduced 
sample this process occurs slowly, similar to the control sample ( cf green and black curves). Eventually, both J~ 
and fm~ should converge to the plateau at the level ca. 0.2, corresponding to the H 20 content of the solvent. 

The same conclusions that have been drawn using the spectral peak F231, Fig. 4, can be reached for other 
peaks, see Figs 5 and S3. Shown in Fig. 5 are four representative examples, ranging from slowly exchanging resi
due L207 to rapidly exchanging residue C244. While rapidly exchanging residues become momentarily saturated 
with deuterium and therefore cannot offer any useful information, all other sites point toward the same pattern: 
(i) the peptide chains within the APs are disordered and (ii) there is dynamic exchange between the APs and 
globular RRM2 species. 

A very similar picture has also been observed for the Cl98S mutant ofRRM2. This mutant turned out to be 
considerably less stable than the wild-type protein- for example, residue R208 displar, ca. ten-fold faster solvent 
exchange in the Cl98S RRM2 compared to the wild type protein (as indicated by V~Q!V:ft0 data). Nevertheless, 
this residue remains a suitable HID exchange probe along the same lines as described above. The results, shown 
in Fig. S4, are analogous to the wild-type data. Since Cl98S lacks one cysteine and can only form disulfide-linked 
dimers, but not the higher-order oligomers, we conclude that it is the dimers that hold the key to formation of 
aggregate particles, whereas the ability of wt RRM2 to cross-link is dispensable. 

Furthermore, comparison ofNMR data in Fig. S4C with the SDS-PAGE results from Fig. 2C suggests that 
disulfide-linked dimers constitute a relatively small fraction of protein species in the Cl98S aggregate particles 
(specifically, about one-third by mass). The APs are mainly comprised of single-chain species that are disordered 
and entangled with the dimers. To a certain extent. disulfide-linked dimers can be viewed as seeds, catalyzing 
formation of the APs. 

Characteristic size of aggregate particles. Characteristic sizes of the two components in RRM2 sam
ples, i.e. globular monomers and aggregate particles, have been probed by (i) dynamic light scattering and (ii) 
pulsed-field-gradient NMR diffusion measurements. Additional relevant information has been provided by the 
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Figure 6. (A) DLS auto-correlation functions g(ll( T) for control, oxidized. and reduced samples (red, blue, 
and green symbols, respectively). The experimental data are from 1 min scans acquired at t = 0, 24 h, and 48 h, 
respectively. After the fitting via Eq. (1), the results were normalized by the best-fit value of the intensity factor 
c. (B) The dependence ofNMR signal on gradient strength G<Jfas measured for globular monomeric RRM2 in 
the control and reduced samples (red and green symbols, respectively), as well as the RRM2 aggregate particles 
in the fully oxidized sample (blue symbols). The experimental protocol and timeline are described in Materials 
& Methods. After the fitting via Eq. (3), the results were normalized by the best-fit value of the signal amplitude 
I(O). 

intensity ofHSQC peaks, which reports on the population of globular monomeric species. The DLS data have 
been collected in a continuous fashion: first on the freshly prepared control sample (20 min), then in the presence 
ofSmM H 20 2 (24h), and further after the addition of25mM DTT (24h).The correlationfunctionsg{1l(T) have 
been extracted from the experimental data as described in the Materials & Methods. The examples of the DLS 
data for control, oxidized and reduced samples are shown in Fig. 6A. The slow decay of t•>( T) in the oxidized 
sample reflects the presence of slowly diffusing APs (blue curve); conversely, rapid decay of t•>( 7) in the control 
and reduced samples reflects the prevalence of rapidly diffusing monomers (red and green curves). 

Similar data can also be obtained by means of the HSQC-based PFGSTE experiment, see Fig. 6B. In essence, 
this experiment measures the loss of spectral signals due to translational diffusion of the molecule or aggregate 
particle in the gradient of external magnetic field In the case of the control and reduced samples, we used the 
set of spectral peaks from globular monomeric RRM2. In the fully oxidized sample, we targeted the strong peak 
N2651, which belongs to the APs and thus allows us to probe the translational diffusion of aggregate particles. 
Slow dephasing of the N2651 signal is associated with the slowly diffusing APs (blue curve in Fig. 6B); conversely, 
rapid dephasing of the signals from globular monomeric RRM2 is indicative of fast diffusion (red and green 
curves). 

We started the analysis by fitting PFGSTE-NMR data to the appropriate version of the Stejskal-Tanner 
equation, Eq. (3 ). For control sample, the fitting yields diffusion coefficient for globular monomeric RRM2, 
D,.= 1.38± 0.01·10-10 m2/s, which translates into hydrodynamic radius r,. = 17.1 ±0.1 A, see Eq. (2). This is in 
excellent agreement with the DLS results, D,. = 1.40 ± 0.08 ·10-10 m2/s and r,. = 16.9 ± 0.9 A. It is also instructive 
to compare the experimental values with the outcomes of computational modeling. Toward this end we extracted 
a series of frames from 1-~s MD trajectory of globular monomeric RRM2 and used them as an input for the pro
gram HYDRONMR3~. The predicted value of diffusion coefficient, Dm = 1.39 ± 0.01·1 o-•o m2/ s, turns out to be 
near-identical to the experimental results. We have used the same series of MD frames to calculate the volume4° 
and the effective dry radius of globular RRM2, which is found to be 13.51 ± 0.02 A; the difference between the dry 
radius and hydrodynamic radius is due to protein hydration41

• Finally, the diffusion coefficient of the monomeric 
species as measured by PFGSTE-NMR experiment in the reduced sample {i.e. the sample that has gone through 
the oxidation-reduction cycle) is 1.45 ± 0.04·10-10 m2/s. This value agrees within two standard deviations with the 
data from the control sample; the result confirms that DTT treatment restores RRM2 to its original globular form. 

As a next step, we analyzed the DLS and NMR data, which were recorded in non-stop mode during the 
course of sample oxidation and subsequent reduction. In the case ofDLS, the data set spanning the course of 48 h 
consists of 1254 scans. In the case ofNMR, the equivalent data set consists of35 back-to-back HSQC spectra. 
In analyzing these data we have made two assumptions: (1) the variable fraction of globular monomeric species, 
p,., can be determined from the intensity of the corresponding HSQC peaks and (iJ) the diffusion coefficient of 
monomeric species remains the same as determined in the control sample (see discussion of D,. above). Using 
these assumptions, we have fitted the entire series of tfil( 7) curves to Eq. (1), where the values of a1 and D 1 = Dm 
were fixed to represent the globular monomeric RRM2 species. The fitting, therefore, involved only two tunable 
parameters: the diffusion coefficient of aggregate particles, D2 =D.,. and the overall scaling factor c. The example 
of the best-fit curves, obtained in this manner, can be seen in Fig. 6A (blue and green curves). This interpretation, 
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Figure 7. Characteristic parameters of the RRM2 sample during the course of oxidation (blue symbols) and 
subsequent reduction (red symbols). (A) Fraction of globular monomeric RRM2 species according to the 
HSQC data. Each symbol in the plot is aligned with the middle point of the corresponding HSQC experiment. 
(B) Effective hydrodynamic radius of the aggregate particles according to the DLS data. Specifically, we have 
analyzed the DLS scan synchronized with the middle point of the HSQC experiment. In addition, we have 
analyzed two preceding and two following DLS scans and then determined the average r 8 value (corresponding 
to the DLS sampling window of 10 min). The fitting of the DLS curves was conducted using the p, values 
as indicated in panel (A) andD,.,= 1.40·10-10m 2/s.The r.datain the panel (B), blue curve, can be readily 
extrapolated to the time point 31 h to facilitate the comparison with PFGSTE-NMR experiment Additionally, 
the r, value is shown by the horizontal dashed line for the sake of reference. The experiment illustrated in this 
graph was also repeated using lOOmM DTT (see Fig. SS). 

therefore, produces the time profiles of p, and D.; the latter can be readily converted via Eq. (2) into hydrody
namic radius of aggregate particles, T8 • The obtained results are summarized in Fig. 7. 

The inspection of Fig. 7 reveals the obvious trend: sample oxidation leads to progressive loss of globular mon
omers and concomitant build-up of APs (blue curves), whereas subsequent reduction restores the sample to the 
largely monomeric state, although some of the smaller APs survive the DTT treatment (red curves). Two aspects 
of the results deserve separate comments. The first one concerns RRM2 sample after 24 h oxidation. In this sample 
the mass fraction of globular monomers is equal to mere 4.5%. Considering that the efficiency of light scattering is 
dependent on particle radius ( cf. Materials & Methods), the contribution of monomers to g<•l( 'T) proves to be very 
small. Specifically, the weight of the monomeric component is negligible compared to the aggregate component, 
a11fl]. = 0.0013, see Eq. (1). We conclude, therefore, that in the case of the fully oxidized RRM2 sample the DLS 
correlation functions can be fitted via single exponential without any loss of accuracy. In what follows we will 
make use of this observation. 

The second comment concerns RRM2 sample after 24 h oxidation followed by 24 h reduction. The data in 
Fig. 7 indicate that ca. 40% of the protein mass in this sample remains in the aggregated state. At the same time 
SDS gel indicates that such reduced sample is free of disulfide bonds, see Fig. S6. This has also been confirmed by 
additional series ofDLS measurements demonstrating that the outcome of the experiment does not depend on 
whether the sample is treated with 25 or lOOmM DTT, see Fig. SS.Therefore, the surviving APs do not require 
disulfide bridges to remain stable - these are small misfolded clusters that are held together by non-covalent 
interactions. These APs can be viewed as kinetically trapped states that do not return to the (thermodynamically 
favored) globular form for at least several days. 

Finally, we turn to the results ofPFGSTE-NMR experiment on the oxidized sample. The NMR diffusion exper
iment is relatively lengthy, requiring 9 h of measurement time. In principle, this could cause a certain amount of 
bias due to progressive sample oxidation during the measurements. However, the data were collected on the fully 
oxidized sample, where the time-dependence ofbothp, and r. is small and near-linear, see Fig. 7. Besides, the 
experiment was designed such as to average out any such effects (see Materials & Methods). With these provi
sions, we can assume that the PFGSTE-NMR data reflect the state of the sample at the middle point of the exper
iment, which corresponds in our case to the time point t= 31 h after oxidation has been started. For this time 
point NMR experiment determines the diffusion coefficient D 8 of the aggregate particles, 0.55 ± 0.02·10-10 m 2/s. 
On the other hand, the DLS-based D. value at the same time point is 0.40±0.01·10-10 m2/s. Clearly, there is a 
difference between the two results, which is beyond the margin of error. This situation can be contrasted with the 
measurements performed on the (unoxidized) control sample, where the NMR and DLS results were in excellent 
agreement. 

What could be the reason for this discrepancy? Evidently, the APs cannot be viewed as a monodisperse system 
(of note, APs include disulfide-linked oligomers of different order, cf. Fig. 2). Rather, the APs should be described 
via a certain size distribution function. As it happens, n:MR and D~LS effectively sample two different momenta 
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of this distribution function. As will be discussed in the next section, the relevant NMR signal increases with the 
radius of aggregate particle as r;, whereas the DLS signal increases as r!. In other words, the DLS ~eriment is 
biased toward bigger particles in relation to the NMR experiment Therefore, it is not surprising that D,. LS is lower 
than v:MR since it reflects the biased nature of the measurement, which is preferentially sensitive to the slowly 
diffusing APs. In the next section we will exploit this situation in order to develop a simple model for the AP size 
distribution function. 

The size distribution function for RRM2 aggregate particles. Here we focus on the fully oxidized 
sample of RRM2, seeking to construct a size distribution function for the aggregate particles contained in this 
sample. In brief, a model probability density function .X(r) is proposed, and the parameters of .X(r) are adjusted 
such as to reproduce D:MR and D.:JLS (which can be viewed as two different functionals of the size distribution 
function). 

Assume that APs can be approximated as spheres with constant density. In this case Eq. (1) can be easily gen
eralized for a sample containing polydisperse aggregate particles: 

g!1>(T) = c J.: A(r)r6exp( -Dt{T)dr. 
(4) 

Here the diffusion coefficient Dis related to radius according to Eq. (2 ) and cis the new normalization constant 
The probability density function A(r) and Eq. ( 4) pertain to the aggregate particles, leaving outside the globular 
monomeric RRM2. As discussed above, the mass fraction of globular monomeric RRM2 in the fully oxidized 
sample is 4.5% and its contribution to the experimentally determinedi1l(T) in this situation is negligible. The 
lower integration limit in Eq. (4) pertains to the RRM2 disulfide-bonded dimer, which is the smallest aggregate 
particle. 

Similarly we can calculate the I( Gtff) curve for the NMR-PFGSTE experiment, using Eq. (3) as a starting point 
In principle, it is not straightforward to determine the contribution from the particles with radius r into the 
observed NMR signal Indeed, one may expect that heavy particles are characterized by high spin relaxation rates 
and, therefore, contribute little to the NMR signal However, this is not the case for our specific experiment which 
detects the single resonance, N2651

• As discussed previously, this peak arises from the residue at the end of the 
flexible C-terminal tail, which is always solvated and highly dynamic, irrespective of the size of the AP to which 
it belongs (see Fig. 1). Therefore, the contribution from the particles with radius r into the observable signal is 
simply proportional to the number of peptide chains contained in one particle or, in other words, is proportional 
tor'. Hence Eq. (3) can be recast as follows: 

I(G,ff) = I(O) J'JO .X(r)r3exp( -Dy~G~c52(.6.- s))dr 
,_ 

(5) 

One may notice the intrinsic similarity in the structure of Eqs ( 4) and (5), which are nevertheless different with 
respect to the weighting factor, f' vs. r'. In this connection it is also worth noting that D~LS and v:MR can be 
approximated in this situation as fifth and second moments of A(r) (see, for example, ref. 42), but we found this 
approximation somewhat lacking in accuracy compared to the approach described below. 

Having established these results, we adopt the following procedure. For a given probability density function 
>.(r) we simulate i 1l('r) and I(G.11-) data by means ofEqs (4) and (5). In doing so, we imitate the experimental 
protocol, e.g. use the same delays T and gradient strengths G<f/as employed in our experimental measurements, 
see Fig. 6. Subsequently, we fit the simulated i 1l( T) and I( Gtff) data in the same way as the experimental data (as 
already indicated, the contributions from globular monomeric species can be disregarded). In this manner we 

D DLS dDNMR d furth fo th sidual, 2 ( DLS DLS )2 ( NMR. NMR\2 B · extract a,cakan acalt an er rm ere X = Da,~tl- Da,CIIlt + Da~tl- Da,cakJ • yvarymg 
the parameters of .X(r) the residual can be minimized, thus obtaining the model size-distribution function which 
is consistent with the experimental DLS and NMR data. 

One possible realization of >.(r) is the exponential dependence: 

(6) 

It is a two-parameter model that depends on the minimal size of the aggregate particle r min and the scale p 
which is indicative of the distribution width. The model Eq. ( 6) is purely empirical, although a somewhat similar 
distribution function -exp( -ar') appears in the Flory's treatment of step-growth polymerization~· '" and in 
the solution of Smoluchowsk.i equation for aggregation by collision~. In our study the use of Eq. ( 6) has been 
motivated by minimalistic character of this model and, more specifically, by the SDS-PAGE data, see Fig. S6. In 
principle, .X(r) should be viewed as a superposition of multiple contours .\,(r), where >..(r) is the size distribution 
for the subset of APs consisting of n peptide chains, AP(n). However, given the disordered and heterogeneous 
nature of the APs, >..(r) contours should be sufficiently broad, such that their superposition should be a smooth 
function (similar to the one given by Eq. (6)). 

The fitting procedure using Eq. ( 6) has been conducted as described above. The exact solution is available for 
this model, resulting in X:= 0 (as discussed later, this is not always the case for other two-parameter models). 
The resultant A(r) curve is shown in Fig. SA together with a series of curves from adjunct Monte-Carlo analy
sis. The fitted value of r m1n is 28.6 A. Considering that the minimal aggregate particle in this system must be a 
disulfide-bonded dimer, the r m1n value can be used to estimate the minimal level of dimer hydration. The result 
is 2.68 g of water per gram of protein. This is an order of magnitude higher than the typical level of hydration for 
folded proteins, 0.3 gl g, and within the range for partially and intrinsically disordered proteins, 1-10 gl g46. This 
outcome is in agreement with our notion of disulfide-bonded RRM2 dimers as disordered entities. 
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Figure 8. Size distributions for the aggregate particles in the full)' oxidized sample ofRRM2. (A) .A(r) obtained 
by optimization of two parameters in Eq. 6: p = 8.5 A, r mm = 28.6 A. The latter value translates into minimal 
hydration level2.68 gig for disordered disulfide-bonded dimer of RRM2. Yellow curves represent the results of 
Monte-Carlo simulations based on the experimental uncertainties: 0.0 1·10-10 and 0.02·10-10 m2/ s for D~!:.11 and n:;:,,. respectively. Only those curves are shown for which the values of both fitted parameters are withiri one 
stanaard deviation of the respective means. (B) Number distribution functions A(n) reporting on the 
proportion of APs comprised of n peptide chains (black vertical drop lines) and n(n) reporting on the 
proportion of disulfide-bonded n-mers (red circles). A(n) was calculated from .A(r) assuming that (i) the 
minimal hydration level for AP(n) is the same for all n, 2.68 g/g, and (ii) the maximally hydrated AP(n) has the 
same size as the minimally hydrated AP(n + 1). n(n) was obtained from the densitometry analysis of the non
reducing SDS gel of the fully oxidized RRM2 sample, see Fig. S6. 

It is reasonable to assume that the minimal degree of hydration is the same for dimers and for bigger aggregate 
particles. Using this assumption, the probability density function .A(r) can be divided into bands, correspond
ing to AP(n) (e.g. the first band corresponds to aggregate particles with n = 2 and hydration level in the range 
from 2.68 to 4.38 g/g, the adjacent second band corresponds to n = 3 and hydration range 2.68 to 3.81 gig, etc.). 
Integrating .A(r) over the respective bands we obtain the number distribution function A(n), that reports on the 
population of AP(n). The result is shown in Fig. 8B, represented by black vertical bars. A1J one can see, the most 
frequently occurring particles consist of 2 or 3 chains, but bigger aggregates are also common. The mass fraction 
of the disulfide-bonded dimers is 17%, whereas all other APs combined account for 83% of the aggregate mass. In 
principle, disordered dimers or trimers of RRM2 should lend themselves for observation in NMR experiments. 
However, as already pointed out, these species are too inhomogeneous and lack dynamic averaging, which largely 
prevents their observation by high-resolution HSQC spectroscopy. 

Also shown in Fig. 8B are the results from densitometry analysis of the non-reducing SDS-PAGE data from 
Fig. S6. These data directly report on the proportion of disulfide-linked n-mers in the sample, corresponding to 
the number distribution function n(n) (indicated by red circles in the plot). Generally speaking n(n) is distinct 
from A(n) and there is no simple relationship between these two functions (indeed, aggregate particles can be 
assembled from different combinations of disulfide-bonded dimers, trimers, etc. along with some monomeric 
chains). Nevertheless, in our case the two functions are broadly similar, which is a satisfactory outcome given that 
disulfide-bonded n-mers is the core element of the aggregate particles. 

Finally, we have also tested a number of other simple models for .A{r) in addition to Eq. (6). The results were 
never satisfactory. For instance two-parameter rectangular distribution function failed to accurately reproduce 
D~~tl and n:,::;tl' The same outcome was obtained with two-parameter -exp( -a,a) distribution function due to 
Flory. The three-parameter shifted log-normal model produced an exceedingly sharp distribution, which did not 
correlate well with SDS-PAGE results. Several other models were also tested and rejected on various grounds. 

The empirical .A{r) function illustrated in Fig. 8 certainly has its limitations. It is essentially a simplistic recon
struction of the size distribution function which is built to reproduce two pieces of experimental data (i.e. two 
different functionals of the distribution). Nonetheless it probably offers a fairly realistic description of the aggre
gate particles in the sample of oxidized RRM2, consistent with what we know about the disordered nature of APs 
and supported by the SDS-PAGE data. A1J discussed above, our approach has a (modest) discriminating power 
with regard to choice of a model, so that the results in Fig. 8 can be viewed as a meaningful approximation to the 
true size distribution. 

RRM2 in the oxidized sample is susceptible to trypsin cleavage. The structural stability of species 
that are formed after H 20 2 treatment of RRM2 sample has also been probed by trypsinolysis. Trypsin cleaves its 
substrate C-terminal to arginine or lysine residues; the cleavage efficiency is dependent on the surface exposure 
and the flexibility of the region containing the cut site. Limited trypsinolysis is a sensitive probe of protein dis
order47. The amino acid sequence of RRM2 contains four arginines and four lysines. If fully digested, RRM2 is 
cleaved into several peptides, with the biggest fragment having a mass of 2.5 kDa. The peptides of this size are dif
ficult to detect by gel electrophoresis, but easy to observe by NMR. Conversely, gel electrophoresis readily detects 
disulfide-linked oligomers {should they survive the trypsin treatment), which proves to be difficult in the NMR 
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Figure 9. Tris-tricine SDS-PAGE analysis of trypsin digestion products from the oxidized and control samples 
ofRRM2. Lane 1: control, uncleaved; 2: oxidized, uncleaved; 3: control, cleaved; 4: oxidized, cleaved; 5: marker. 
The oxidized samples have been treated with 5 mM H20 2 for 2 h, followed by buffer exchange; the control 
samples have been treated with 25 mM DTT for 2 h, followed by buffer exchange. Note that buffer exchange to 
remove H20 2 using centrifugal devices leads to sharply increased oligomer production (cf. Fig. 2C). The effect 
is due to concentration gradient caused by ultrafiltration, i.e. the elevated protein concentration towards the 
membrane. 

experiments. Therefore, a combination ofSDS-PAGE and HSQC measurements is well-suited for the purpose of 
this analysis. 

The results of controlled trypsinolysis experiments are illustrated in Fig. 9. The control RRM2 sample is appar
ently resistant to trypsinolysis (lane 3), whereas the oxidized sample is shredded to pieces (lane 4). This outcome 
strongly suggests that RRM2 aggregate particles are highly disordered, which makes them susceptible to proteol
ysis48. While the gel fails to resolve digestion peptides, it shows a weak band from protein species with molecular 
weight between that of a monomer and dimer (most likely, the clipped version of disulfide-bonded dimer). Lane 
4 also contains a pair of very weak bands, which correspond to monomeric RRM2 as well as its slightly truncated 
version. Of note, the content of monomeric protein is greatly reduced after the trypsin treatment ( cf.lanes 2 and 4). 
This outcome is non-trivial considering that globular monomeric RRM2 is immune to trypsin (lane 3).It leads 
us to suggest that monomeric RRM2 in the oxidized sample exists in the state of dynamic exchange between 
the globular form, where it is protected from proteolysis, and the AP form, where it susceptible to proteolysis. 
This observation is in accord with our conclusion from the H/D exchange experiments. The mechanism of this 
exchange process will be detailed below. 

The alternative version of the trypsinolysis experiment employs NMR detection, see Fig. 10. Panels (A) and 
(B) in this graph illustrate the response of the freshly prepared (unoxidized) sample ofRRM2 to the trypsin 
treatment. Eight-hour incubation with trypsin has almost no effect on the HSQC spectrum of the sample, thus 
confirming that globular RRM2 is structurally stable and resistant to proteolysis. The only damage suffered by 
the globular RRM2 domain seems to be the truncation of two extreme residues from the flexible C-terminus. 
The cleavage occurs after residue K263 and causes the disappearance of the spectral correlations from K263 and 
N265 (marked in the plots). Overall, the result is consistent with the data from SDS-PAGE gel, while additionally 
providing detailed information on per-residue basis. 

Panels (C) and (D) in Fig. 10 illustrate the response of the oxidized (2h) sample to trypsin treatment. As 
pointed out previously, sample oxidation causes uniform decrease in the intensity of spectral peaks representing 
globular monomeric RRM2, but otherwise has little effect on the HSQC map, Fig. lOC. However, application of 
trypsin to the oxidized sample leads to dramatic changes in the spectrum. Specifically, signals from globular mon
omeric RRM2 are no longer observed, while the new spectral peaks emerge that are clustered in the narrow range 
of proton chemical shifts around 8.3 ppm. The resulting spectral pattern is characteristic of a diverse mixture of 
unstructured peptides, see Fig. 10D. 

Finally, we turn to the sample that was initially oxidized and subsequently reduced, panels (E) and (F). This 
sample is mainly monomeric, although ca. 19% of the protein by mass remains in the aggregate form. Its HSQC 
spectrum is similar to the one of the control sample, albeit with somewhat lower peak intensities, see Fig. 1 OE. 
Of special importance for us is the spectrum recorded after trypsin treatment, Fig. 10F. As can be seen from 
the spectral map, the set of peaks from globular monomeric RRM2 remains unaffected. At the same time, we 
observe a number of weak peaks corresponding to digestion peptides, which appear at the same positions as in 
the spectrum Fig. 10D (marked by red arrows). The intensity of these weak peaks is at the level of 19% relative to 
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Figure 10. NMR characterization of digestion products from trypsin treatment ofRRM2 domain: (A,B) 
control sample before and after application of trypsin; ( C,D) oxidized sample before and after application of 
trypsin; (E,F) reduced sample before and after application of trypsin. The experimental details are described in 
Materials & Methods section. The pairs of spectra from the samples with the same oxidation states are plotted 
with the same choice of the contour levels. Resonances of interest are indicated by black triangle or red arrow 
markers. 
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Fipre II. lYID model of the disulfide-bonded RRM2 dimer based on the solution ruuctu.re 1 WFO. Disulfide 
bond C244-C244 is colored gold. 

the dominant monomer peaks, suggesting that they represent the products of proteolytic: cleavage of the APs that 
remain in the reduced sample. 

Of particular interest is comparison of the spectra in Pig. lOD and F. In the oxidized sample the monomeric 
globular RRM2 exists in a state of dynamic exchange with aggregate particles. When RRM2 is recruited into AP, 
it undergoes unfolding and is subsequently digested by trypsin while being a part of the aggregate particle. As 
a result, the population of globular monomeric RRM2 becomes depleted. In the reduced sample, none of this 
happens. Although there is a sizeable proportion of APs, there is no recruitment of globular RRM21nto aggregate 
particles. Consequently the population of globular RRM2 remains intact, even though the aggregate particles are 
proteolyzed 'Ihe&e observatioru have direct implications for the mechanism of AP formation. 

Theoretically speaking. one can envisage two different mechanisms for recruitment ofRRM2 into APs. The 
first mechanism can be described as "unfolding upon binding" or "unfolding upon aggregation'""'·~. It assumes 
that globular RRM2 domain transitions to the disordered state upon mechanical contact with AP and then 
becomes enmeshed in the aggregate particle (subsequently it may or may not form disulfide bonds with other 
peptide chains within the AP). One would generally expect that this process is reversible. thus accounting for 
dynamic exchange between the globular and aggregate forms ofRRM2. 

The second mechanism involves furmation of a disulfide bridge between globular RRM2 and aggregate par
ticle. Of special relevance in this context is thiol-disulfide exchange51-55. The original disulfide bond is broken, 
and the globular RRM2 domain becomes covalently attached to the aggregate particle. Subsequently, this domain 
becomes unfolded (as argued below, adventitious disulfide bonding compromises proteins' ability to refold). The 
same reaction leads to partial or complete detachment of one of the peptide chains within the AP. Bventually, this 
chain may dissociate &om the aggregate particle. refold and thus t:ransfoim into globular monomeric RRM2. 

One may. in fact. anticipate different variants of this mechanism. For enmple, RRM2 may become fused to the 
aggregate particle through the reaction involving a pair of free t:biols; .subsequently, thiol-di.sulfide exchange reac
tion may take place within the AP, leading to detaclunent of one monomeric unit &om the particle. In any event, 
the proceaa of dynamic exchange between globular and aggregated states is critically dependent on disulfi.de 
bonding in all mch scenarios. 

Our trypsinolyais experiment and. in particular. the results in Fig. lOD and E. strongly favor the second mech
anism over the first. Indeed. the exchange between the globular form ofRRM2 and disordered aggregate particles 
takes place in the oxidized sample. but not in the reduced sample (although the latter also contains a substantial 
amount of APs). Hence disulfide bonding does not only trigger the formation of aggregate particles, but also con
trols their growth. 1he first mechanism involving "unfolding upon binding" should play only a minor role, if auy. 

Disulfide-bonded RRM2 dimers are stable in long MD simulations. The t:ransfunrurtio of globular 
monomeric RRM2 into disulfide-linked APs involves transition from structural order to disorder. To explore the 
origins of this transition we initiated a series of MD simulations. 

First, we have built multiple models of disulfide-bonded RRM2 d.imers using NMR coordinates 1 WFO and, 
separately, X-ray coordinates 3D2W. The procedure to build these models under Amber ff14SB force field is 
detailed in Materials & Methods. Initially two RRM2 domains are positioned in a semi-random manner. 
Subsequently a soft steering potential is employed to bring respective C244 thiol groups in contact using the 
method by Marti-Renom and KarpJus26. In brief, a harmonic distance restraint is imposed on the two respective 
sulfur atoms according to the initial interatomic distance; after each 10-ps interval in the MD trajectory the 
restraint is updated to redect the shortest sulfur-to-sulfur distance which has occurred during this interwl. Once 
the two sulfur atoms arrive to within 2.5 A of each other, formation of disul1ide bridge is initiated, Le. a set of 
restraints is gradually introduced correaporulingto the ~iield-spedfk implementation oftlu: disulfide boncf7. 
During this procedure the internal structure of the domains is protected by means of synthetic distance restraints. 
Finally, all auxiliary restraints are removed and a bona fide structure model of the disulfide-bonded RRM2 dimer 
is obtained. see Fig. 11. Ten of these models have been selected with the goal to provide best possible sampling of 
the relevant phase space (relative position and orientation of the domains within the dimer). These mode1s have 
been used as starting coordinates to record ten independent 1 "itS-long trajectories of disulfide-bonded dimers. In 
addition, we recorded two 1-p.s-long control trajectories of monomeric RRM2. 

SCIENTIFIC REPORTS 17: J 116 I I DOI:l0.1038/s41S9B-017 -10574-w 17 



www.nature.com/scientificreports/ 

Initially we expected that formation of intermolecular disulfide bridge should lead to deterioration of the 
internal domain structure. Indeed, the domain-domain interface funned around the disulfide bond (Fig. 11) is 
not a native interface, Le. it has not been optimized in an evolutionary sense (unlike in native dimers). Clearly, the 
pairing of residues at this interface is less than optimal Under these circumstances the interactions at the dimer 
interface are more likely to have a destabilizing (rather than stabilizing) effect on the constituent RRM2 domains. 
Similar arguments have been made to explain the destabilizing effects of crowded environment on protein struc
ture54. To test this hypothesis, we turned to the MD data. 

We have used two metrics to characterize structural stability of the domains in the MD simulations: {i) 
C" rmsd relative to the initial coordinates and (ii) amide solvent exchange protection factors. The latter have 
been calculated as a function of local packing density and hydrogen bonding using the recipe by Best and 
Vendruscolo28

• Both metrics produced no evidence that RRM2 structure is in any way destabilized by forma
tion of the disulfide-bonded dimer, see Fig. S7. None of the 10 dimer trajectories showed any signs of structural 
change beyond minor variations that are also observed in the control trajectories of monomeric RRM2 (i.e. 1.5 A 
rmsd for secondary-structure ca atoms). 

Our failure to observe RRM2 unfolding in the MD simulations of disulfide-bonded dimers is essentially a neg
ative result. Clearly this result is also subject to statistical limitations: the combined length of dimer trajectories 
in this work is 10 f.LS, while the characteristic time of protein unfolding is typically longer than that. Nevertheless, 
this negative result is important in the context of our analyses: it suggests that formation of the adventitious 
disulfide bridge between the two RRM2 domains is unlikely per se to cause a collapse of the domain structures. 
While thermal stability of the dimer may indeed be decreased 55, the dimer nevertheless remains a bona fide folded 
protein. The key to aggregation properties of disulfide-bonded dimers lies elsewhere, as further discussed in the 
concluding section. 

Concluding remarks 
Oxidation of cysteine thiols in the RRM2 domain of neuropathological protein TDP-43 has three main conse
quences: dimerization {oligomerization) via disulfide bonds, unfolding, and formation of aggregate particles. The 
exact sequence of these events and their causal relationships are not a priori obvious. A number of different sce
narios can be proposed to explain the experimental observations. For instance, one may suggest that formation of 
adventitious disulfide bridge C244-C244 causes immediate collapse of the domain structure due to destabilizing 
electrostatic interactions or steric clashes at the interdomain interface. This possibility has been discussed in the 
text and deemed to be unlikely. Another hypothetical scenario involves "unfolding upon binding" or "unfolding 
upon aggregation". In this scenario it is assumed that disulfide-bonded dimers are stable per se, but unfold upon 
forming a complex with another dimer or an aggregate particle. This hypothesis has also been examined and 
declined on the basis of the existing experimental evidence. 

At this moment we see only one mechanism that is consistent with the collected data and can convincingly 
explain all of our observations. Specifically, we believe that formation of adventitious disulfide bridges under
mines the ability of RRM2 domain to refold. To elaborate on this point, every folded protein should be gener
allyviewed as a dynamic equilibrium between the {major) folded state and (minor) partially or fully unfolded 
states. This view follows directly from thermodynamic measurements of protein stability56. Even the most stable 
globular proteins experience large fluctuations that essentially amount to partial unfolding, as has been directly 
confirmed by HID exchange measurements, disulfide trapping and other techniques57• 58• Small globular domains, 
such as RRM2, can usually recover from such fluctuations - indeed, they have the ability to refold in an unas
sisted manner. However, this is not so for the disulfide-linked RRM2 dimer, which cannot properly refold. The 
situation is exacerbated by the fact that the dimer consists of two identical units and, therefore, the interactions 
that stabilize the native RRM2 fold can also stabilize interdomain misfolded states59• More generally, the ability to 
expediently fold and avoid misfolding is the property that is largely conferred on proteins by evolution. We do not 
expect to find this property in the adventitious disulfide-bonded dimer. The loss of this valuable property means 
that large thermal fluctuations can set RRM2 dimer on the path toward unfoldinglmisfolding. 

The disordered RRM2 dimers serve as a seed for aggregate particles. The growth of the APsis further con
trolled by disulfide bonding, although it does not require cross-linking (as demonstrated for the single-cysteine 
variants of RRM2). The thiol-disulfide exchange leads to reshuffling of disulfide bonds in the APs and results in 
detachment of some peptide chains. As a consequence, aggregate particles contain a significant fraction of dis
ordered single-chain RRM2 species. When these peptides dissociate from the APs, they refold to form globular 
domains (thus establishing dynamic exchange between the folded state and the APs). 

Aggregate particles observed in our experiments have a modest size, typically being comprised of several pep
tide chains. Structurally. they are both strongly disordered and highly inhomogeneous (lacking fast dynamic aver
aging). The inhomogeneity is in part a consequence of different disulfide bonding patterns, and in part the result 
of multiple misfolded configurations occurring in the system which contains many copies of the same peptide 
chain. A substantial proportion of APs proved to be resistant to the reductant treatment: these small misfolded 
particles remain stable on the time scale of days even after disulfide bonds have been removed. 

Adventitious disulfide bridges formed between protein molecules under the effect of oxidative stress {l) reduce 
the ability of these proteins to refold and (jj) increase their propensity to misfold. Consequently, the population 
balance is shifted toward disordered and aggregated protein species. These species are cleared in the cell by pro
tein degradation machinery. but some of the proteins and/or their proteolytic fragments escape destruction and 
fonn proteinaceous bodies, such as amyloid fibrils or tangles, e.g. neuronal inclusions in the case ofTDP-43. The 
studies are currently underway to establish the general character of this mechanism beyond one of the TDP-43 
domains examined in this work. 
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Evaluation ofTumorTreatment 
of Magnetic Nanoparticles Driven 
by Extremely Low Frequency 
Magnetic Field 
Weitao li, Yangyang liu, Zhiyu Qian & Yamin Yang 

Recently, magnetic nanoparticles (MNPs), which can be manipulated in the magnetic field, have 
received much attention in tumor therapy. Extremely low frequency magnetic field (ELM F) system can 
initiate M N Ps vibrating and the movement of M N Ps inside of cells can be controlled by adjusting the 
frequency and intensity of ELMF towards irreversible cell damages. In this study, we investigated the 
detrimental effects on tumor cells with M N Ps under various ELM F exposure conditions. An in-house 
built ELMF system was developed and utilized for evaluating the treatment efficiency of MNPs on 
tumor cells with specific intensities (2-20Hz) and frequencies (0.1-20 mT). Significant morphological 
changes were found in tumor cells treated with MNPs in combing with ELMF, which were consistent 
with noticeable decrease in cell viability. With the increase of the intensity and frequency of the 
magnetic field, the structural integrity of tumor tissue can be further destroyed. Destructive effects of 
MNPs and ELMF on tumor tissues were further determined by the pathophysiological changes observed 
in vivo in animal study. Taken together, the combination of MNPs and ELMF had a great potential as an 
innovative treatment approach for tumor intervention. 

Owing to their superior physiochemical properties, nanoparticles have been applied in various biomedical fields 
as a promising and viable technology, with intense researches focused on their potential applications in tumor 
intervention1- 5• Due to their small size in nanoscale, nanoparticles can pass through various physiological barri
ers and/or penetrate into cells(>...8. Among them, magnetic nanoparticles (MNPs) consisting of elements such as 
iron, nickel and cobalt exhibit unique physical features that make them a useful tool for both medical diagnostics 
and therapy. In particular, as MNPs can be manipulated by an external magnetic tield9-12, their interaction with 
cells can be confined to targeted area to avoid any unwanted side effects. MNPs have been widely utilized in drug 
delivery13- 15, hyperthermia treatment for cancer16, magnetic targeting17, contrast agents in magnetic resonance 
imaging (MRI)18, cell labeling and sorting19.2°, and immunoassays21• Although extensive studies have demon
strated the relative biological safety of MNPs22- 25, prior to build effective MNPs systems for various biomedical 
applications, their cytotoxicity and critical characteristics including size, structure, surface functionality, mag
netic properties, stability, and dispensabilitf6.27 have to be taken into full investigation. 

Considering the magnetic properties of MNPs, different electric and magnetic fields can be applied toward 
various biomedical purposes. For example, when applying for hyperthermia treatment2B-30, MNPs suspension 
has a high efficiency to absorb the energy of an altering magnetic field and convert it into heat. However, high 
concentrations ofMNPs and magnetic field with high frequency and intensity are often required for this approach 
to generate sufficient heat that can kill cells, which would result in unwanted side effects. Alternatively, noticed 
the advantages of extremely low frequency magnetic field (ELMF), the investigations of the properties ofELMF, 
including intensity, frequency and time windows have been attracted much attention. 

Previous studies have shown that damages on cell membranes could be generated by electric impulses or 
periodic electric field23

• By tuning the pulse time or the electric intensity, micropores formation on cell membrane 
and structure changes of cells could be permanent towards irreversible cell damage. Similarly, under the exposure 
of external ELMF, MNPs could vibrate locally and the speed and moving direction of MNPs could be adjusted 

Department of Biomedical Engineering, Nanjing University of Aeronautics and Astronautics, 29Yudao Street, 
Nanjing, 210016, China. Correspondence and requests for materials should be addressed to z.a. (email: zhiyu@ 
nuaa.edu.cn) 
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Figure I. Characteristics ofMNP-Fe30 4• (A) TEM images ofMNP-Fe30 4. (B) Histogram of the distribution 
ofhydrodynamic size ofMNP-Fe30 4 obtained by DLS. 
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Figure 2. The cell viability results of MCF-7 cells treated with MNP-Fe30 4 at different concentrations of [ 0, 
5, 10, 15, 20] J..Lg/ml without any magnetic field exposure. Culture without any treatment was used as control. 
The cell viability value was quantified by MTT assay, and results are expressed as the percentage of viable cells 
relative to untreated control. 

by the properties of ELMF. Therefore, with the assistance MNPs inside of tumor cells, it is thus assumed that the 
loss of membrane integrity and morphological changes could be achieved under ELMF exposure, which could 
consequently result in tumor cell damage. 

In this study, we developed a novel ELMF system and evaluated the treatment efficiency on tumor cells with 
MNPs in ELMF with specific intensities and frequencies. Both in vitro and in vivo experiments were performed 
to determine the cell morphological changes and cell destruction following the exposure of ELMF with the pres
ence of MNPs. To the best of our knowledge, no research has been explored in investigating the damage effects of 
MNPs and ELMF on tumor cells, which demonstrate promising potentials for tumor treatment. 

Results 
Characteristics of MNP-Fe30 4• MNP-Fe30 4 coated with meso-2,3-dimercaptosuccinic acid (DMSA) 
was applied in present study. As shown in Fig. lA, transmission electron microscopy (TEM) images of MNP
Fe304 showed sphere-like structures and were well-distributed. From dynamic light scattering (DLS) analysis 
results (Fig. lB), the average hydrodynamic size ofMNP-Fe30 4 was 30nm with the average kernel diameter at 
7 nm, suggesting that the particles were relatively homogeneous and well suspended. Surface modification of 
DMSA on MNP-Fe30 4 could maintain the stability of nanoparticles in biological solutions and also provide good 
biocompatibility. 

Cell viability in the presence of MNP-Fe30 4 without magnetic field exposure. The cytotoxicity of 
MNP-Fe30 4 at different concentrations was obtained from cells treated without any magnetic field exposure. Cell 
viability is presented as the percentage of viable cells treated with MNP-Fe30 4 relative to the untreated control. As 
shown in Fig. 2, without external magnetic field, MNP-Fe30 4 showed negligible cytotoxicity to MCF-7 cells, with 
cell viabilities above 90% at all applied MNP-Fe30 4 concentrations. 
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Figure 3. Bright field images of cells after different ELMF treatment. Top row: representative images of 
MCF-7 cells without MNPs incubation, exposed with ELMF at (A) 1 mT and 2Hz; (B) 1 mT and 20Hz; (C) 10 
mT and 2Hz; (D) 10mT and 20Hz; Bottom row: representative images ofMCF-7 cells incubated with MNPs 
(10 ~g/ml) and exposed with ELMF at (E) 1 mT and 2Hz; (F) 1 mT and 20Hz; (G) 10 mT and 2Hz; (H) 10 mT 
and 20Hz. Scale bar: 100 ~m. 

Morphological changes of cells exposed to ELMF. To study the effects ofELMF on cells, in our study, 
an innovative ELMF system was developed to generate alternating magnetic field with specific intensity and 
frequency. As shown from Fig. 3A to Fig. 3D, in the groups exposed to different ELMF but without the presence 
of MNPs, it was found that majority of cells retained their normal polygonal shape with clear sharp boundaries 
between cells. As MCF-7 cells intend to grow in an aggregated manner and form clusters in monolayer culture, we 
can observe the typical cell aggregation in them. However, with the addition of MNPs (bottom row in Fig. 3 ), sig
nificant morphological changes of cells were observed in accordance with the increasing intensity and frequency 
of external ELMF. Cells loaded with MNPs and exposed with ELMF became round and showed obvious abnormal 
morphology. In addition, cell-cell interaction was crucially damaged as we can observe the detachment of the 
cells, with diminished cell aggregation. With the increasing intensity and frequency of ELMF, damages on cells 
became much more severe, with significant smaller cell size and lower cell density found in the group exposed to 
ELMF of 10 mT at 20Hz (Fig. 3H). 

Cell viability test upon ELMF exposure. In addition to the morphological observation of structural 
changes in cells, cell viabilities after ELMF exposure under various conditions were analyzed quantitatively. As 
shown in Fig. 4, without the addition of MNPs, ELMF by itself did not cause any remarkable changes on cell via
bility. Despite the difference in the frequency and intensity ofELMF, cell viabilities remained stable (above 95%) 
and comparable to negative control group without any MNPs or ELMF treatment. In contrast, with the presence 
ofMNPs in cells (Fig. 4A and C), significant descending trends in cell viability can be observed with the increase 
of magnetic field intensity and frequency. 

To further determine the cytotoxic effects of ELMF exposure in combining with MNPs on tumor cells, 
apoptotic cell Hoechst 33258 dye kit was employed to stain the cells after various treatments. As the loss of cell 
membrane integrity and highly condensed chromosomes normally can be found in cells undergoing apoptosis, 
Hoechst 33258 dye will be uptaken more easily and show more significant fluorescence signals in apoptotic cells 
as compared to healthy cells. As shown in Fig. 5, the presence of MNPs in cells under ELMF exposure obviously 
generated more significant fluorescent signals, indicating distinct apoptotic process could be triggered following 
the destruction of the cell membrane integrity. With the enhancement of the magnetic field intensity, fluorescence 
signal in cells also increased, suggesting that the apoptotic effects on cells are dependent on the intensity of ELMF. 

Effects of ELMF exposure combining with MNPs in animal models. Followed by intratumoral 
injection of MNPs and ELMF exposure, tumor tissues from mice were collected and processed for fixation. The 
cross-section of tumor tissues was histological stained with hematoxylin and eosin to further visualize and assess 
cell death. In the mice treated without MNPs but with ELMF exposure (Fig. 6A) and in the group incubated with 
MNPs but without ELMF exposure (Fig. 6B), tumor tissues remained in an intact and compact format, with 
healthy nuclei and complete cytoplasms in cells. In contrast, with the combining effects of MNPs and ELMF, 
significant changes were evident in accordance with intensity and frequency of the applied ELMF. In general, 
MNPs-loaded tumor cells after ELMF treatment were apparently destroyed, which appeared abnormal structure 
with necrotic changes such as fragmented nuclei. When comparing the effects of magnetic field of same intensity 
yet at different frequency, it was found that higher frequency may result in more significant cell damages (Fig. 6C 
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Figure 4. The cell viability results ofMCF-7 cells incubated with MNPs (10 ~g/ml) and exposed with ELMF. 
Frequency dependence of cell viability in cells treated (A) with and (B) without MNPs and exposed with ELMF 
at intensity of [ 0.1, 5, 10, 15, 20 mT]. Intensity dependence of cell viability in cells treated (C) with and (D) 
without MNPs and exposed with ELMF at frequency of [2, 5, 10, 15, 20] Hz. Cells without any treatment was 
used as control in each group. The cell viability value was quantified by MTT assay, and results were expressed as 
the percentage of viable cells relative to untreated control. 

vs. 6C, and Fig. 6E vs. 6F). With the increase of the intensity of the magnetic field, the structural integrity of tumor 
tissue was further destroyed, remaining the matrix and debris of damaged cells (Fig. 6E and F). 

Discussion 
MNP-Fe30 4 with various distinguished features attracts many attentions in biomedical fields, especially in tumor 
therapy. In this paper, an innovative technique has been developed by using MNP-Fe30 4 under ELMF exposure 
to generated localized physical cell damage and eventually kills tumor cells. Comprehensive studies have reported 
the biological effects of external static or alterable magnetic field in the last decades31

-
39

• However, the specific 
mechanism of ELMF on biological system has not yet been fully investigated. According to the previous reports, 
it is suggested that ELMF with limited intensity (e.g. 0.3~-t T at 10Hz) could somehow cause a transient effect on 
cells, and result in recoverable cell damage40• In our experiment, similarly, we have also found that the exposure 
of cells to ELMF alone did not cause irreversible cell damage. On the other hand, it had been proved that ELMF 
could induce irreversible membrane pores formation due to the diamagnetic properties of cell membrane and the 
movement and vibration of MNPs could also be manipulated by external ELM F. In order to take full advantages 
of this phenomenon and consider the intriguing features of MNPs, we have combined the effects of MNPs and 
ELMF and explored their possibility in treating tumor cells. 

To our interest, significant morphological changes can be observed in tumor cells treated with MNP-Fe30 4 

under the exposure of ELMF, suggesting that loss of cell structure integrity induced by the combining effects of 
MNP-Fe30 4 and ELM F. To achieve effective cell killing, ELMF with various intensity (from 0.1 mT to 20 mT) and 
different frequencies (from 2Hz to 20Hz) was employed and evaluated for their efficiency in inducing irreversible 
tumor cell destruction, respectively. With the increase of intensity and frequency ofELMF stimulus, cell viability 
declined drastically, consistent with more significant morphological damages. 

Most excitingly, in consistent with in vitro results, we have observed similar cell destruction in tumor tissues 
treated with MNPs and ELMF in vivo. Especially, under exposure of ELMF with appropriate intensity and fre
quency, tumor tissue injected with MNPs can be effectively destroyed with an obvious decrease of cell number 
and severe damage on their structural integrity. 
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A B 

c D 

E F 

Fipre 5. llepraentative :fiDOI'CKCDCe imap5 of celb followed by dif&rent treatment.. Cells were stained 
with apoptotic cell Hoechst 33258 dye kit. (A) cel1s treated without MNPs but with BLMF exposure; (B) cells 
incubated with MNPs (10 ~ml) but without ELMF exposure; cells incubated with MNPs (101J81ml) and 
exposed toELMFat(C) lmTand2Hz; (D) lmT and 20Hz; (E) 10mTand2Hz; (F) 10mTand20Hz. Scale 
bar: SO IJ.IIl. 

Th determine the specific pathway involved in the cell damage of the approach proposed in present study, it 
may require a thorough investigation regarding the mechanisms underlying the i.nterad:ion between cel1s. MNPs 
and ELMF. Based on our results including cell morphology observation. cell viability evaluation. apoptotic cell 
staining, and in vivo animal analysis, we did observe significant structural changes in tumor cells upon treatment 
by MNPs and ELMF. Therefure, the possible mechanism for cell destruction is thus assumed that the movement 
and vibration o MNPs inside of celh under ELMF stimulus may aggravate the morphological changes of cells 
accompanying with apoptotic process. Future study will be conducted to pursue in-depth understanding in that 
regard. 

In conclusion. we present a pilot study about utilizing MNPs in combination with ELMF stimulus to destruct 
tumor tissues by affecting c:ell structure. Combining effects of intracellular MNPs and its movement triggered by 
external ELMF result in significant morphological changes and finally contrlbute to effective cellldlling. With 
the increase of the intensity and frequency ofELMF, more eflident cell damage can be achieved with the loas of 
structural integrity of tumor tissue. 

Materials and Methods 
Experimental setup. Our in-house built ELMF sy&tem iB designed and schematically described in Fig. 7. 
The entire system consists of a stand frame, two turntables, a motor, a microprogrammed control unit (MCU) and 
two permanent magnets. The permanent magnets are fixed on the turntables respectively and can provide a static: 
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A B 

c D 

E F 

Fipre 6. lleprae:ntative histology imaga of tumor tialue1 followed by different treatments. Mice injected 
intratwno.rallywith (A) physiological saline but with BLMF expoSJm:; (B) MNPs (10 IJg/ml) but without BLMF 
exposure. Mice injected intratumorally with MNPs (10 f.LK/ml) and exposed to BLMF at (C) I mT and 2Hz; (D) 
I mT and 20Hz; (E) 10 mT and 2Hz; (F) IOmT and 20Hz. Thmors from mice treated with MNPs and ELMF 
showed distincti.w cllaracteristics of cellular dam., such as abundant py.lmosis, karyorrhexis, and karyolysis. 
Scale bar: 100 IJ.ID.. Thin cross-sections were stained with H&:E. 

magnetic field up to 50 mT. The two turntables together with magnets are connected with the motor, of which 
movement can be controlled by the MCU. All the components are placed and fixed on the stand frame. During 
ELMF tn:atmeat. the aperimentalsamples wen: plaa:d in the gap between two turntables, with a size of20 mm 
in length, 15 mm in width and 30 mm in thickness. As the magnets can rotate at spedfic rate by controlling the 
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Figure 7. Schematic illustration ofELMF system. 

movement of the motor connected with MCU, the frequency and intensity of magnetic field is thus tunable within 
the gap. In our experiment, the range of the magnetic field frequency is approximate 2-20Hz and the range of 
magnetic field intensity is 0.1-20 mT. 

In vitro experiment. MNP-Fe30 4 characterization. MNP-Fe30 4 used in present study were coated with 
meso-2,3-dimercaptosuccinic acid (DMSA) to assure the stability of nanoparticles in biological solutions and 
also prevent its toxic effects. (Nanjing Nanoeast Biotech Limited Company, China). The morphology of particles 
was characterized using transmission electron microscopy (TEM). r.rl1e arti e size was measure usin aynamic 
li t scattering (DLSl s stem ( ano Partka SZ-100 series. Hori a Scientific Ltd., France . 

Cell culture. MCF-7 cells (human breast adenocarcinoma cell line) were provided by China Pharmaceutical 
University, Nanjing, China. The cell culture media ofDulbecco's modified Eagle medium (DMEM) was pur
chased from Gibco. MCF-7 cells were maintained as monolayer culture in DMEM medium supplemented with 
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin at 37°C in a humidified atmosphere (5% C02). 

When the cells reached at least 80% confluence, they were washed twice with phosphate-bufferedsaline (PBS) 
and detached with 0.25% trypsin/EDTA in Hank's buffer (Invitrogen-GIBCO). An equal volume of medium with 
FBS for trypsin inactivation was then added and the tumor cells were collected, counted and used in different 
experiments. 

Cytotoxicity test of MNPs. To investigate the cytotoxicity of MNPs, MCF-7 cells were seeded into 96-well plate 
at a density of 5 x 105/ml and cultured for 24h until adhesion. Then, the MNPs with concentration of [0, 5, 10, 15, 
20] j..Lg/ml in medium suspension were directly added into the each well, and the tumor cells were incubated with 
MNPs and continuously cultured for 24 h and evaluated for their viability with thiazolyl blue tetrazolium bromide 
(MTT) assay (ASTM E2526-08 standard method for estimating of cytotoxicity). For MTT assay, cultures after 
different treatments were incubated with cell culture medium containing MTT (0.5 mg/mL) for 3 hrs and then the 
reaction product of formazan crystal was extracted with dimethyl sulfoxide (DMSO). Absorbance of the extract 
was measured at 540 nm using a microplate spectrophotometer. 

ELMF treatment. For ELMF treatment, MCF-7 cells (1 x 106/ml) were seeded in cell culture petridishes (Bern 
in diameter) and incubated at 3 7 oc ( 5% C02) until attachment. MNPs (1 0 j..Lg/ml) were then added and incubated 
with cells for 8 h allowing for sufficient cellular uptake. The cells were washed twice with PBS and dispersed into 
four small tubes with equal volume. Cells without MNPs but exposed with same ELMF were used as control. 

Cells treated with/without MNPs were placed in the gap of ELMF system and exposed to various magnetic 
field, respectively. In each experiment, the cells were exposed at different frequency and intensity for 1 h. Cells in 
each group were exposed with ELMF at different magnetic field intensity (0.1, 5, 10, 15, 20mT) and frequency (2, 
5, 10, 15, 20Hz), respectively. After 24 h, the morphological changes of cells in each experimental group were cap
tured by an Olympus IX51 microscope. And the cell viability value quantified by MTT assay was plotted showing 
the trend of changes upon different treatments. 

Cells were stained with apoptotic cell Hoechst 33258 dye kit to evaluate the damage effects. After various 
treatments, cells were first centrifuged and then suspended in PBS at a concentration of 1 x 106/ml. Cells were 
then seeded into the cell culture dish and incubated with Hoechst 33258 (5 j..Ll!ml) at 4 oc for 20 min. Afterwards, 
fluorescence images of cells in different groups were captured by using a LEICA TCS 4 D Confocal Microscope 
supplemented with a laser (400-SOOnm). 

In vivo experiment. Female C57BL/6 mice (4 weeks, weighted 18-22 g), were purchased from Charles 
River Japan, Inc. To prepare tumor-bearing animals, the MCF-7 cell suspensions (1 x 106/ml) with 0.1 ml 
PBS were injected subcutaneously into the subcutaneous tissue of C57BL/6 mice, which were anesthetized by 
intra-peritoneal injection of sodium pentobarbital (50 mg/kg of body weight). In our in vivo experiment, tumor 
diameters were measured every 3 days (starting from the day of implantation) by an external caliper, and the 
greatest longitudinal diameter (length) and the greatest transverse diameter (width) were determined. The 
tumor volume was calculated by the modified ellipsoidal formula: tumor volume= (largest diameter) x (smallest 
diameter)2 x 0.541

•
42

• 
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The mice were bred and maintained in specific pathogen-free conditions with a 12-h light/dark cycle and con
stant temperature of24 °C in the animal facility at Nanjing University of Aeronautics and Astronautics (NUAA). 
All animal experiment methods were carried out in accordance with institutional guidelines ofNUAA. All exper
imental protocols were approved by the Animal Committee ofNUAA. 

After subcutaneous nodules had grown to 5 mm in diameter, mice were then divided into three groups 
( 8 mice in each group), MNPs (0.1 mglg of body weight) was injected longitudinally into each nodule subcu
taneously from the nodule edge. The mouse was under anesthesia when they were injected with MNPs. After 
maintained in specific pathogen-free conditions with constant temperature of 24 oc for 8 h, they were exposed to 
ELMF. During the treatment, tumor-bearing mice were placed in the gap area of ELMF system, exposed to the 
ELMF with frequency of 2Hz and 20Hz and intensity at 1 mT and 10 mT for 1 h, respectively. Mice injected intra
tumorally with the same volume of physiological saline and exposed in the ELMF were used as control group. 
After exposed to ELMF, the mice were maintained in specific pathogen-free conditions with constant temperature 
of 24 oc for 24 h, then they were sacrificed. The time is the same as the cell experiment. 

The experiment results were observed according to the routine pathological section examinations. Briefly, 
the specimens of tumor tissue after various treatment were harvested, well-fixed in 10% buffered formalin, dehy
drated in a graded ethanol series and then embedded in paraffin wax. Thin cross-sections (5 fJ.JI1 thick) were cut 
and stained with hematoxylin and eosin (H&E) to examine cell morphology under microscope. 

Statistics analysis. Each experiment was repeated at least three times, and the data are represented as 
mean± standard error of the mean. Statistical analysis (unpaired t test) was performed using Origin software, 
version 8.0 (Origin Software, Massachusetts, CA). Differences were considered to be statistically significant when 
p < 0.05. For in vivo study, 8 mice per group were used for statistics analysis. 
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Size Dependent Uptake and 
Hemolytic Effect of Zinc Oxide 
Nanoparticles on Erythrocytes and 
Biomedical Potential ofZnO-Ferulic 
acid Conjugates 
E. Preedia Babu1, A. Subastri1, A. Suyavaran1, K. Premkumar2, V. Sujatha3, B. Aristatile4, 
Ghedeir M.Aishammari4, V. Dharuman5 &C. Thirunavukkarasu1 

Despite zinc oxide nanoparticles (ZnONPs) being increasingly used as carriers in biomedical fields due 
to their multifaceted properties and therapeutic importance, better understanding of the mechanisms 
and cellular consequences resulting from their interaction with cells and cellular components has 
been warranted. In the present study, we investigate the size-dependent interaction ofZnONPs on 
RBCs, and its impact on cell viability, DNA damage, ROS generation and morphological changes, 
employing cellular and analytical methods. Size, charge, stability and solubility were confirmed by 
DLS, zeta potential, ICP-AES and TEM analysis. Further ICP-AES, TEM, spectrosc:opic: observations and 
cell based assays showed that ZnONPs exhibited a size dependent impact on RBCs and haemoglobin 
(Hb), particularly size <50 nm. Conversely, ferulic acid (FA) conjugates and serum albumin significantly 
reduced the adverse effects exhibited by ZnONPs. The extent of DNA damage and ROS generation is 
comparatively low in ZnONPs-FA than in ZnONPs alone treated cells. Thus our study documents a novel 
conceptualization delineating the influence of size on the material properties and therapeutic potentia I 
of nanoparticle. 

Metal oxide nanoparticles have gained great scientific interest because of its multifaceted properties and thera
peutic importance1• 3• Among the metal oxide nanoparticles zinc oxide nanoparticles (ZnONPs), being increas
ingly used in biomedical fields due to its wtique chemical and physical properties. Nwnerous studies demonstrate 
that it can activate ROS-mediated cytotoxic pathway and apoptosis~7• Interestingly, ZnONPs have been used 
as carrier for various chemotherapeutic drugs such as cisplatin, doxorubicin and 5-flurouracil8• 9• Though, 
ZnONPs have pervasive application in various medical fields, its toxicity has been highest concern and important 
focus. Although, acute and chronic neurotoxic, genotoxic effects of ZnONPs were demonstrated in time and 
c:onc:entration-dependent manner using in vitro and in vivo models10. 11, bioc:ompatibility and intrinsic: hemolytic: 
activity of ZnONPs remains to be elucidated. 

Chemotherapeutic: drugs delivered through intravenous route interact with major components of the circ:u
latory system 12

• As red blood c:ells (RBCs) being most important c:ells in circulatory system, interac:tion of the 
drug with RBCs damages its membrane and interacts with hemoglobin (Hb ). Interaction of xenobiotics with Hb 
alter its structure and cause conformational changes, thus decreasing its oxygen binding capacity and increas
ing pro-oxidative effect13

• Some of the chemotherapeutic: drugs including platinum based drugs and tamoxifen 
induce hemolytic: anemia and interact with Hb, changing its c:onformation, thus limiting their utilization in 
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lh :Kh 

l'llltkalln w.- PBS s.u.e FA w.- PBS s.u.e FA 
RT :n±4 745±63 849±42 29±2 33±3 1104±65 1134±49 42±4 

<SOwn 4"C 29±4 735±64 835±51 26±3 31±3 877±52 1120±62 38±5 

-80"C 28±4 730±48 820±48 25±4 31±4 773±41 1009±48 38±3 

RT 65±5 780±69 928±44 53±3 70±4 870±56 1206±49 62±3 

50-100nm 4"C 64±3 775±84 910±67 55±4 66±5 988±48 1189±47 65±3 

-80"C 64±2 760±68 905±47 55±4 65±4 783±74 1170±48 60±4 

RT 321±32 896±68 1100±80 579±64 708±43 2100±69 2525±59 896±5 

>100nm 4"C 320±41 885±7 1005±47 565±72 784±44 1080±58 2460±48 844±34 

-80"C 320±50 870±75 989±68 560±41 593±54 950±41 2289±49 579±33 

Table I. The Stability of ZnONPs (<50, 50-100 and > 100 run) dispersed in water, PBS, saline and FA (50~) 
solution was scrutinized at different temperature (RT, 4 oc, -80 °C) by monitoring the average size distribution 
using DLS analysis at 1 h and 24 h. All values expressed as mean± SD of three independent experiments. 

cancer treatment14. 1>. Similarly nanoparticles size, stability, shape, surface characteristics, route of exposure and 
medium are some of the key factors conferring their utilization and/or exerting toxicitf6•

17
• Hence, critical anal

ysis on size-dependent effect on RBCs and Hb becomes most essential part in understanding and evaluating the 
adverse effects of ZnONPs. 

In order to reduce the hemolytic activity and improve the efficacy of chemotherapeutic drugs, polymer based 
drug delivery carriers and co-administration of drugs with phytochemicals have been practised18

• Many phy
tochemicals demonstrated their efficacy either alone or in combination with chemo-drugs. Curcurnin, genis
tein and quercetin are used as adjuvants to potentiate the chemotherapeutic efficacy of drugs such as cisplatin, 
5-flurouracil and do.xorubicin19• Ferulic acid (FA) is a hydrocynnamic acid, well known for its antioxidant, 
anti-aging, anti-diabetic, anti-inflammatory actions20. Recent studies proved its protective effect on Hb from 
glycation and known for its photo-, hepato- and neuroprotective role21. Furthermore, FA plays a crucial role in 
inducing differentiation and apoptosis by inhibiting anti-apoptotic factors, and thus inhibits proliferation and 
metastasis of cancer cells22• Recently we have shown the reducing potential ofF A and have been utilized for the 
synthesis of ZnONPs from zinc aceta.te23 .In view of evaluating the biomedical potential of ZnONPs, the present 
study was initiated to critically evaluate the size-dependent hemolytic behavior and interaction with Hb, using 
chicken RBCs. 

Results 
Size dependent separation ofZnONPs. We procured the commercially available ZnONPs and char
acteristic sizes of those nanoparticles were confirmed by DLS and were ranging from 0-307 run. Nanoparticles 
were subsequently separated into different sizes using rate zonal density gradient centrifugation. Further the size 
distribution was analyzed by DLS (Figure S1A) showing ZnONPs bands in 25%, SO% and 75% sucrose gradient 
and the size distribution ranges from <50 nm, 50-100 run and > 100 nm (Figure S1B-E) respectively. Further the 
different size was confirmed by transmission electron microscopy (Figure S1F-1). 

Stability and solubility of ZnONPs. The stability of various size ZnONPs in different media such as water, 
FA, saline and PBS was studied by DLS at 1 hand 24h on different storage conditions ( -80 °C, 4 oc and RT). The 
results shown in Table 1 indicate that ZnONPs size <50nm and 50-100nm were stable in water at all storage 
conditions. On the other hand particle size > 100 nm was not stable at 24 h. Presence of FA reveals that it can 
stabilize the lower size (<50 run and 50-100 run) ZnONPs. Anti-aggregation property of ZnONPs may be due 
to the surface stabilizing property of the functional group(s) ofFA. In addition, result shows that ZnONPs was 
more stable at -80 °C compared to 4 °C and RT. Further we found that, ZnONPs particles aggregate within 1 h 
in saline and PBS. Repeated freezing and thawing showed negative impact on the size of ZnONPs with respect to 
their dispersity. Since ZnONPs (<50 run) showed stability difference in the different medium, we analyzed the 
zeta potential. Zeta potential was found to be -4.21, -4.1, -1.5 and +41.6 respectively in water, PBs, saline and 
FA medium. It is known that colloidal solution with Zeta potential (!;,)±30m Vis stable and!;,± 40 m Vindicate 
good stability. Thus ZnONPs in FA medium has good stability. Zeta potential was found to be similar in water, 
PBS and Saline indicating less stability. However, DLS data shows that ZnONPs is stable in water and FA medium. 
From the above experiment, we intended to check the solubility ofZnONPs in water at different static condition 
by monitoring the ionization of ZnONPs using ICP-AES. The result showed (Table S1) that there was no sig
nificant difference in the ionization of ZnONPs at different static condition but after 24 h a slight increase was 
noticed, furthermore the ionization of ZnONPs was significantly lesser than ZnC12 . These experiments indicate 
that ZnONPs is stable in water and FA medium. 

RBCs interaction. Hemolytic potential. The hemolytic effect of ZnONPs in different solvents with respect 
to their size, concentration (25!-~gml-1 to 16001-!g mi-1) and time (2h, 4h, 6h and24h) were analyzed. Initially 
we analyzed the hemolysis of ZnONPs (> 100 nm) in different vehicles such as PBS, water and in the presence of 
FA. These results (Fig. 1A) indicate that hemolytic effect of ZnONPs decreases in order as: PBS >WATER >FA. 
Further we analyzed hemolytic effect of different sized (<50, 50-100 and > 100 nm) ZnONPs in concentration 
and time-dependent manner. The result ofZnONPs dispersed in water (Fig. 1B) shows that <50nm ZnONPs has 
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Fipre 1. The percent hemolysis ofRBCs incubated with various sizes of ZnONPs at different time and various 
solvmt conditions. (A) > 100 nm ZnONPs at different concentration (25, 50, 100, 200, 400, 800, 1600 .,ag ml-1) 

dispersed in lx PBS, double distilled water and 50 J.lM FA solution for 24 b. The data represem tbe mean± SD 
(n= 3) from three experiments. 'Represent significant di1Ierence atP 50.05 of PBS, water and FA solution 
at varlow concentration compared to control. *represent slgDifican.t difference at P 50.05 of PBS and water 
compared to FA solution. (B-D) <50, 50-100 and > 100 om ZnONP dispersed in water fot 2 b. 4h. 6h. 24h 
(E-G) <50, 50-100 and > 100 mn ZnONPs dispersed in FA for 2 b. 4 h. 6h. 24h. 1he data represent tbe 
mean± SD (n = 3) from three experiments. 'Represents significant difference at P _50.05 of <50, 50-100 and 
> 100 nm. ZnONPs at various concentrations compared to control at particular temperature. 

higher bemolytic actMty compared to other sizes (Fig. lC,D). 1be adverse effect was increased with increasing 
concentration from 25 to 800 1J8ml-' In a time-dependent manner. '!he hemolytic effect of ZnONPs with FA 
(Fig. lE-G) shows that slgnificant: hemolytic activity occur cm1y at higher (>200 J.18ml-1) concentratiODS at 24h. 
Interestingly FA has shown its positive effect irrespective ofZnONPs size. We have screened the ef£ect of <50 nm 
ZnONPs and ZnONPs with FA (24h) on human RBCs (Figure S3) and observed similar c:ffccts. 

Morphological changes. 1he light microscopic images of RBCs treated with <50, so-100 and > 100 nm 
ofZnONPs and ZnONPs with FA. was taken after 24h (Fig. 2). When compared with untreated RBCs (Fig. lA) 
<50 nm (Fig. 28) ZnONPs has shows membrane damage and structural defurmation and the impact was decreas
ing with increase in size of nanoparticle (Fig. 2C.D). In tbe case of ZnONPs with FA the effect was significantly 
decreased (Fig. lE-G). It specifies the protective role of FA on ZnONPs-indu.ced RBCs changes. Scanning elec
tron microscope (SBM) is used to study detailed surface topography ofRBCs treated with three difi'emrt sized 
ZnONPs, these results (Fig. 2H-K) also coincides with the light microscopic observations. 

RBCs viability. The untreated RBCs (control) contains >98% viable cells (Pig. 3A), the percent of viable cells 
were comparatively less in <50 nm ZnONPs-treated sample (Fig. 38 60%) compared to S0-100 om (80%) and 
> 100 nm. (90%) (Fig. 3C,D). The RBCs treated with ZnONPs in the presence of FA. the non-viable cells were 
decreased when compared to their respective ZnONPs alone treated cells (Fig. 3E-G). The percent viable cells 
were sh.own in Fig. 3H. The results ofLDH release from plasma membrane damaged cells correlated with that of 
cell viability assay (Figure S4). 

ZnON Ps uptake study. 1he uptake of ZnONPs was studied by ICP- AES is a type of emission spectros
copy used for detection of trace elements in O.Spp.m-lOOOppm.levela. The internalJzation of <SO, 50-100 and 
>100nm ZnONPs byRBCs (2 x 10'1c;ells mi-1) were analyzed. '!he emission .Intensity of <SOnm, 50-100 and 
> 100 nm. ZnONPs, (Fig. 3K) indicate that <50 nm ZnONPs have shown higher internalization than other sizes. 
TEM was used to confirm the uptake of ZnONPs. We have observed that the normal RBC shows the intact 
nucleus and haemoglobin (Fig. 31) but incubation RBCs with ZnONPs (<50 nm) shows the hemolytic cells and 
membrane damage (Fig. 3J). Further ZnONPs was appeared as electron dense cluster In the nucleus and the 
cytoplasm ofRBC (Fig. 3J). 

DNA damage. The comet pattern is shown in Fig. 4 and the percent of DNA In head and tail is shown in 
Table S2. The results show that untreated RBCs (Fig. 4A) have higher percent ofDNA in head (951)6) and the tail 
region contains only 5% DNA. RBCs treated with <50 run ZnONPs alone. (Fig. 4B) tbe percent of DNA in head 
region was decreased to 15.04% and that of tail region was increased to 84.96%, as compared to untreated RBCs. 
On the other hand, in the presence ofF A the <SO run ZnONPs treated cells have shown~ less DNA damage 
{Fig. 4C). 
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Figure 2. Light micrograph ofRBCs alone and RBCs-ZnONPs (50 J,igml-1
) complex at the incubation period 

of24h. (A) RBCs alone (B-D) RBCs treated with <50, 50-100 and >100nm ZnONPs dispersed in water 
(E-G) RBCs treated with < 50, 50-100 and> 100nm ZnONPs with FA (50JJM) solution.(H-K) Scanning 
electron micrograph ofRBCs alone and RBCs treated with ZnONPs (50J,igml-1

) dispersed in water for 24h. 
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Figure 3. Fluorescent microscopic image of acridine orange-ethidium bromide stained RBCs and RBCs treated 
with ZnONPs (50 11g ml-1) for 24 h and visualization of ZnONPs uptake by RBCs (A) RBCs alone (B-D) <50, 
50- 100 & >100nm ZnONPs dispersed in water (E- G) < 50, 50- 100 & > lOOnm ZnONPsdispersedin FA 
(50 J.!M) solution. (H) The percentage of viable cell counted at three different fields. (I) Transmission electron 
microscopic image (TEM) of RBC cell (J) TEM image ofRBC cells treated with < 50 nm ZnONPs, yellow colour 
arrows indicate the internalized ZnONPs. (K) The internalization of ZnONPs in to RBCs was analyzed by ICP
AES. ' Represents significant difference at P::; 0.05 of samples compared to control. 

SCIENTIFIC REPORTS 17:4203 I DOI:10.1038/s41598-017-04440-y 4 



www. nature. co m/scie ntifi crepo rts/ 

D 350000 - control 
- 10pgmi ' ZnONPs 

300000 25 ~g ml ' ZnONPs 

250000 - so ~gml ' ZnONPs· 
:;- - 100 ~g ml ' ZnONPs 

~ 200000 - 200 pg ml ' ZnONPs 
·;;; 
i 150000 

~ 
100000 

50000 

0 
500 520 540 560 

Waveleng1h(nm) 

E 350000 

300000 

250000 
:;-
.; 200000 
~ .. 

150000 c .. 
~ 

100000 

50000 

- Conlrol 
- 10 pg ml ' ZnONPs 

25 pg ml ' ZnONPs 

- 50 pg ml ' ZnONPs-
- 100 pg ml ' ZnONPs 

- 200 ~g ml ' ZnONPs 

540 560 

Waveleng1h(nm) 

Figure 4. Photomicrograph of DNA damage andROS generation. A-B: DNA damage by comet assay fur 
monitoring DNA damage induced by ZnONPs (SO..sml-1) on RBCs fur 24h. (A) RBCs alone (B) RBCs 
incubated with <50 om ZnONPs dispersed in water (C) RBCs incubated with <50 ZnONPs with FA (50 j.IM) 
solution. (D.B) Photohuninescence spectra ofROS generated in RBCs incubated with varying concentration 
ofZnONPs (0, 10, 25, 50, 100, 200.,.gmi-1) using fluorescent probe DCFDA (SmM) (D) <SOnm ZnONPs 
dJspersed in water (E) represent <50 nm ZnONPs with 50 tJM FA solution. 

ROS generation. Formation of ROS in RBCs in the presence of <SO nm ZnONPs and ZnONPs with FA 
were analyzed by using DCFDA as a fluorescent probe. The different nperimental condltl.on RBCs were excited 
at 480 nm and the emission peak was observed at 520 nm. Comparative results sb.owJ that significant ROS gener
ation occurs in RBCs in the pieSence of ZnONPs (Fig. 4D) alone and the intensity were increased with inc:reulng 
concentration of ZnONPs. In the presence of FA, ROS generation was found to be decreased as compared to 
respective ZnONPs alone treated RBCs (Fig. 4E). 

Hemolytic effect ofZnONPs in presence of albumin and fetal bovine serum (FBS). Earlier stud
ies shows that, ZnONPs interact with albumin, we assumed that interaction ofZnONPs with albumin may reduce 
the ZnONPs induced hemolysis in RBCs. Presence of albumin showed no hemolysis (Fig. SA). ZnONPs incu
bated in the presence and absence of albumin clearly supports the above findings implying attenuating effects 
of albumin against ZnONPs-induced RBCs hemolysis (Figure S5). Further the hemolytic effect of ZnONPs and 
ZnONPs with FA was studied in different percent of serum conditions (Fig. SB). Results show that hemolysis 
increases with decreasing percent of serum, on the other hand FA decreases ZnONPs induced hemolysis. 

Raman spectra. SEM analysis shown the elliptocytic RBCs, which is due the reduction in iron content 
in RBCs. Since Hb is the major iron binding protein in RBCs. We studied the internalized ZnONPs effect on 
Hb. Raman spectra showed significant peaks at foW' regions (Fig. SC). 1he healthy RBCs has significant peak at 
pyrrale stretching region 1300-1400 cm-1, in the ZnONPs-treatcd samples the peak was shifted from 1373 c.m-1 

(control) to 1269 em - 1 (<50 nm). It indicates the c-N stretching in heterocyclic ring that SW'rounds the iron 
atom24 while comparing with ZnONPs in the presence of FA the effect is comparatively less which may be dne to 
ZnONPs- FA complex decreases the affinity ofZnONPs fur porphyrine ring. 

Hb interaction study. UV- Vuble absorption. UV- vist"ble spectrum ofHb and Hb-ZnONPs complex is 
shown in Fig. 6A-C. We compared various sizes ofZnONPI, <50mn, 50-lOOnm, and > 100 nm ZnONPs effect 
on Hb. 1he UV spectrum of <SO nm ZnONPs shows signifi.cant changes in Hb compared to other sizes. 

Steady state and synchronous fluorescence. Fluorescence emiasion spectrum ofHb and Hb with 
different shes of (<50, 50-100 and > 100 nm) ZnONPs indicates that the Intensity of emi&s1on was decreased 
with blue shift while increasing concentration of ZnONPs (Fig. 6D-F), it also shows that by increasing themes, 
quenching efficacy was reduced indicating smaller size ZnONPs have higher quenching efficiency (Gopa et al. 25). 

Stern- Volmer quenching comtant (Ksv) was found to be 9.92 X 106,6.3 X 106,4.3 X 106M-1 (Figure S4A-C) 
fur <50, 50-100, and > 100 nm ZnONPs, these values signifies the strong quenching efficacy of ZnONPs. The 
bimolecular quenching constant (Kq) was found to be 3.8 x WS, 2.4 x W 5, 1.6 x 1015 M-1 s-1 (Figure S6). These 
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Fipre S. The percent ofhemolysis ofRBC incubated with ZnONPs in presence of albumin, various 
concentration of fetal bovine serum (FBS) and Raman spectra ofRBCs and RBCs treated 50 !JKml-1 ZnONPs 
for 24 h (A) The effect of <SO run ZnONPs (200, 400 !JKml-1) on the hemolysis in presence of albumin 
{4.51J8dl-1) at24h. 'Represents significant difference atP::; 0.05 of samples compared to control. {B) 1he effect 
of <50 run ZnONPs (200 J.18ml-1) and ZnONPs with FA on hemolysis in presence ofFBS (25%, 12.5%, 6.25%, 
3.125%, 0%) at 24h. 'Represents significant difference at P::; 0.05 of samples compared to control. (C) Raman 
specra ofRBCs alone. RBCs treated with <50 nm ZnONPs dispersed in water and normal RBCs treated with 
<50nm ZnONPs with FA. 

values are higher than diffusion controlled (1010 M-1 s-1) quenching process and it implies the type of quenching 
is static26. 

Synchronous fluorescence spectrum (SFS). 1he SFS ofHb in the presence and absence of ZnONPs is 
&hown in Fig. 6G-I and Figure S7. 1he result clearly shows that fluorescent intensity was decreased significantly 
with red shift in absorption muima of tryptophan residues on binding with <50nm ZnONPs (Fig. 6G), while 
increaaingtbe size of ZnONPa 50-100 nm bave aUght red ahift but there is no red shift > 100nm {Fig. 6HJ) more
over ftuorescent intensity is also slightly decreased with increased size of ZnONPs. 1he same effect was observed 
in cue of tyrosine residue. resulta were shown in Figure SSA-C. 

CD spectroscopy. CD spectrum of Hb in the presence and absence of ZnONPs was performed at far tN 
region (200-260nm) which corresponds to the peptide bond absorption and it can give the infonrurtion about the 
belixcity of secondary structure. In the presence of ZnONPs there is a clear systematic effect of the <50, 50-100 
and > 100 nm ZnONPs on Hb (Fig. 7 A-C). Where the intensity of peak iJ incn:asing compared to free Hb while 
decreasing the size of ZnONPs, it indicates the secondary structural changes of protein. The secondary structural 
components are given in supplementary information Table S3. 

Life time fluorescence spectrum. 'The time resolved fluorescence decay curve is shown in Fig. 7D-F and 
decay curve was fitted well to triple-exponential function. Table S4 shows the life time (,. 1, ,. 2, ,. ~) and relative 
contribution (A1, A:J,, A3) ofHb alone and in the presence of various size ZnONPs. 'The average life time of the 
ftuorescence decay was calculated:u. The average life time value ofHb is 4.4 which was reduced substantiallyto1.6, 
2.8, and 3A with <50, 50-100 and > 100 nm ZnONPa. 'Ibis result indicates the pnnimity and quenching effect of 
different sizes of ZnONP.s, increases with decreasing size. 

Discussion 
Drug induced hemolysis furces the patient to exercise decreased dose of medicine. To date, researchers focus on 
developing various approaches for designing drugs with high therapeutic potential with minimum side effects. 
Nanomedicine, especially metal oxide nanoparticles play a significant role in chemotherapy. Among these metal 
oxide nanoparticles, ZnONPs has attracted more attention for its anticancer efficacy. Despite the rapid progress, 
several studies report on the told.dty of ZnONPs. EarUer reports showed that the numerous physical characters 
such as size, shape and stability of nanoparticles are key players to instigate tmldty. 

Broad sized NPS showed widened biological effect and on the other band narrow size ranges showed adverse 
funnelled biological effect. Density gradient centrifugation allaws post synthesis separation of particles according 
to their size, shape and de~29• In the present study, ZnONPa of di1fere:nt size range (original size 0-307 run) 
are separated by density gradient centrifugation. the three groups of ZnONPs size ranging <50, 50-100 and 
> lOOnm were obtained and its stability was evaluated. The different size was confirmed by DLS and TEM anal
ysis. Systematic and accurate evaluation of stability, solubility and re-dispersity of nanoparticles are a key step 
before introducing the nanoparticle to biological system. Nanoparticles has tendency to iDteract with each ather 
or with components present in solvents, used for biological application. These interactions lead to aggregation, 
changes physical and chemical properties ofNP&"'. Hence the stability of ZnONPs in water, saline, PBS, and FA 
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Figure 7. Conformational changes and lifetime decay profile of hemoglobin and hemoglobin- ZnONPs 
complex. (A-C) Circular dichroism spectra ofHb and <50, 50-100, > 100 nm ZnONPs with Hb (D-F) Time 
resolved ftuorescence spectra ofHb and <50. 50-100, > lOOnm ZnONPs with Hb. 

solution at different storage conditions was usessed and found be increased in order as PBS <saline <FA solu
tion <water. The stability of ZnONPs in water is due to Derjaguin-Landau-Verwey-Ovubeek (DLVO) theory. 
According to DLVO theory, aggregatioD of naooparticle depends on the sum of Vander Waals attraction and 
electric double layer repulsion (EDL)l0• In case of water BDL ill higher which leads to repulsion of nanoparticl.es 
and uniform dispersion. which make them stable in water. Whereas in saline and PBS the ionic strength of solvent 
was increased because of chloride and phosphate ions thus decreasing EDL repulsive energy resulting aggrega
tion31· 32. The rrtability of nanoparticles also depends on storage temperature; the result shows that ZnONPs is 
most stable in low temperature, in suspended solution nanoparticles sediment because of di1£usion force and 
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gravitational force33. At higher temperature particle has higher thermal motion which leads to it aggregation and 
fast sedimentation. 

Chicken erythrocyte were used as a model to scrutinize the size depended intake and effect of ZnONPs and 
ZnONPs conjugate with FA, on structural damage, hemolytic potential, cell viability, ROS generation, and DNA 
damage. Unlike those of mammals, presence of intact but transcriptionally inactive nucleus and other cell orga
nelles are the most persuasive nature of mature chicken erythrocyte% 35• Hence they are considered as animal cell 
model to monitor the response to the~ 37• 

The size-dependent hemolytic effect of ZnONPs (> 100 nm) on RBCs was assessed, in different solvents and 
FA, previous reports on the stabilizing effect ofF A corroborated our present findings38. 3~. The hemolytic activity 
was lesser in presence of FA compared to PBS. The amount of anions presents in PBS significantly affects the 
stability of ZnONPs. Earlier reports shows that the phosphate ions present in the PBS suppress the hole transfer 
and decreases the production of OH• radicals in ZnONPs, on the other hand Zn ions release is higher. The higher 
concentration of metal ions may be the po,sible reason for increased hemolysis of RBCs observed in present 
studfl2

• However, the size depended impact of ZnONPs on RBCs were observed in case of ZnONPs dispersed in 
water. In order to check whether the size depended effect is due to ZnONPs or due to soluble Zn ions, we have 
compared solubility/stability, in terms ofZn ions released into the medium ofZnONPs and ZnC12 (Table Sl). The 
result indicated that Zn ions released from ZnONPs dispersed in water is far away from ZnC12 solution. So we 
conclude that the impact of ZnONPs on RBC cell is due to the ZnONPs as such. In the presence of FA, hemolysis 
was lower than water, which might be due to the free radical scavenging property of FA. ZnONPs found to be 
more stable and less toxic in water and in the presence of FA. Hence, further studies were planned using these 
vehicles to elucidate toxicity mechanism and its interaction with Hb. The results obtained suggest that the effect 
of ZnONPs increased in time and concentration depended manner in the presence of water, further ZnONPs 
(<50 nm) showed greater hemolytic effect compared to larger sizes used in the present study. Several studies 
corroborate our findings that smaller size nanoparticles show higher toxicity compared to larger particles, as 
small size nanoparticle easily cross the membrane because of higher surface area and it can strongly interact with 
biomolecule40• The spectacular finding is that the hemolytic effect ofZnONPs is less in presence of FA, may be 
due its antioxidant effect which protects the cells. 

Further we visualized the morphological variations ofRBCs treated with ZnONPs in water and in the pres
ence of FA and the result correlated with previous report ofRBCs treated with platinum nanoparticles37• The 
<50 nm ZnONPs dispersed in water, treated cells shows elliptocytic RBCs. Iron deficiency leads to development 
of elliptocytic RBCs, which is common in thalasemia condition. Presence of elliptocytic RBCs in ZnONPs-treated 
condition infers that the interaction of ZnONPs with Hb and makes the conformational change of Hb and it 
releases iron from RBCs41

• The morphological variations are comparatively less in presence of FA as confirmed 
by SEM. Additionally the viability of RBCs is examined by AO/EtBr staining and LDH activity. The interesting 
features of chicken RBCs is that the presence of nucleus containing genetic material AO is taken up by both viable 
and non-viable cells and emit green fluorescence while intercalating with double stranded DNA and red fluores
cence when intercalating with RNA. EtBr is a DNA intercalator, which will be taken up only by non-viable cells 
and emit red fluorescenc;:e42. The RBCs treated with <50 nm ZnONPs in water medium contains more non-viable 
cell compared to 50-100 and >100nm. Further the uptake of ZnONPs by RBCs was confirmed by ICP-AES 
and TEM. The emission intensity ofiCP-AES is directly proportional to the concentration of elements present 
(Zn ions) in the RBCs and it was confirmed by TEM photographic image. Significant internalization of <50 nm 
ZnONPs has been clearly shown in the above data. Among the three different sizes, <50 nm at 50 JJg/rnl showed 
statistically significant haemolytic activity (at 24hr 20% hemolysis), cell internalization and cell death (By AO/ 
EB staining). So we intended to observe the impact of <50nm size ofZnONPs (50JJg!rnl) on DNA and ROS 
generation. The result indicates that small size ZnONPs permeable through cell membranes damage the DNA 
through ROS generation or directly interacts with DNA leading to cell death7• On the other hand, ZnONPs with 
FA cause minimal DNA damage. Previous study reported that the interaction ofZnONPs with caffeic acid, which 
is a precursor ofFA43, in presence of FA could results in the formation ofZnONPs-ferulate conjugate through 
the interaction with FA which alleviate its affinity to DNA and protect the cell from DNA damage and cell death. 
Raman spectra carried out to ascertain the effect of ZnONPs and ZnONPs with FA. Previous report has shown 
that the Raman spectrum of RBCs is divided into four regions, the first region is low- wave number region, 
(600-1200cm-1

) these region assigned to the symmetric pyrrole deformation and pyrrole breathing mode, the 
second region is 1200-1300cm-1 which indicates the methane deformation region, third region is pyrrole ring 
stretching region 1300-1400cm-1 and the last one is spin state marker band region 1500-1650cm-H4 • This 
result clearly showed the adhesion of <50 nm ZnONPs on Hb. Furthermore the protective effect of albumin on 
ZnONPs-induced hemolysis was studied. Albumin is the major transport protein present in circulation which 
has a key role in transport of various types of drugs. The result shows that the protective effect of albumin may be 
due to high affinity of ZnONPs for albumin. Studies have been shown that ZnONPs interact with albumin to form 
albumin-ZnO complex which changes the conformation ofalbumin45• 46• To mimic the realistic condition, the 
effect of ZnONPs and ZnONPs with FA in presence of different percent of serum was studied Serum starvation is 
a normal cell surviving process which can induce stress in cancer cell at the same time it protects normal cell from 
proliferation47• The result indicates that hemolytic effect of ZnONPs was increased in serum starved condition but 
the presence ofF A attenuating the hemolytic effect 

Raman spectra ofRBCs show the impact of ZnONPs on Hb, so the size-dependent effect of ZnONPs on Hb 
was also studied. First we studied the UV-visible spectrum ofHb in the presence of <50, 50-100 and >100nm 
ZnONPs. The Hb alone shows absorption peaks near UV and visible region, (274nm) which is known as aro
matic region, it indicates the absorption of aromatic amino acid side chain of tryptophan and tyrosine. One sharp 
intense peak at 414 nm named as soret band orB band and weak intense peaks at 540 and 575 nm is Q bands these 
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are common band in porphyrin compounds, it is due to the transition of four orbitals (two 1r and 1r* orbitals) 
within the heme group enclosed in hydrophobic core ofHb backbone. Soret orB band is due to the transition 
from ground state to second excited state (S0 - ~) and Q band is weak transition of electrons to first excited state 
(S0 - S1) 48• The absorption band in the presence of ZnONPs shows significant increase in absorption at 274 run 
with slight change in wavelength (hyperchromic red shift) which indicates the change in microenvironment of 
aromatic amino acid due to the formation of ground state complex with ZnONPs. In case of soret band, slight 
increase with increasing concentration of ZnONPs which designates the disturbance in structure of Hb. Increase 
in the intensity of Q band reveals the protonation ofHb porphyrin ring with ZnONPs. The <50 run ZnONPs were 
shown more effect when compared to 50-100 and > 100 nm ZnONPs. Previous studies have shown that smaller 
size nanoparticle can easily diffuse into the protein and make changes in protein conformation than larger surface 
curvature nanoparticle49

• 

Fluorescence emission spectrum reveals the intermolecular distance of fluorophores and interacting mole
cule, degree of exposure of fluorophores to the solvent and molecular environment of fluorophore. The aromatic 
amino acids such as tryptophan, tyrosin and phenylalanine are the main intrinsic flurophores present in protein. 
Depending on the quantum yield, among these amino acids tryptophan is the significant contributor of fluores
cence in protein, phenylalanine has poor fluorescent signal5o. 51

• Interactions of proteins with nanoparticles may 
lead to decrease of fluorescence and is termed as quenching, which is due to the ground state complex formation, 
excited state reaction, energy transfer and molecular rearrangement In native folded Hb, tryptophan and tyrosin 
are located in the hydrophobic pocket and are found to have high quantum yield due to hydrophobic environ
ment The interaction ofHb with ZnONPs leads to conformational changes in protein which leads to exposure of 
tryptophan and tyrosine molecule to outside hydrophilic environment leading to decrease of the quantum yield 
and fluorescence intensity. 1his phenomenon indicates that ZnONPs can change the conformation and molecu
lar environment of Hb. SFS has relevant roles on interaction studies to characterize the molecular environment 
around the chromophore present in proteins, this result also supporting the above findings. The conformational 
changes of secondary structure of Hb were studied by CD spectroscopy. The peak at 209 indicates the 1t - 1t * 
transition of n- helix at 222 is due to 1t - 1t * transition of both n- helix and random coil. Where the intensity of 
peak is increasing compared to free Hb while decreasing the size of ZnONPs, it indicates the secondary structural 
changes of protein. It is clear that lower size (<50 nm) have high impact on change in helixcity and some degree 
of unfolding on Hb52• While increasing the size (50-100 and > 100 nm) the impact of unfolding is very less. 1his 
result is good agreement with UV- visible and steady state fluorescence spectroscopy. Time resolved fluorescence 
spectroscopy were carried out to monitor the fluorescence evolution from Hb as a function of time in the pres
ence and absence of ZnONPs at 280 nm. It helps to investigate the chemical environment and molecular events 
occurring around the flurophore such as resonance energy transfer, rotational diffusion and macromolecular con
formational changes53

• Fluorescence life time is an average life time of a molecule to remain in excited state before 
emitting a photon. From the above results it is concluded that <50 run ZnONPs has higher affinity towards Hb. 

Conclusion 
ZnO NPs are considered as one of the promising nanoparticles which could potentially serve as anticancer and 
drug delivery agent. Biological effect ofNPs primarily depends on its stability in different physiological medium. 
The present study shows that FA could serve as excellent stabilizing agent. Further, our study could prove vital 
risks associated with different sizes of ZnONPs. The degree of toxicity was found to be enhanced with decrease 
in the size of NPs. Interestingly; the adverse effect of ZnONPs is minimized in the presence of serum proteins. 
Similarly FA could prevent ZnONPs induced hemol}'liis. This novel nano - phytochemical (:ombination would 
suggest a simple yet efficient approach for biomedical utilization of ZnONPs with reduced side effects. Altogether, 
our investigation opens up debate on use of ZnONPs alone in biological application, on the other hand results of 
this study recommends a combination of phytochemicals as desirable method of utilization for various biomed
ical applications. 

Materials and Methods 
Materials. ZnONPs was purchased from Sigma aldrich (cat. no.677450 and 544906) and FA (C10H1004, 98%) 
was obtained from Sisco research laboratories Pvt Ltd. RPMI 1640, MTT, BSA, acridine orange and ethidium 
bromide were obtained from Himedia. 

Density gradient size separation of ZnON Ps. Standard method was adopted to separate the ZnONPs 
based on its size (Details were given in supplementary information). 

Stability of ZnONPs. Stability of ZnONPs in distilled water, 50 IJM FA solution, PBS and saline were ana
lyzed by monitoring hydrodynamic size of the ZnONPs using a Malvern - Zetasizer instrument equipped with a 
4 m W He-Ne laser (k= 632 nm). Stock solution of <50, 50-100, and > 100 nm ZnONPs was prepared in 1x PBS, 
water, 50 jJM FA solution, and saline were uniformly dispersed by sonication ( 10 min). The uniformly dispersed 
stock solution was se aratea in to three ali uots an lee t in liferent static tern eratu re (Room tern erature 

T), 4 ° an - O" C) and s1ze were monitore I fi an 2411. < s-O nm size ofZnONPs zeta otentfil was analyse 
rou Fi onba nano artie e s1ze analyser, o £1 SZ- 00. 

Solubility of Zn ONPs. Solubility of ZnONPs were analyzed by using standard method and quantified by 
ICP-AES. (Details were given in supplementary information). 

RBC interaction study. Hemolysis assay. RBCs were isolated as explained in supplementary information. 
The haemolytic effect ofZnONPs (100 nm) dispersed in different solvents such as water, PBS and in the presence 
of FA, were analyzed. 
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Morphological study. Morphology ofRBCs was examined by phase contrast microscope (Olympus 
U-RFLT50 at 400X magnification). The RBCs suspension was incubated with 50~gml-1 of <50, 50-100, and 
>100nm ZnONPs in the presence and absence of FA for 24h. Then the samples were centrifuged and super
natant was removed; pellet was washed with PBS for removing unbounded ZnONPs and the cell suspension 
was dropped on glass slide and cover slip was placed and examined under the microscope. The morphology 
was confirmed by scanning electron microscope (SEM) (Hitachi S 3400 N) (details were given in supplementary 
information) 

Cell viability assay. Acridine orange (AO) and ethidium bromide (EtBr) $taining (AO/EtBr). The viability 
ofRBCs in the presence ofZnONPs and ZnONPs with FA (50~) was analyzed by AO/EtBr staining. The RBCs 
suspension was treated with <50, 50-100, and >lOOnm ZnONPs ofSO~gml-1 for 24h. After incubation the 
cells were washed with PBS, 10 ~of RBCs suspension was placed on the glass slide and 2 ~of staining solution 
containing AO (1 mgml-1) and EtBr (Smgml-1) in 1:1 dilution in PBS solution were added mixed well and 
cover slip was placed and viability was visualized under fluorescent microscope (Olympus U-RFLT50) at 400X 
magnification. 

Lactate dehydrogenMe (WH) a$$ a)'. Lactate dehydrogenase assay was performed to assess the membrane dam
aging effect of ZnONPs and ZnONPs with FA on RBC cells using Agappe Kit procured from Agappe diagnostics 
LTD, Agappe hills, Emanamkularn, Kerala. 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES). The internalization of 
ZnONPs in to the RBCs cells were confirmed by ICP-AES. For this study 50 ~mi-1 ZnONPs of various size <50, 
50-100, >100nm were treated with RBCs (2 x 106mi-1) and incubated for 24h. After incubation samples were 
centrifuged to 3000 rpm for 5 minutes, and then supernatant was removed, cells were washed twice with PBS. The 
pellet was taken and digested with concentrated nitric acid and further diluted to 5 ml with 1% nitric acid RBCs 
without ZnONPs treatment served as control Solution containing 5, 10, 20, 40, and 80 ~mi-1 ZnONPs was used 
as standard The emission intensity was found to be directly proportional to the concentration ofZn ions present 
in the sample which was determined by ICP-AES. 

Transmission electron microscopy. The uptake of ZnONPs by RBCs was confirmed through TEM 
(Details were given in supplementary information). 

Comet assay. Comet assay was performed as explained in Suyavaran et al. 36• (Supplementary information). 

ROS generation assay. Generation ofROS in RBCs was detected by 2, 7 -dichlorohydroflurescein diacetate 
(DCFDA), 0.2ml ofRBCs (2 x 106ml-1) solution was incubated with 16~ of <50nm ZnONPs at various final 
concentrations 25, 50, 100, 200, 400 j.~gmi-1 in water and in the presence ofF A (50 fLM) diluted to 1 ml with PBS. 
This mixture was incubated for 6 h, then sample was centrifuged at 3000 rpm for 4min to remove the supernatant 
The pellet was washed 2 times with PBS, 4 ~ of 5 mM DCFDA was added and made up to 1 ml with PBS, the 
mixture was incubated at 37°C for 30 min in dark. After incubation the sample was centrifuged at 3000 rpm for 
4 min to remove the supernatant Again samples were washed with 1x PBS, finally the pellet was lysed with 1 ml 
of distilled water. The fluorescence was measured by Flurolog-FL3-ll spectra-fluorometer with an excitation 
495 nm and emission of 520 nm. 

Hemolytic effect ofZnONPs in presence of albumin and fetal bovine serum. Effect ofZnONPs 
on RBC in presence of albumin ( 4.5 g d]-1; albumin concentration was used based on the normal level of serum) 
and FBS was studied. Experimental details were given in supplementary tile. 

Raman Spectroscopy. The intra erythrocyte events on RBCs upon the addition ofZnONPs was studied 
under Raman spectroscopy by NRS 3100 Renishaw spectrometer with 785 nm argon laser power of 30m W. The 
samples were prepared by treating RBCs using 50 ~mi-1• ZnONPs (<50 nm) in the presence and absence ofF A 
and incubated for 6 h. RBCs without ZnONPs treatment were served as control 

Hb binding study. Isolation ofHb. Hemoglobin was isolated from chicken RBCs by adding diluted PBS 
buffer (1 in 30 with milli Q water) containing only 5mM NaCl, then the sample was centrifuged for 10min 
in 3500 rpm and Hb containing supernatant was collected. The final concentration of Hb was examined by 
UV-visible spectrophotometer at 415 nm by employing the molar extinction co efficient at 128 mM-1 cm1 54• 

Interaction of Hb with ZnONPs by spectroscopy. The UV-visible absorbance spectral studies were 
conducted on shimadzu 1800 spectrophotometer using 1 em path length and rectangular quartz cuvette. Intrinsic 
and synchronous fluorescence ofHb in the presence and absence of ZnONPs was measured by using JY Flurolog
FL3-ll spectroflurometer (NRS 3100). The florescence measurement was taken in quartz cuvette with 1 em path 
length, protein excited at 280 nm and emission was recorded within the range of300-450 nm and for the synchro
nous fluresence the /!J.}.. value was kept constant at /!J.}.. 60 nm and /!J. >.20 nm. The conformational variations in the 
secondary and tertiary structure ofHb on binding of ZnONPs were examined by Jasco }815 circular dichroism 
(CD) spectropolarimeter. The spectra were recorded with in the wavelength range of200-260 nm using quartz 
cell ofl.Ocm path length with a scan speed of50nmmin-1• Jasco Spectra Manager II software was used to com
pute the variation in the percentage of different classes of secondary structure ofHb. Time-resolved fluorescence 
was examined using FL3-ll spectrofluorometer (NRS 3100), using picoseconds-resolved time correlated single 
photon counting system with a LED lamp excitation source. The excitation wavelength was 295 nm and number 
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of counts gathered in the channel of maximwn intensity was 10,000. The results were analyzed using decay anal
ysis software. (Experiment details were given in supplementary information) 

Statistical analysis. Statistical evaluation was determined using one -way analysis of variance (AN OVA) 
followed by Thrkey's test using SPSS7.5 software, a value of P< 0.05 was premeditated as statistically signifi
cant. All experiments were performed in duplicates (analytical) and triplicates. The results were expressed as 
mean±SD. 
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A replaceable liposomal a pta mer 
for the ultra sensitive and rapid 
detection of biotin 
Tzu-Cheng Sung1•2, Wen-Yih Chen3, Pramod Shah1•2 & Chien-Sheng Chenl,2 

Biotin is an essential vitamin which plays an important role for maintaining normal physiological 
function.Arapid, sensitive, and simple method is necessary to monitor the biotin level. Here, we 
reported a replacement assay for the detection of biotin using a replaceable liposomal a pta mer. 
Replacement assay is a competitive assay where a sample analyte replaces the labeled competitor of 
analyte out of its biorecognition element on a surface. It is user friendly and time-saving because of 
washing free. We used a pta mer as a competitor, not a biorecog nit ion element as tradition. To label 
aptamers, we used cholesterol-conjugated aptamers to tag signal-amplifying·liposomes. Without 
the need of conjugation procedure, aptamers can be easily incorporated into the surface of dye
encapsulating li posomes. Two aptamers as competitors of biotin, ST-21 and ST-21M with different 
affinities to streptavidin, were studied in parallel for the detection of biotin using replacement 
assays. ST-21 and ST-21M aptamers reached to limits of detection of 1.32 pg/80 J.LI and 0.47 pg/80 J.LI, 
respectively. The dynamic ranges of our assays using ST-21 and ST-21M aptamers were seven and four 
orders of magnitude, respectively. This assay can be completed in 20 minutes without washing steps. 
These results were overall better than previous reported assays. 

Biotin is an essential B-vitamin (Vitamin B7 or H), which is not synthesized by the human body. It plays an 
important role for amino acid metabolism, fatty acid synthesis and gluconeogenesis as an important cofactor of 
several carboxylases. Lack of biotin will lead to hair loss, conjunctivitis, brittle nail, red rash, weight loss, mental 
disorder and abnormal baby development H. It was also reported that biotin helps diabetic patients to maintain 
the blood sugar level5• Therefore, it is important to monitor the biotin level in human body. especially for pregnant 
women2, children' and people with diabetes5• 

Detection of biotin can be simply categorized into non-biosensing and biosensing methods. Non-biosensing 
methods include microbiological assay, UV spectroscopy-based methods, and several liquid chromatography 
(LC) methods6.7• Whereas, biosensing is a rapid, sensitive and simple method to detect analytes using biorecog
nition elements. Today, the most commonly used biorecognition elements for biotin detection are enzymes8

, 

antibodies9
-

11 and streptavidin (or avidin)8
•
12

• Streptavidin have been the most popular biorecognition elements 
for biotin detection because of their high sensitivity and selectivity. 

Most of the biosensing methods used for biotin detection are regular competitive assays. The competitive 
assays are of two types: the one in which the competition is between sample biotin and labeled competitor biotin 
for the binding of immobilized biorecognition elements. The other is the competition between sample biotin and 
immobilized competitor biotin for the binding of labeled biorecognition elements. For example, isotope dilu
tion assays is a competition assay between radioactively labeled and sample biotin for avidin binding13• Enzyme 
protein binding assay is a competition assay between sample biotin and immobilized biotin for the binding of 
avidin linked horse-radish peroxidase (HRP)8. Electrochemical magneto biosensing assay. is a competition assay 
between HRP-labeled biotin and sample biotin for the binding of streptavidin on magnetic mic:robeads14• Ho and 
her colleagues9•1o,15 have reported various competition assays for biotin dectection where competition is between 
sample biotin and biotin-tagged liposome for the binding of anti-biotin antibody. These methods include flow 
injection analysis with a liposome-amplified competitive bioluminescence irnmunoassaf, immunoaffinity chro
matographic assay with a liposomal fluorescent biolabel10 and nano-structured material plated screen-printed 
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Flpre 1. 'Ihe ltreplaviclin-blndinc aptamen, ST-21 and ST-21M, with the modlficatlon ofTl!G and 
cholesterol. TEG spacer provides an easier approach for streptavidin-binding. Cholesterol was used to 
incorporate into lipid bilayer ofllposomes. The asterisk indicates mutation site in the sequence of ST -21M. 

carbon electrode15
• All these methods used liposome to label competitor biotin with the signal amplifu:atl.on 

function. 
Lipoaomes can encapsulate hundreds of thousands of bioluminescence, duorescent dyes or other signals 

which provides strong signal amplification '!his makes bposomes very senaitive in biosensing aasays. For the 
same reason. in this study, we also wed liposomes as the signal amplification system and competitor labeling. 
However, instead of a regular competitive furmat. we bere used replacement format fur the detection of biotin. A 
replacement aasay is also a competitive aasay where a sample analyte replaces the labeled competitor of analyte 
out of its biorecognition element on a surface16• The great advantage of the replacement assay is that no reagent 
addition or wub steps are required after loading samples because the signal is directly from the released labeled 
competitors. Therefure, the assay can be user-friendly and the assay time is reduced. Furthermore, the signal can 
increase with the increasing of analyte concentration. which is highly desirable compared to a regular competitive 
assayl7. 

An effective replaGement assay requires low adiDity between the biorecognition element and the competitor 
of analyte in a way such that analyte is able to replace the competitlor. However, it is not easy to have a competitor 
with lower affinity than the analyte. and is still able to bind to its biorecognition element. In this study, we pro
posed to use aptamer as a competitor of replacement assays. An aptamer is an oligonucleotide that binds to an 
analyte without base~·· Aptamera are wually screened from a large random nucleic acid sequence pool. 
which is called systematic evolution of ligands by exponential enrichment (SELEX)19

• Since the affinity of moat 
screened a:ptamers are not high in the first few round.s of SBLEX, a:ptmners will be an ideal competitor of analyte 
in replacement biosensing assays. Any aptamer as a competitor can be easily screened with SELEX by a known 
analyte-binding ligand. To label the aptamer competitor with liposome, we wed a conjugation-free procedure to 
form a liposomal aptamer as a labeled competitor for the replacement assay. Aptamer can be easily tagged with 
cholesterol during the oligonucleotide synthesis, and the cholesterol-tagged aptamers can be easily incorporated 
into liposomes by simply mixing them with other lipids during the liposome fabrication procedure. Here, we 
chose two aptamers as biotin competitors: sr -21M and Sf-21, which specifically bound to biotin-blnding site of 
streptavidin, not even biotinlO. 

In this study, we developed a 96-well plate assay fur the detection ofbiotin. 1bis replaceable liposomal aptamer 
formed complex with streptavidin which were immobilized on 96-well plate. Sample biotin replaced the lipos
omal aptamer from the immobilized streptavidin without any washing steps. Ibis liposomal aptamer provide 
not only an ultruensitive and rapid detection of biotin, but also an alternative use of aptamer in the field of 
bioaensing. 

Results 
Fabrication of liposomal aptamers. Two aptamers, ST-2land ST-21M, with the binding ability to 
streptavidin were chosen for preparation ofliposomal aptamers. The sequences of the ST-21 and ST-21M aptam
ers were 5' -ATTGACCGcrGTGTGACGCAACACTCAAT-3' and 5' -ATI'GACCTcrGTGTGACGCAACAC 
TCAA T-3', respectively. They were designed with 1 base difference (from 5' the 8th G Is replaced by T) and their 
dissociation constant were 92.85 nM11 and 3870 nM. respectively. Each aptamer was modified to have 3'- cho
lesterol (Fig. 1), which was incorporated into the bpid bilayer ofliposomal nanovesicles (Fig. 2). TEG spacer was 
included to provide BWbility fur easier approach to bind streptavidin. 'lhe cholesterol provides an easy way to tag 
aptamers on the surface ofliposomes during liposome preparation using lipid hydration method. Compared to 
a laboriow and time-consuming bioconjugation process, this cholesterol modified aptamer is able to tag on the 
liposome surface directly in the liposome fabrication procedure without the need ofbioconjugalion. The aptam
ers were mixed with lipid mixture in a molar percentage of 18.4296 DPPG, 35.5296 DPPC, and 45.9396 cholesterol 
in organic solvent. The organic solvent was remaftd by nitrogen to yield a thin lipid film. High concentration 
SRB encapsulant was then added to hydrate the lipid mixture. The preparation ofliposomal aptamers in a similar 
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Fipre 2.. 'lhe lipoaomal aptamer with the ability ofbinding to llreptaridiD. '!he cholesterol incorporated 
into lipid bilayer through hydrophobic inleract:iona. 'The lipOIOIIle& encap.sulated hundred~ of thOUAilds of 
fluorescent dyes for providing strong signal to a:ptamer . 
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Figare3. Streptavidin binding test ofliposomal aptamer ST-21 (A) and ST-21M (B). The Liposome only is 
negative control without aptamer-tagged. Both liposomal aptamers sh.cnft:d strong binding to streptavidin, 
indicating the successful fabrication ofliposomal aptamers. 

size range ia a key to develop a reliable replacement platform. Extrusion ofliposomes through a polycarbonate 
membrane filter helps to uniform the liposome size. 'The liposomes were extruded 30 times through 200nm filters 
and the final average size was determined by a DLS assay. The average size ofST-21 and ST -21M liposomal aptam
ers were 151 ± 37 and 138± 43 om, respectively (Figure S3). 'Ihe stock concentrations of ST-21 and ST-21M 
liposomal aptamers are 2.43x 107 and 2.68x 107 liposomeslml, respectively (Figure S4), which were determined 
by flow cytometry. We also checked the stability oflipot<>mes. After being kept at 4 oc after three montru, theae 
liposomal aptamers still retained its binding ability to streptavidin. 'Ibis suggested that the liposomal aptamers 
were very stable. 

Streptavidin-binding test of liposomal aptamers. To teat if we really successfully fabricated ST-21 
and ST -21M llposomal aptamers. we added the liposomal aptamers on streptavictin-coated plates and observed 
the binding ability between llposomal a:ptamers and streptavidin. After adding liposomal aptamers for one hour 
incubation, unbound liposomal aptamers were removed by several washes. Because our ST-21 and ST-21M are 
streptavidin binding aptamers, the llposomal aptamers would bind to streptavidin. Figure 3 shows the binding 
ability of two liposomal a:ptamers to streptavidin. Compared to the negative control (liposomes without aptamer 
tag, liposomes only in fig. 3), both liposomal apta.mers had at least 10 fu1d signals (Fig. 3), i.odicatiDg that both 
aptamers still preserved binding ability to streptavidin after incorporated into liposomes. This suggests that lipos
omal aptamers were successfully fabricated by a hydration method and can be used for replacement assays. 
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Fipre 4. Optimization of rcpl•ccmcat time. 1he :fluorescent signal ofliposomal aptamer ST -21 deaeased 
after addition ofbiotin til115 minute incubation. More than 15 minute replacement time shows no significant 
decrease. 
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Figure 5. Schematic diap'am of our lipollomal aptamer replacement Ullllffor the detection ofbiotin. The 
liposomal. aptamers were pre-bound to streptavidin coated on a 96-wdl plate. When biotin was presented in the 
sample, the liposomal aptamem will be replaced by biotin. Fluorescent signals were measured by a micmtiter 
plat£ reader. 

Optimization of replacement time. .At this step. we were curious about the incubation time of biotin 
for effective replacement Therefore, we developed an assay to study the incubation time after addition of biotin. 
First, we formed the complexes of streptavidin and liposomal aptamers on the plate. and then we added biotin 
to replace liposomal aptamers. Because biotin bas lower dissociation constanbi (Kd) than aptamer, it can replace 
the binding ofliposomal aptamers to streptavidin. In this assay, replaa:d liposomal aptamers were removed by 
washing. Then 30 mM of n-OG was added into wells to release SRB from the un-replaced lipoaomal aptamers. 
The fl\lOrescence ofSRB was measured by a 96-wdl. plate reader. Since higher biotin concentration could have 
higher replacement efficiency and requires less incubation time for replacement, we chose a low biotin concen
tration (15pglml) to optimize the incubation time for replacement. Figure 4 shows that fluorescent signals of 
liposom.al aptarners ST-21 decrease dramatically after addition ofbiotin tilll5minute incubation. More than 
15 minute replacement time shows no significant signal decreasing. This indicates that biotin cannot replace more 
l.iposo.mal aptamers after 15 minutes incubatlo.n. 'Iherefure, we chose to incubate the biotin sample fur 15 minutes 
for dose-response assays in this study. 

Dose response of replacement assays for the detection of biotin. Dose reaponse curves reveal the 
dynamic range, sensitivity, and detection limit of a biosensing assay. Therefure, the dose response of replacement 
assays for the detection ofbiotin was evaluated in our proposed replacement usay. Figure 5 shows the deaign of 
the replacement assay for the detection ofbiotin. A 96-wdl plate was first coated with the complexes of streptavi.
din and liposomal aptamers. Different concentrations of biotin samples were added to the plate wells. When the 
biotin is presented in the sample, the dissociation between liposomal aptamers and coated streptavidin occurred 
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Fipre 6. Dose respoaae curves of biotin cletectioo. ualq lipolomal aptamen (ST-21 and ST -21M). 'Ihe 
replacement rates increase with the increasing ofbiotin concentration. ST-21M shows steeper slope than ST -21. 
Bnor bars represent the standard deviations of triplicate measurements. 

due to the replacement of biotin. Afterwards, we c:ollected replaced liposomal aptamen in the solution. and then 
lysed the liposomes with n-OG to detect fluorescence released from liposomes. 'Ihe fluorescent signal wu then 
measured by a microliter plate reader. For the comparison of the dynamic range, sensitivity, and limit of detec
tion (LOD) between the two liposomal aptamers. we normalized the fluorescent signals. (F') by the comparison 
with the fluorescence of all un-replaced liposomes on the well of the negative control (F0) using the equation of 
repl.acemem rate= (P'/Fij) x 10096. Because the negative control has no biotin to replace liposomal aptamers on 
the plate well surface, the un-replaced 1luorescence on the well of the negative control represent~ the averalllipo
somal aptamers on the plate well lherefore. this ratio represents the replacement rate of each biotin sample. We 
used this replacement rate as the Y-am of the biotin dose response curve. Figure 6 shows the biotin dose response 
curves for both ST -21 and ST-21M aptamers. '!he result showed that the slope ofST-21M dose response is steeper 
than ST-21, mdicatlng that ST -21M is more senaltive than ST -2lliposomal aptamers. '1he LOD was defined as 
the lowest concentration of analyte producing a fluorescence intensity that is three times of standard deviations 
higher than the mean intensity at zero concentration (negative control). According to this definition, the LOD 
for liposomal aptamers ST-21and ST-21M were 6.7Sx 10-u M (1.32pgl80!'1) and2.39x lo-u M (0.47pg/80~tl), 
respectively. ST-21M shows both better sensitivity and LOD than ST -21. These results~ expected because the 
Kds ofST -21 and ST-21M are 92.85 nM and 3870 nM, respectively. The Kd ofST -21M is near 42 folds larger than 
ST -21, which makes ST -21M is easier to be replaced by biotin than ST-21. 

We also observed the dynamic range of the dose response curve. The dynamic range defined as the biotin 
quantitation ranges from LOD to the saturated concentration of biotin replacement. Compared with these 2 
liposomal aptamers, ST-21 had a dynamic range of seven orders of magnitude (6.75 x 10-11 to 2.04 x 104 M); and 
ST-21M had over four orders of magnitude (2.39x lo-11 to 2.04x 10-7 M). ST-2lliposomal aptamer has a wider 
dynamic range. Note these findings are consistent with the previous study by Gooding and his c:olleagues22.1hey 
reported that a higher affinity competitor of analyte were able to form more compleua with the blorecognitlon 
elemento thereby allowing more analyte to replace the competitors. 'Iherefore. our result can be explained by that 
there are more ST-21 complexes with streptavidin; thereby allowing more biotin to replace ST-21, and thus the 
dynamic range ofST-21 is wider than ST -21M. Another poasible reuoo is that the higher affinity ST-21 were not 
easily replaced. allowing higher concentration of biotin to replace. Therefore, higher affinity competitors have a 
wider dynamic range. 

Discussion 
In 1990, the discovery of aptamers opened a new era for biosensing teclmologyl'1j,23. Aptamers were used as 
biorccognition elements to detect metal ions, organic compounds, protein& or other biomolecules, virus and 
cells17• In this study, we reported a strategy to use aptamer as a competitor instead of a biorecogoition element 
in replacement assays. Replacement assays hl:ve many advantages. In addition to simple and time-saving proce
dures without the need of washes, the dose response pattern of a replacement assay is more desirable compared 
to a regular competitive assay. Biosensing assay determines the LOD based on a dose response curve and WD is 
defined as the lowest concentration of analyte producing a fluorescence intensity that is three standard deviations 
(SDs) higher or lower than the mean intensity at zero concentration (negati.w control). However, for a regular 
competitive assay, the negative control has the highest signal intensity and thus has the largest SD. According to 
the LOD definltioo, this large SO in the negative control causes the large WD after calculations. On the contrary, 
in replacement assay. the signal increases with the increasing analyte concentration. Thus, negative control has 
the lowest signal intensity and thus has the smallest SD. Iherefore, a replacement assay usually has a lower LOD 
compared to a regular competitive assay. .Although a replacement assay is highly favorable. the application of 
replacement assay is limited because it is not easy to fabricate a competitor witb a lower affinity to the biorecog
Dil:ion e1em.ent&, especially for a small molecule. such as biotin. .Al&o aptamer can be easily screened with SELEX 
by a known anal.yte-binding ligand. Therefore, this replaceable liposomal aptamer strategy can be applied on the 
detection of other target analytes. Normally, it is also troublesome to label a competitor. Here, we also provided an 
easy method to label aptamers with a signal amplification system (liposome). 'Ihe cholesterol modification pro· 
vides an incorporation site in the lipid bilayer during liposome formation. 'Iherefore. no conjugation process is ne 
eded for labeling. Liposomes are widely used in biosensing as signal amplifying reagents due to their high surface 
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Delectiola IDdhocJI LOD ,._ 
ST-21 

llptamer as a competitor 
16.48pglml 

thislltudy 
ST-21M 

5.83pg/ml 

EUSA 977pg/ml 8 

Electrochemical immunosensor 2.02ng/ml 15 

Electrochemical magneto 20ng/ml 14 

LC 1-9ng/g 7 

HPLC/MS 2.5ng/ml 27 

Plow injection liposome 250pglml 9 immunoanalytical symm 
Immunoaffinity chromatographic lOpgfml 10 

botope dilution 1ng/ml 13 

Kinetic spectrophotometry 180ng!ml 28 

Surfila: plasmon resonance O.Snglml 11 

Table 1. Comparisons of this study to several reported biotin detection methods. 

area and internal volumel4. Previously, we developed protein G-liposomes as universal reagents for immune
assays. They have been used in an immunomagnetic bead sandwich assays for the detection of Escherichia coli 
0157 :HJ25 and have also been demonstrated in multiplexed immunosorbent assays for the simultaneous detec
tion of E. coli 0157:H7, Salmonella, and Listeria monocytogener~. Many other reports showed that liposomes 
provided ultra sensitivity in biosensing assays9•10• Combination of both the advantages of aptamer and liposomes, 
the liposomal aptamer is an excellent competitor in a replacement assay. 

In order to assure the reproducibility and stability of the liposomal aptamer for replacement assay in this 
study. The protocol of our liposomal aptamer fabrications was established and standardized. We controlled the 
liposome hydration temperature at 60 qC to make sure that all the lipids and lipid-tagged aptamers would be all 
self-assembled and transform to liposomes. Therefore, the aptamer percentage (0.13'16) we added can be the same 
as the aptamer percentage in the liposomes. In this way, the aptamer amount in each liposome was controlled. We 
also extruded liposomes through 200 nm polycarbonate filter 30 times to unify the liposomal aptamer size, and 
removed un-encapsulated dye to make sure all the dyes are inside the aptamer-tagged liposomes. The encapsu
lated solution volume was controlled by the size through the filter extrusion and the dye concentration would not 
be changed after being encapsulated into liposomes; therefore, the quantity of dye molecules contained in each 
liposome was controlled. The controlled quality ofliposomal aptamer helped us to establish a reproducible and 
reliable platform for replaceable liposomal aptamer assay. 

We compared the LODs of both liposomal aptamers with other biotin assays (Table 1). ST-21M showed the 
lowest LOD (5.83pglml) in all biotin detection assays. Even ST-21 (16.48pg/ml) is also comparable with others. 
For comparison between our two aptamers, the affinity ofST-21 to streptavidin is much higher (near 42 folds) 
than ST-21M; however, the LOD of ST-21 is only a little bit larger than ST -21M, indicating that the WD was not 
much affected by the aptamer affinity as long as the aptamer is able to be replaced by the analyte. 

Methods 
General materials. Biotin, streptavidin, bovine serum albumin, Tween-20, tris base, sodium chloride, cho
lesterol, chloroform, sulforhodamine B (SRB), noctyl-beta-d-glucopyranoside (n-OG) and sucrose were pur
chased from Sigma-Aldrich. Dipalmitoylphosphatidylcholine (DPPC), dipalmotoylphosphatidylglycerol (DPPG) 
and the liposome extruder were purchased from Avanti Polar Lipids. Sepharose CIAB was purchased from GE 
healthcare. Maxisorp 96-well black plate, 200 nm filter membranes were purchased from Whatman. Aptamers 
are synthesized by IDT (Integrated DNA Technologies, USA). Two aptamers (ST-21: 5' -ATTGACCGCTGT 
GTGACGCAACACTCAAT-3' and ST-21M: 5'-ATTGACCTCTGTGTGACGCAA CACTCAAT-3') were used 
in this study. 

Preparation of liposomal aptamers. The quality of aptamers was checked by HPLC and MS assay 
(Figs S1 and S2). The liposomal aptamers were prepared using the lipid hydration method from lipid mixture 
with some modificationr5

• The lipid mixture consisted of 18.42'16 DPPG, 35.52'16 DPPC, 45.93'16 cholesterol and 
0.13'16 aptamer (ST-21 or ST-21M). The lipid mixture was dissolved in a mixture of chloroform and methanol 
(3:1 volume ratio). The organic solvent was evaporated using compressed nitrogen gas, and a thin lipid film was 
thus generated. The lipid film was then hydrated by 150 mM of SRB solution at 60 qc for 45 minutes. After being 
fully hydrated, the liposomal aptamers were extruded 30 times through a 200nm polycarbonate filter mem
brane and then purified by gel filtration chromatography using Sepharose CL-4B. e sizes ofliposomal aptam· 
ers were aetermined y ynamic ight scattering (DrS) usmg nano p a rtica SZ- 1 00 instrument (Rorioa, apan). 
Whereas, the concentration of liposomal aptamers was determined by flow cytometry with Muse cell analyzer 
(Merck Millipore, Germany) using 1mlliposomal aptamer solution ( 10 Ill stock liposomal aptamers with 990 Ill 
TBS-sucrose, 100 folds dilution). 
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Test of streptavidin-binding ability of liposomal aptamers. The binding test was initiated by coating 
streptavidin (10 (..Lg/ml) on a 96-well plate at room temperature (RT) for lh. The streptavidin serves as a capture 
agent for liposomal aptamers. After streptavidin coating, the wells were blocked at RT for 1 hr with 0.01 mglml 
salmon sperm DNA and 1% BSA in TBS. After removing the excess blocking solution, 80 (..L1 ofliposomal aptam
ers were added into a 96-well plate. After 1 hr incubation at RT, unbound liposomal aptamers were removed and 
the wells were washed three times with TBS-including appropriates sucrose (TBS-sucrose) for osmolarity. Finally, 
80 ~~ol of 30 mM n-OG were added into the 96-well plate to rupture liposomes and release SRB. The fluorescent sig
nal was measured by a 96-well plate reader (Synergy 2, BioTek) at excitation wavelength of 540run and emission 
wavelength of 590 nm. 

Optimization of replacement time. Liposomal aptamers were first incubated in streptavidin-coated 
plates for 1 hr at RT. After washing unbound liposomal aptamers, 80 111 of 15 pglml of biotin was then added to 
each well to replace liposomal aptamers, which were bound to streptavidin on the plate. The biotin incubation 
times we tested are 5, 10, 15, 30, and 60 minutes, respectively. After incubation at RT, replaced liposomal aptamers 
were removed and the wells were washed three times with TBS-sucrose. Finally, 80 IJ.l of 30 rnM n-OG was added 
into each well of the 96-well plate to rupture liposomes and release SRB. A 96-well plate reader was used to detect 
SRB at excitation wavelength of 540 n.m and emission wavelength of 590 nm. 

Dose response of the replacement assay. We first incubated liposomal aptamers with streptavidin 
coated plates. After washing unbound liposomal aptamers, 80 (..L1 of different concentrations of biotin were added 
to each well. After 15minute incubation at RT, 60~~ol of biotin-replaced liposomal aptamers solution in each well 
was transferred to a new 96-well plate. Finally, 6!11 of300 rnM n-OG was added into the new 96-well plate to rup
ture liposomes and release SRB. The fluorescence of SRB was measured at excitation wavelength of 540 nm and 
emission wavelength of 590 nm. 

The SRB fluorescent signal of allliposomes bound to streptavidin on the well of negative control is defined as 
FO for data calculation and normalization. The signal ofbiotin-replaced liposomal aptamers solution was defined 
as F~ All data were normalization as replacement rates followed by the equation: replacement rate= (F' /F0) x 100%. 
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The Effect of Silica Nanoparticles 
on Human Corneal Epithelial Cells 
Joo-Hee Par!cl, Hyejoong Jeong2, Jinkee Hong2, Minwook Chang1, Martha Kim\ 
Roy S. Chuck3, Jimmy K. Lee3 & Choui-Yong Par!cl 

Ocular drug delivery is an interesting field in current research. Silica nanoparticles (SiNPs) are promising 
drug carriers for ophthalmic drug delivery. However, little is known about the toxicity of SiN Ps on ocular 
surface cells such as human comeal epithelial cells (HCECs).ln this study, we evaluated the cytotoxicity 
induced by 50, 100 and 150 nm sizes ofSiNPs on cultured HCECs for up to 48 hours. SiNPs were up
taken by HCECs inside cytoplasmic vacuoles. Cellular reactive oxygen species generation was mildly 
elevated, dose dependently, with SiN Ps, but no significant decrease of cellular viability was observed 
up to concentrations of 100 !J.g/ml for three different sized SiNPs. Western blot assays revealed that 
both cellular autophagy and mammalian target of rapamycin (mTOR) pathways were activated with the 
addition ofSiNPs. Our findings suggested that 50,100 and 150 nm sized SiNPs did not induce significant 
cytotoxicity in cultured HCECs. 

The cornea is typically the major route of intraocular transport of topically applied drugs1
• Corneal epithelial 

cells constitute the outermost mechanical barrier of the ocular surfacel. These cells are replenished periodically 
in every 2 weeks by newly differentiated epithelial cells from the lirnbal area2•3• & a most surface layer, corneal 
epithelial cells are continuously exposed to the outer atmosphere, therefore, they provide the first line of defense 
against foreign materials invading the ocular surface2• This protective role of corneal epithelial cells, on the other 
hand. sometimes serves as a mechanical barrier for ocular penetration of topically administered medication1. 

To enhance ocular drug penetration, nanoparticle based drug delivery systems have been intensively inves
tigated with promising results4-6. Amorphous silica nanoparticles (SiNPs) are some of the most promising nan
oparticle systems for ocular drug delivery. SiNPs have stable chemical structures, large surface to volume ratios, 
ease of surface modification and tolerable biodegradability". Due to these physical properties, biomedical appli
cations of SiNPs have been intensively investigated7•8• Recent study suggests that small sized (50 nm) silica nano
particles are readily permeable into de-epithelialized cornea9• 

However, cytotoxicity is the most significant issue with SiNPs. It is known that the cellular toxicity and bio
logical effect of SiNPs are largely dependent on the size and concentration of the SiNPs10.11• In addition, different 
cell types have shown different susceptibility and patterns of SiNPs nanotoxicity11•12• Recently, several studies 
have demonstrated that SiNPs have no direct cytotoxicity on retinal endothelial cells and retinal neuronal tissue13• 

However, the nanotoxicity of SiNPs on corneal epithelial cells is not fully studied yet although these cells are the 
first encounters when SiNPs are topically administered for ocular therapy. 

Herein, monodisperse and non-porous SiNPs with diameters of 50, 100 and 150 nm were employed to inves
tigate how particle size and concentration affect the biological activities of human corneal epithelial cells. The 
effect of the size and concentration of SiNPs on biological responses including cellular viability, reactive oxygen 
species (ROS) generation and autophagy were evaluated. In addition, the effect of SiNPs on the upstream cellular 
proliferative pathway, the mammalian target of rapamycin (mTOR) pathway, was investigated. 

Results 
Characterization of SiN Ps. We characterized the prepared SiNPs with three different sizes. The morphol
ogy of each SiNPs was observed using SEM and size distribution graphs were obtained from the micrographs 
(Fig. 1 ). From the results, we confirmed spherical shapes with uniform sizes for all the SiNPs. The numerical data 
for mean size and dispersity are summarized in Table 1. The mean sizes of the SiNPs weree 50.68, 102.81, and 
149.41 n.m according to the size distribution graphs in Fig. 1. The dispersity of nanoparticles is determined on 
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Fipre 1. Morphologies of SiNPI were observed by SEM. (A) 50, (B) 100, (C) 150 nm. Size distribution 
graphs correspondiDg to the above SEM images are shown: (D) 50, (E) 100, (F) 150 nm. 

DIIIDWw.- DPIIS 

ot..eeer Zlta,....... 
~ Zeta .......... 

Size t-) (m.'V) (mV) 

50.nm 50.68±2.93 -56..63±3.70 5.79 -3.n±t.36 

lOOliDl 102Jil ± 3.78 -74.67± 1.00 3.68 -2.30± 1.47 

150l1Dl 149.41 ± 8.39 -75.87±3.20 5.62 -6.90± 1.51 

'Thble 1. 'Ihe size aad zeta potential of li1ka nanoparticles investipted in thil•tudy. Data presented as 
mean± standard deviation. Abbreviation: DPBS (Dulbecco's Phosphate-Buffered Saline}. 

the basis of tbe coefficient of variation: Nanoparticles with wt.der 5% coeflident of variation are defined as mon
odiapersed nanoparticles and those with under 15% are defined as near-monodispersed nanoparticles14• From 
Table 1, we determined that the prepared SiNPs were almoat monodispersed since the dispersity was in the range 
of 3 to 5%. Th identify the stability of the SiNPs in different aqueoua BOJ.utions, we investigated the zeta potential 
This is an electric charge at the shear plane. which is a thin layer between the particle surface and liquid. Zeta 
potential is useful to indicate the stability of the colloidal suspension. It is accepted that when the zeta potential is 
1301 m V and optimally higher than 1601 m V. particles are fully stabilized by electrostatic charges and are less likely 
to be flocculated with each other due to electrostatic repu1Jion11•15• In distilled water, SiNPs have good stability 
and dispersion with higher zeta potentials over -50 m V. On the contrary, SiNPs dispersed in DPBS showed lower 
zeta potential close to a neutral charge. This is because the negative charge ofSiliPs is offset by various salts in 
DPBS. From this result, we could predict that the charges of the SiNPs are almost neutral in cell culture media and 
are prone to agglomerate together in cell culture. 

Intracellular distribution of SiNPs. Internalization and the intracellular distribution of SiNP& were eval
uated by TEM. SiNPs were localized maiDlyin cytopl.asmk vesicles around the nucleus (Fig. 2). Small amounts of 
SiNPs were found to exist outside the vesicles and were observed in the cytoplasmi.c matrix. However, no SiNPs 
were observed inside either the nucleus or mitochondria. Neither mitochondrial damage nor nuclear membrane 
damage was observed (Fig. 2). 

Oxidative stress induced by SiN Ps on HCECs. SiNPs inaeased both the intracellular and extracellular 
ROS levels of HCECa in a dose dependent manner (Fig. 3}. '!his dose dependent ROS increase was observed in 
aD three SiNPs sizes. However, intracellular ROS inaease by 150 run SiNP was significantly lower than that by 50 
and lOOnm SiNPs Cp values < 0.05). Similar findings were observed for extracellular ROS level&, but the difl"erence 
was not significant The expected inverse relatioDShip between ROS and GSH was ob&erved. With the increase of 
ROS, GSH level decreased accordingly (Fig. 4}. 

Cellular Autophagy. We investigated the effect of SINPs on the cellular autophagy system using the sig
nal alteration of LC3AJB, the autophagy marker (Fig. SA). With the activation of autophagy. LC3AJB II form 
increases relative to LC3A/B I form. All three sizes of SiNPs triggered signifiant expression ofLC3A/B II pro
teins. The increased ratio of activated LC3A/B were more prominent with a high concentration (100 ~tg/mL) of 
SiNPs stimuli and reached up to 1.35 fold (50 om SiNPs), 1.62 fold (100 om SiNPs) and 1.63 fold (150 om SiNPs). 
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50nm-SiNPs 

Figure 2. Cellular uptake of SiNPs in HCECs evaluated by transmission electron microscope. HCECs were 
cultured with various sizes ofSiNPs for 24h (A,B,C and D). SiNPs were mainly accumulated in cytoplasmic 
vesicles (F,G and H) while no SiNPs were observed in control (E). No nuclear entry of SiNPs was observed. 
Mitochondria remained intact with no visible damage on the structure (I to L). (A,E and I) negative control 
with no SiNPs; (B,F and J) 50 nm SiNP added (100 ~g/mL); (C,G and K) 100 nm SiNP added (100 ~g/mL); 
(D,H and L) 150nm SiNP added (100~:-Lg/mL). 
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Figure 3. Induced reactive oxygen species (ROS) in human corneal epithelial cells (HCECs) following 
treatment with three different sizes of silica nanoparticles (SiNPs). Extracellular (A) and intracellular (B) 
ROS levels. Values are measured as means± SEM (n = 3) and are calculated as% from negative control (O 1:1gmL 
treated groups). P values were calculated compared to negative control. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 4. Total glutathione ( GSH) level in HCECs after treatment with three sizes of SiNPs. Results are 
statistically calculated as mean± SEM (n = 3) and are calculated as% from negative control (0 1:1g/mL treated 
groups). P values were calculated compared to negative control. *p < 0.05, **p < 0.01. 
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Figure 5. The cft"ect ofSiNPs on HCECi autophagy. (A) LC3AJB conversion in HCBC treated with SiNPs 
for 24 h. The expression levels for the autophagy signal. LC3AJB proteins, were measured by Western blot 
analysis. The inactive I form is 16 kDa and the acti:n: n form is 14kDa. Densitometric analyses of wRer» blots 
shmml the increased apression ofll form with higher concentration ofSiNPs added. Values (mean± SEM) 
are expressed as a percentage of the control and were obtained from three independent experimenll; each 
independent experiment was performed in triplicate (*p < 0.05, **p < 0.01). (B) Immunocytochemical 
staining with LC3B antibody revealed the increased autophagy in HCECs with 100 ~mi. of 50 om SJNP 
(b), 100 om SiNP (c) and 150 nm SiNP (d) addition. White arrowheads indicated the cells with inaeased 
LC3B staining (green). DAPI stained nucleus with blue and orange represented F-actio. Negative control is 
HCECa with no SINPs addition (a). (C) '!Iansmiasion electron microacope (TEM) revealed some SiNPs inside 
amphiaomes (AS), endosome (ES), and lysosome (LS) (white arrowheads in b, c and d). a: poaitivecontrol of 
autophagosomes (white arrowheads) induced by incubation with 50lJM -chloroquine diphoaphate for 24h in 
HCECs. 

loaeased LC3B proteins in cytoplasm with SJNPs addition were also demonstrated by immunocytochemistry. 
(Fig. SB) Some ofSiNPs were captured inside endosome& or ampbisomes (Fig. SC) and 110me were found in auto
phagosomes and lysoaomes, which were characterized by double membranous vacuoles. 

Cellular viability. LDH andTUNEL assay. HCEC viabilitywu not affected with the treatment ofSiNPs 
(Pig. 6A) Accordingly, IDH level was unchanged with the treatment of SiNPs (Fig. 6B). The size and concentra
tion ofSiNPs did not a1l'ect the viability or the LDH levels significantly. In addition, TUNEL assay fullowiog 24h 
treatment of SiNPs showed that none of the SINPs sizes induced apoptosis (Fig. 7). Only 6.46, 8.55, and 7.89% 
of apoptotic cells were detected with the treatment of lOOI'glmL of 50, 100, 150om SiNPs, respectively. When 
considering 3.83-7.49% of apoptotic cells in the negative controls, the proportioo of apoptotic cells with SiNPs 
treatment were considered to be in the normal range. 

mTOR pathway activation. SiNPs increased the mTOR pathway of HCEC. We measured the expression 
level of phosphorylated mTOR (p-mTOR) and o{f()R (Pig. 8). The expression of p-mTOR increased 1.50, 1.64 
and 1.64 fold with 100 ~~WmL concentrations of SO nm, 100 om and 150 nm-SiN!'$, respectively, when compared 
to the normal control. This suggests that the SiNPs used in this study trigered the cell survival pathway, mTOR 
signal transduction, which is consistent with the cellular viability assay. 
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Pipre 6. Cellular 'riability a.uay. Cellular viability using CCK-8 (A) and lactose dehydrogenase (LDH) 
after 24h exposure to 25 IJ.KI'mL, 50 IJ.KI'mL, or 100 !Jg/m.L ofSiNP treated HCEC. No significant changes were 
observed with SiNPs. Quadruplicale$ of each treatment group were used in each independent experiment 
Values are the mean± SEM from four independent aperimenta. 

Discussion 
In this study, we investigated the effect of three different sizes (SO. 100, 150 nm) of SiNPs on cultured HCEC. As 
revealed by TEM study, SiNPs are localized mainly in the cytoplasm of HCEC. Although. all three SiNPs (up to 
100 jlg/ml concentration) induced a slight increase of intracellular ROS. the cellular viability and intraa:llular 
survival machineries such as mTOR pathway and autophagy remained intact. 

It is known that ocular drug penetration is difiicult and can be hindered by extrinsic and intrinsic ocular 
barriers such as tear fi.bn, mucus barrier, tight junction of the corneal epithelium, hychophilicity of the cor
neal epithelium, and hydrophobicity of the comeal stroma1• 1herefore, effideot ocular drugs should have both 
hydrophilic and hydrophobic properties and sizes small enough to pass through the above-mentioned barriers 
for successful intraocular penetration. Much of topically applied drug solution is lost via nasolaaimal and con
junctival vascular drainage before penetrating the cornea and ooly 1% or les& of an eyedrop actually reaches the 
intraocular tissuesu;. To overcome poor drug penetration wttb. topical administration in many caaea, intravitreal. 
injection is now becoming increasingly popular in clinical practice. However, intraocular injection increases the 
risk of intraocular infection. which may be sight threatening. and is also accompanied by pain and higher com17• 

Therefore, topical medication may be more desirable. eapeclally considering ease of instillation and safety. If a 
drug can penetrate the full thickness of cornea and reach the anterior chamber in high concentration, then fur. 
ther difi'usion into the posterior chamber should occur easily. Recently, it was suggested that this long challeng
ing problem could be overcome with the use of nano-based drug carriers5.6. Sevmil recent reports of successful 
intraocular drugs or gene deliveries by various nanoparticles further increased such. expectationsu..24• The major 
advantage of nanoparticles is enhanced cellular uptake due to their small size. 

SiNPs are some of the intensively investigated nanomaterials as promising drug carriers iD various biomed
ical fields. The negative charge of SiNPs based on the presence of hydroxyl groups makes them more feasible 
for surface modification. which can control physicochemicaL toxicological and pharmacological properties7.a. 
Although SiNPs-based drug delivery is not yet popular in the ocular system. there are previous reports that SiNPs 
themselves inhibited retinal and corneal angiogene&i& tn vivo and tn vttro13.25. 1he antiangiogeoic effect of SJNPs 
is very inspiring with regard to the development of new ocular drug delivery systems because many intractable 
ocular lfueases are accompanied by neovucularizat:ion26• However, there remain some obstacles to overcome for 
successful use of SiNPs for ocular drug ddivery. For example, Mun et aL~ reported that the corneal epithelium 
functions as a strong mechanical and chemical barrier to SiNPs penetration. 

Despite many promising aspects of nanoparticles in clinical applications, significant concerns about nanotox
icity are still .major limitations. The relatively poor knowledge about the exact mechanism of nanotoxicity may 
further enhance the safety concerns. Concerns related to SjNPs oanotmicity have been raised beforeU. Systemic 
administration ofhigh doses ofSiNPs in animal models resulted in multiple organ~. In addition, SiNPs 
addition to culture media significantly increased cellular ROS production and intracellular Cal+ accwnulation30• 

Besides direct cytotoxicity, Tarantini et al. st tested 15 nm and 55 nm sized SiNPs in human intestiDal. cell lines and 
observed signiftca.ndy Increased seaetl.on ofinliammatory cytokines by the cells. In another report, this cytotoxic 
potential ofSiNPs was adopted as potential effective strategy for anti-cancer treatmentll. 

However, the cytotoxicity of SiNPs appears to be highly dependent on size. dose, cell types, and route of 
admini&tration11

•
12.». This is why some studies reported no sign!Jiourt toxicity by SlNPs, others reported more 

toJicity by smaller sizes of SiNPs Oess than 50 nm), and the others reported more toxicity by larger size& ofSiNPs 
(more than 100 nm)l4-36• Recently, Zhao et aL 35 reported that the size of silica nanoparticle is important in the 
interaction between nanoparticlea and cell membranea. Larger sized SNPs (> 100 nm) can induce significant dis
tortion of the cell membrane and evmtual cell rupture whereas smaller sized SiNPs can penetrate cell membranes 
without membrane rupture'5. The dose dependent cytotoxicity of SiNPs is a well known phenomenon11.33.37• 

Be<:ause the toxicity of SiNPs depends on cell types, the toxicity found in one organ system cannot be totally 
applied to another organ system such as the eye that has sophisticated anatomy and various cell types. As of now, 
it is rare to :find studies investigating SiNPs toxicity in ocular system. In one report, intravitreal injection ofSiNPs 
induced no significant toxicity in mice1'. 

Our study confirms that SiNPs of three different sizes (50, 100, 150 nm) succeasfully penetrated cell mem
branes ofHCECs and had no significant cytotoxic effect on cultured HCECs. There was no significant di1ference 
in cellular uptake and proportion of apoptoais as a function of SiNP size in this study. In addition, cytoplasm 
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Figure 7. Apoptosis assay. Cellular apoptosis using the TUNEL assay following treatment with SiNPs for 24 h 
in HCECs. These representative dot plot figures show the most severe values (% of gated) for TUNEL positive 
labeled results obtained (n = 3) (A). The mean± SEM for three independent experiments were calculated and 
are shown on the graph (B). 

and nuclear membrane damage were independent of SiNP size as well. As mentioned earlier, HCEC is the first 
encounter cells of topically instilled eye drop. It is already known that SiNPs can induce oxidative stress and 
autophagy when cultured with various types of cells37- 39• The increased ROS generation observed in our study 
is consistent with previous reports. SiNPs induced a mild increase ofROS and the viability ofHCEC at concen
trations up to 100 j.Lg/ml. Cellular oxidative stress or ROS generation can be a useful predictor of SiNPs induced 
nanotoxicity4°-42• However, we found the cell viability ofHCECs was not affected significantly despite the mild 
elevation ofROS with SiNPs addition. Reactive oxygen species (ROS) is a collective term that includes oxygen 
radicals and non-radical derivatives of molecular oxygen such as hydrogen peroxide43• It is important that ROS 
is continuously generated from the mitochondrial electron transfer chain reaction and certain amounts of ROS 
are essential for cellular signal transduction and cellular homeostasis in normal physiologic states43• Therefore, a 
mild increase ofROS could protect cells against apoptosis and induces cell survival while abnormal high concen
trations of intracellular ROS inevitably induces necrosis or apoptosis44

• We think the mild increase ofROS played 
no significantly negative role in cell viability in HCECs. 

The unaffected cell viability was further verified by the mTOR pathway and the autophagy in this study. It 
has been known that mTOR pathway is a key regulator of cell survival. When mTOR (phosphorylated mTOR is 
activated mTOR) is activated, the apoptotic pathway is inhibited and instead, cellular protein synthesis is activated 
for cell division and survival. In addition, activation of mTOR is known as one of the major inhibitory path
ways that induce autophagy. As well known, autophagy is a natural cellular process to clean up unnecessary and 
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Figure 8. Effect ofSiNPs on mTORsignaling. The expression levels of phosphorylated mTOR (p-mTOR) and 
mTOR detected by Western blot analysis (A), and relative densitometry (B) were calculated as a percentage of 
the control and all values (mean± SEM) were obtained from three independent experiments; each independent 
experiment was performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001. 

dysfunctional cellular components for recycling45
• It helps cells to overcome external stress and to promote sur

vival in harsh environments. However, recently, several reports indicated that mTOR pathway is not the only con
trol mechanism of autophagy. Autophagy can be regulated by various pathways which are independent of mTOR, 
and this suggests that these two pathways (mTOR and autophagy) are not always coupled to each other46

-
49

• The 
uncoupling of mTOR and autophagy was observed in our study. Our data suggest that mTOR activation and 
intact autophagy can co-exist in HCEC with intracellular SiNPs accumulation. The activation of cellular survival 
machinery may be stimulated by cleaning up of intracellular debris including SiNPs. 

In our study, SiNPs distribution was localized mainly in cytoplasmic vacuoles with no intra-nuclear invasion. 
This finding is consistent with previous reports11,50• The main mechanism of cellular uptake for nanoparticles is 
known as endocytosis12,36• Endocytosed SiNPs can induce cellular structural damage as previously reported11• In 
NIH/3T3 cells, co-culture with SiNPs induced dose dependent internalization of SiNPs, significant damage of 
intracellular structure (with 200j.Lg/ml of20nm sized SiNPs), and mitochondrial cristae destruction (with 10j.Lg/ 
ml of 60 nm sized SiNPs). Reversible mitochondrial damage by SiNPs was also reported 51

• However, we could not 
find any significant destruction of intracellular structure including mitochondria. This discrepancy may be due 
to the different cell types tested. As previously discussed, cytotoxicity by SiNPs are cell type dependent. Another 
interesting finding is the existence of SiNPs inside autophagosome in HCEC. This finding may indicate the active 
control of intracellular SiNPs by HCECs to avoid possible cellular damage. 

There are some limitations in this study. The first limitation is the lack of in vivo experiments. Although suffi.
dent safety was implied in vitro, the result is not always repeatable in vivo because of many confounding factors in 
the human ocular surface. Therefore, a further study using in vivo model is necessary to confirm the safety issue 
ofSiNPs in ocular surface. The second, we tested concentrations up to 100j.Lg/ml for the SiNPs. It is possible that 
higher concentration of SiNPs can induce cellular damage that was not detectable in lower concentration. In fact, 
we observed significant cellular toxicity with SiNPs with 100 mg/ml concentration (data not shown). However, 
we think the tested concentrations (25, 50, and 100 j.Lg/ml) in our study are reasonable when considering future 
clinical applications of SiNPs for ocular topical drug delivery. 

There are certainly more safety issues to be addressed regarding SiNPs for specific ophthalmic applications. 
The safe biodegradation of SiNPs is one of them. While many organic compounds can be degraded inside the 
eye, some inorganic compounds, such as gold and other metals, can persist in tissue without breaking down. 
Additionally, the potential effect of surface charge of SiNPs on intraocular distribution and biodegradation is 
unknown. The surface chemical modification can significantly alter the stability and degradation rate of silicon 
crystals inside the eye52

• Furthermore, the elimination process of intraocular SiNPs should be elucidated through 
a further investigation. It is known that most intraocular drugs are cleared from the eye either via aqueous outflow 
pathway or trans-retina/choroid pathway. In a previous study, the aqueous outflow pathway, not trans-retina/ 
choroid pathway, was the main clearance route of porous silicon micro-particles after intravitreal injection 53• 

Therefore, we hypothesize that the elimination of SiNPs from ocular tissue may also follow the aqueous humor 
outflow pathway. 

In conclusion, we confirmed the safety of SiNPs with sizes of 50, 100, and 150 nm in cultured HCECs with 
concentrations up to 100 ~J.g/ml. Cellular uptake of SiNPs were localized to cytoplasm with significant activation 
of mTOR and autophagy. The overall cell viability was not affected significantly by SiNPs in HCECs. These find
ings can be the pioneering step for successful topical ophthalmic use of SiNPs for drug or gene delivery. 
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Methods 
We confirm that all mandatory laboratory health and safety procedures were complied with in the course of con
ducting all experimental work reported here. 

Nanoparticle synthesis and characterization. Si02 nanoparticles (SiNPs; sizes: 50, 100, 150nm) were 
prepared using the Stober synthesis method following the previous studf4. Tetraethylorthosilicate {TEOS, 
Samchun), ethyl alcohol (EtOH, anhydrous, 99.5%, Daejung, Kyeonggi, Korea), and ammonia solution {NH40H, 
28%, Junsei, Tokyo, Japan) were used as materials. To synthesize 50 .run ofSiNPs, 2 mL of ammonia and 50 mL of 
EtOH were first mixed and then 1 mL ofTEOS was added to the solution. 100 and 150 nm ofSiNPs were prepared 
by equal molar ratio. 1.5 mL ofTEOS was added to the as-prepared 3 mL solution of ammonia in 50 mL of ethyl 
alcohol. Smaller sized SiNPs could be produced by quicldy adding TEOS while stirring the solution. Afterward, 
the solutions were stirred for 12 hat the ambient condition (25 ~c, 1 atm). The prepared SiNPs were washed three 
times with EtOH using centrifugation {1 0,000 rpm, 15 min). The final SiNPs precipitates were dispersed in dis
tilled water. 

Ffhe surface c ar e ofThe re ared SiNPs was measured by the zeta otential (SZ- 100, Hori a in distilled 
Mrater and Dulbecco's Phos hate-Bufferea Sal ine (DPBSJ. The size and distribution were analyzed by scanning 
electron microscopy (SEM) (SIGMA, Carl Zeiss) images and ImageJ software. The dispersity of the nanoparticle 
was defined as the coefficient of variation {Dispersity (%) = a/d x 100, where a is the standard deviation and dis 
the mean size)14• 

Cell culture. The human corneal epithelial cells (HCEC) (catalog number: PCS-700-010) were purchased 
from American Type Culture Collection (ATCC; Rockville, MD, USA). Cells were resuspended in corneal epithe
lial cell basal medium supplemented with a growth kit supplied by ATCC. The cells were plated in 75 cm2 tissue 
flasks, and then were maintained at 37~C in a 5% C02 and 95% air humidified atmosphere. Culture medium was 
changed every three days and the cells were passed using 0.05% Trypsin-EDTA (Gibco BRL, CA, USA), and cell 
with passage number :S:5 are used in this study. 

Treatment of Silica nanoparticles (SiNPs). The 50 nm, 100 nm and 150 nm of SiNPs were con
firmed using scanning electron microscope (SEM). The stock solutions of SiNPs were 10mg/mL in Dulbecco's 
phosphate-buffered saline (DPBS; Gibco) and all particles were sonicated for 30 min before mixing into culture 
media. 

Electron Microscopy and Ultrastructural Analysis. For the transmission electron microscopic (TEM) 
observations, HCECs which were treated three sizes ofSiNPs for 24h, then fixed in 3.7% paraformaldehyde 
(Sigma Aldrich) and 2.5% glutaraldehyde (Sigma Aldrich) in 0.1 M phosphate buffer (PB; pH7.6) for overnight. 
After washing in 0.1 M PB, HCECs were post-fixed with 1% osmium tetroxide (Os04) in same buffer for 1 h. Then 
the cells were dehydrated with a series of the graded EtOH (Merk, Kenilworth, NJ, USA). The cells were embed
ded in Epon 812 and then polymerization was performed at 60 ~c for 3 days. Ultrathin sections ( 60-70 nm) were 
obtained by ultramicrotome (Leica Ultracut UCT, Germany). Ultrathin sections collected on grids (200mesh) 
were examined under the transmission electron microscope (JEM -10 10; JEOL, Tokyo, Japan) operating at 60 k V 
and images were recorded by the CCD camera (SC1000, Gatan, USA). The length on the electron micrograph was 
measured using GMS software (Gatan, USA). Normal control was incubated only corneal basal medium for 24h 
and positive control for autophagy was treated 50 fJ.M chloroquine diphosphate for 24 h. 

Measurement of reactive oxygen species (ROS). Generation ofROS was detected using Oxi.Select 
In Vitro ROS/RNS Assay Kit {catalog number: STA-347: Cell Biolabs. Inc., San Diego, CA, USA). HCEC were 
treated with each size of SiNPs at different concentrations ( 0, 25, 50, 100 (.1g/ml) for 24 h and 48 h. Following 
incubation, supernatants and cells were collected separately. Sonicated celL! and the supernatants were assayed 
for the measurement of intracellular and extracellular ROS respectively following the manufacturer's protocol. 
Hydrogen peroxide (20 j.!M) was used to generate a standard curve by serial dilution and 50 ~ of appropriate 
samples from cells or supernatants were transferred to a 96-black well plate. 50 ~ of Catalyst and 100 11L of 
dichloro-dihydro-fluorescein diacetate (DCFH) solution were added in order and the plate was incubated at 
room temperature for 30 min. Finally, the fluorescence was measured at 480 nm exdtation/530 nm emission. 

Total Glutathione (GSSG/GSH) Assay. Glutathione was measured with the OxiSelect,... Total Glutathione 
Assay Kit (catalog number: STA-312: Cell Biolabs, INC.). HCECs were treated with each size of the SiNPs at 
different concentrations (0, 25, 50, 100 (J.g/ml) for 24 h and 48 h. Following incubation, trypsinized celllysates 
were sonicated and resuspended in 0.5% metaphosphoric acid. The prepared kit reagents were added step by 
step according to the manufactural protocols. Finally, the microplate reader was used for a kinetic assay and the 
absorbance was measured at 405 nm. The plate was measured at 1 min intervals for 10 min and concentrations 
were calculated. 

Cell Viability Assay. Cell viability assays were performed using cell counting kit (CCK-8) reagent (Dojindo 
Molecular Technologies, Inc. Kumamoto, Japan) according to the manufacturer's protocol. Briefly, HCECs were 
cultured at 1 x 1Q4 cells/well in a 96-well plate and incubated for 24 h. Following the adherence of cells, 50 nm, 
100 run, and 150 nm SiNPs were added to the culture media for 24h and 48h, dose-dependently; 0, 25, 50, 100 ~mi. 
After the appropriate incubation, 10 ~ of CCK -8 solution was added to each cultured well and the absorbance 
was measured at 450 nm after 2 h-incubation ofHCECs with the reagent. 
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Lactate Dehydrogenase (LDH) assay. Cellular death by membrane damage was measured using LDH 
cytotoxicity detection kits (Takara Bio Inc., Shiga, Japan). The experimental procedures were according to the 
manufacturer's protocol. Briefly, HCECs were cultured at 1 x 104 cells/well in a 96-well plate and incubated for 
24h. Following the adherence of cells, 50 nm, 100 nm, and 150 nm SiNPs were treated to cells for 24 h and 48 h, 
dose-dependently; 0, 25, 50, 100 J.Lg/ml. For positive controls, the maximum release ofLDH was triggered by 1% 
triton X-1 00 solutions. Wells with culture media only and no cells were used as negative controls. Following the 
incubation of cells, all supernatants were transferred into a new 96-well plate and the reaction mixture was added 
followed by incubation for 20 min at room temperature. Absorbance was measured at 490 nm. 

Terminal Deoxynucleotidyl Transferase (TUNEL) assay. For detection of fragmented DNA due to 
apoptosis at the cellular level in HCEC, TUNEL assay was performed using the APO-BrdlJTM TUNEL assay 
kit (catalog number: A23210: Molecular Probes, Eugene, OR, USA) according to the manufacturer's protocol. 
All SiNPs- treated HCECs were fixed using 1 %-parafonnaldehyde and were washed with PBS. Cells in ice-cold 
70%-ethanol were incubated in a -20°C freezer for 18h, then were labeled using TdT enzyme and anti-BrdU 
mixture solution. Finally, propidium iodide and RNase A staining buffer were added to the cells and samples were 
analyzed by flow cytometry, Calibur (BD Biosdences, San Jose, CA, USA). 

Western BlotAnalysis. All SiNPs treated HCECs were lysed in ice-cold RIPA buffer (50 mM Tris-HQ (pH 8.0), 
150mM NaCl, 1% NP-40, 0.5% deoxycholate, and 0.1% SDS) for 30min. The debris was removed by centrifu
gation at 16,000 g for 1 min. Equal amounts (20 !J.g) of total cell protein were separated by SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE), and transferred to a PVDF membrane. After blocking with 5% BSA in TTBS 
buffer (10mM Tris, pH 8.0,150mM NaCl, 0.1% Tween20) for 1h at room temperature, membranes were incu
bated overnight at 4 °C with the following primary antibodies: rabbit anti-LC3A/B (1:1,000; catalog number: 
12741; Cell Signaling, Beverly, MA, USA), rabbit anti-phospho-mTOR (1:1,000; catalog number: 5536; Cell 
Signaling), rabbit anti-mTOR (1:1,000; catalog number: 2983; Cell Signaling) and mouse anti-~-actin (1:10,000; 
catalog number: sc-47778; Santa Cruz, Biotechnology, Dallas, Texas, USA). The membranes were incubated with 
peroxidase-conjugated secondary antibody for 1 hat room temperature. Blots were developed using an enhanced 
chemiluminescence (ECL) kit (catalog number: RPN2232; GE health care, Buckinghamshire, UK) and visualized 
using Fujifilm Image Reader LAS-3000 (Fujifilm, Tokyo, Japan). Each experiment was repeated at least 3 times, 
and densitometric analysis was performed using the Multi Gauge V3.0 (Fujifilm Life Science, Tokyo, Japan). 

lmm unocytochemistry. HCECs were seeded at a density of 3 x 104 cells per milliliter and grown on 4-well 
Lab-Tek chamber slides (Nalgene Nunc Penfield, NY, USA) and 0, 25, 50, 100 !J.g/mL of SiNPs were treated for 
24h. Cells were fixed with 3.7% paraformaldehyde for 10 min at room temperature (RT) and permeabilization 
was carried out using 0.1% triton x-1 00 for 5 min at RT. Following washing steps with DPBS, cells were blocked 
using 1% bovine serum albumin (BSA) in DPBS for 30 min at RT. The chamber slides were incubated overnight 
at 4 oc with rabbit polyclonal anti-LC3B (0.5 J.Lg/mL; catalog number: Ll0382; Molecular Probes). The cham
ber slides were then washed with DPBS and incubated with Alexa488-conjugated donkey anti-rabbit antibody 
(1:1000; catalog number: A21206; Molecular Probes) for 2h at room temperature. Staining for F-actin was car
ried out using tetramethylrhodamine isothiocyanate (TRITC)-conjugated phalloidin (1 J.Lg/mL; Sigma-Aldrich). 
Counterstaining of cell nuclei was carried out using 41,6-diamidino-21

- phenylindole (DAPI, catalog number: 
P36931; Molecular Probes) with mounting solution. Slides were viewed under the fluorescence microscope. 

Statistical Analysis. Data are presented as mean± standard error and the statistical significance was deter
mined by one-way analysis of variance (AN OVA) followed by the Dunnett's multiple comparison test P values less 
than 0.05 were regarded as significant using GraphPad Prism Ver. 5.01 (GraphPad Software Inc., La Jolla, CA, USA). 
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Triple combination MPTvaginal 
microbicide using curcumin and 
efavirenz loaded lactoferrin 
nanoparticles 
Yeruva Samrajya Lakshmi*, Prashant Kumar*, Golla Kishore, C Bhaskar &Anand K Kondapi 

We report that a combination of anti·HIV-1 drug efavirenz (EFV), anti-microbial-spennicidal curcumin 
(Cur) and lactoferrin nanoparticles (ECNPs) act as MPTfonnulation. These nanoparticles are of well 
dispersed spherical shape with 40-70 nm size, with encapsulation efficiency of 63 ± 1.996 of Cur & 
61.5% ± 1.6 of EFV, significantly higher than that of single drug nanoparticles (Cur, 59± 1.34%; EFV: 
58.4 ± 1. 79). ECNPs were found to be sensitive at pH 5 and 6 and have not effected viability of vagina I 
micro-flora, Lactobacillus. Studies in rats showed that ECNPs delivers 88-124% more drugs in vaginal 
lavage as compared to its soluble form, either as single or combination of EFV and Cur. The ECN Ps 
also shows 1.39-4.73 fold lower concentration of absorption in vaginal tissue and plasma com pared to 
soluble EFV+Cur. Furthermore, ECNPs show significant reduction in inflammatory responses by1.6-
3.0 fold in tenns of ll-6 and TNF·a in vaginal tissue and plasma compared to soluble EFV +Cur. ECNPs 
showed improved phannacokinetics profiles in vaginal lavage with more than 5096 of enhancement 
in AUC, AUMC, Cmox and~ suggesting longer exposure of Cur and EFV in vaginal lavage compared 
to soluble EFV +Cur. Histopathologica I analysis of vaginal tissue shows remarkably lower toxicity of 
ECNPs compared to soluble EFV +Cur. In conclusion, ECNPs are significantly safe and exhibit higher 
bioavailability thus constitute an effective MPT against HIV. 

Across the globe, a major number of women, especially in developing countries, needs protection from vari
ous sexual transmitted infections (STis) like HIV/AIDS as well as sexual and reproductive health (SRH) risk 
that includes unintended pregnancy. Further due to STis, the women in low and middle income countries like 
sub-Saharan region experience about 41% of unintended pregnancies that leads to approximately 70,000 deaths1.2. 

Hence, there is an urgent need to develop technologies which can target these conditions at a time. The Multiple 
prevention technologies (MPT) are currently the most promising and intricate class of product under develop
ment which can simultaneously prevent transmission from the STis like HIV I AIDS and unwanted pregnancf. 
Currently three types of MPT are available; which include male and female condoms, female Diaphragms and 
microbicide (chemical barrier)4• Our current study focus on the vaginal microbicide based MPT. 

Several research groups have already reported various combinations ofmicrobicidesM. Some of the formu
lations have undergone different stages of clinical trials, and a large numbers of formulations have failed due 
to safety, toxicity and efficacy issues7- 9• In addition to this other microbicide such as PRO 2000, Carraguard 
(Phase III) and BufferGel were also not found to be successful at different phases of clinical trials10

•
11

• The major 
requirement of a microbicide is, to release optimum concentrations of active drug in the vagina along with 
higher bioavailability for longer period without causing discomfort and adverse effects to the biological barriers. 
Polyanions and surfactants based vaginal microbicides against HIV were also not successful; while nonoxynol-9 
has increased the risk oflflV acquirement12.13• In contrast, Anti-retroviral (ARV) drugs based microbicides have 
shown improved neutralization and thus are clinically more significant14• The main property of microbicide either 
as semi-solid gels, vaginal films, tablets, or ring is to provide a sustained release of drug over a longertime15• 

Further, Tenofovir (TDF) based intravaginal rings (IVR) provide a controlled release ofTDF in to the vagina at 
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a rate of 76.4 ± 54.8~~ogg-• and remained constant for seven days after the removal of IVR 15• Duration of drug 
release is 8 hr for vaginal tablets16, 6hr for vaginal gels17 and 72 hr for vaginal rings18• 

Curcwnin. an active principle of unique herbal compound turmeric has been used as the main spice ingredient in 
most parts of Asian subcontinent since centuries. It exhibits pleiotropic effect like anti-HIV19, anti-inflammatory2°, 
anti-oxidant21, vaginal contraceptivell and many more. Curcumin shows concentration-dependent inhibition 
of sperm motility and complete block at concentration of~ 250 1J.M23. But its hydrophobic nature and low bio
availability apparently put limitations on its use in conventional therapeutic application24• Many approaches were 
attempted to overcome these limitations; and nanoparticle mediated drug formulation is one of approaches inves
tigated. Nanoparticles {NPs) size ranges from 1-100nm, which themselves act as a whole unit that is capable of 
transport as well as release of dru!fS. NPs also provide several additional benefits, e.g. protection of the drugs 
against degradation, facilitates targeted action, and delivery of varieties of biological bits, like peptide, protein 
and nucleotides. They have the ability to overcome many classical drug delivery challenges such as controlled 
drug delivery, greater cellular acceptance of poorly permeable drugs, problems of physicochemical stability and 
reduction of immunogenic response. The therapeutic efficacy and the degree of safety of drugs can be consider
ably improved by targeted delivery using nanocarriers26.27

• Many protein based nanoparticles have been already 
developed for therapeutic uses to treat cancer, AIDS and Parkinson's28.29. 

The main benefit of protein nanoparticles is that, these can be prepare in relatively mild condition without 
use of any toxic chemicals29-31 • Protein could be an ideal vehicle for drug transportation in nano-form because 
its amphiphilic nature helps its cooperation with drugs as well as solvent'2• Curcumin loaded-apotransferrin 
nanoparticles are shown to inhibit HIV-1 through inhibition of virus infection and down-regulation of host 
inflammatory responses33• 

Natural protein such as lactoferrin; is water soluble, metabolizable, biodegradable; Surface modification of 
such natural protein could be done very easily to facilitate required interaction of drugs and ligandsM. Lactoferrin 
protein has several pleiotropic functions like immune modulation, anti-viral, and anti -cancer, and thus can act as 
first line of defense to inhibit inflammation and infection*-39• 

The objective of our study is to develop a triple-combination topical formulation that can simultaneously act 
on HIY, HIV-mediated inflammation, other viral and bacterial infections with contraceptive action, based on 
the principle of multipurpose prevention technologies (MPT). This is a triple combination of broad spectrum 
lactoferrin (as vehicle) and curcumin as preventive and protective agent and EFV as therapeutic agent against 
HIY. The principle steps in realizing the objectives of this studies are (1) preparation and characterization oflacto
ferrin nanoparticles loaded with curcumin and EFV; {2) Studying bioavailability and pharmacokinetic profile of 
curcumin and EFV in vaginal lavage upon topical application of nanoformulation, and (3) Evaluation of safety of 
nanoformulation in terms of inflammation. 

Results 
Preparation and characterization ofefavirenz and curcumin loaded lactoferrin nanoparticle. 
Curcumin loaded Lactoferrin NPs (Lacto-Cur-nano), Efavirenz loaded Lactoferrin NPs (Lacto-EFV-nano) and 
Efavirenz plus curcumin loaded lactoferrin nanoparticles (ECNPs) were prepared using sol-oil chemistry as 
described in materials and methods section. The nanoparticles prepared were characterized through FE-SEM 
(Field Emission Scanning Electron Microscope), AFM {Atomic-force microscopy), TEM (Transmission electron 
microscopy) and DLS (Dynamic light scattering). Results presented in Fig. 1 shows that nanoparticles were uni
formly dispersed spherical particles with size in the range of 40-70 nm. AFM images provide a three-dimensional 
surface profile reveal a particular type of projection which may help in binding with the receptor. DLS analysis of 
blank or drugls loaded NPs has showed the hydrodynamic size in a range of 40 nm and 91-125 nm respectively. 
Increased apparent size in DLS is due to the surface water shell that contribute in DLS measurements. The zeta 
potential of freshly prepared blank or drugls loaded NP were found to be in a range of-21 to -25 mv respec
tively (Supplementary Table 1) indicating their stability. 

FT-IR spectral analysis. FT-IR spectral data showed the stability oflactoferrin, efavirenz, curcumin and 
efavirenz plus curcumin combination which remained conserved in their nanoformulation (Fig. 2). All relevant 
Ff-IR peaks related to the soluble and nanoformulation were indicated with black arrows and found to be almost 
identical with minor deviations in their intensities (Supplementary Table 2). 

Assessment of loading efficiency. Loading efficiency ofLacto-Cur-nano, Lacto-EFV-nano and ECNPs 
were assessed. ECNPs were prepared at four different concentrations of efavirenz by keeping the concentration of 
lactoferrin and curcwnin constant (Table 1 ). Maximum loading was observed in formulation ratio II for ECNPs 
(63% ± 1.9 of Cur. and 61.5 ± 1.6 ofEFV), IIA for Lacto-Cur-nano (59%± 1.34) and IIIB for Lacto-EFV-nano 
(58.4% ± 1.79). This suggests that maximum amount of drugs has been entrapped in protein. It has also been 
observed that combination ofEFV and Cur are synergistic in loading of one drug to the other. 

pH dependent release of drugs from N Ps. ECNPs were incubated at different pH conditions to mimic 
the in vivo environment of rat vagina; 300 ~~og of drug loaded nanoparticles were incubated with different pH val
ues (1-9) of PBS and simulated vaginal fluid (SVF). Results showed that ECNPs are more sensitive at pH 5 and 6 
with maximum drug release observed at pH 5 (Fig. 3). All three types of nanoparticles either in single or combi
nation form showed more than 80% of drug release at pH 5. At pH below 4 and above 6, only 10% of drug release 
was found. Thus suggests that nanoparticles slowly release drugs in the vaginal lavage in the pH range of 4 to 4.5. 
Furthermore, higher concentrations of Cur and EFV will be released at ~pH 4.5, a condition where higher virus 
infectivity was detected in vaginallavage40• In addition, bacterial vaginosis related-pH increase was seen which 

SCIENTIFIC REPORTS 16:25479 I DOl: 10.1038/srep2S479 2 



www. nature. co m/scie ntifi crepo rts/ 

Q 
c 

"' c 
~ 
"' .. ..... 

Q 
c .. 
c 
.!. 
:: 
u 
.9 
'"' j 

Q 
c 
"' c 

~ 
lol 

.9 
'"' "' 

FE-SEM AFM Size Distribution Zeta Potential 

.. J • -

.. * .• ..• 

..... "-'-.....::::.:..:....==---==~ 

Fipre 1. MkroKopk aDd DLS aualyais of aanopartide. Left to right panel indicatea the FE-SEM. 
AFM. TEM. size distribution and zeta potential Top to bottom; Blank lactoferrin nanoparticle (Lacto
nano), Curcwnin loaded lactofe:rrin nanoparticle (Lacto-Cur-nano or CNP), Efavirenz loaded lactoferrln 
IWlOpUildes (Lacto-EFV-DaDo or ENP), CUr+ EFV loaded Lactoferrin .nanoparticles (ECNPs). 

allOWll virus ahedding'1 and under these pH conditions ECNPs release higher concentrationJ of cur and EFV thw 
promoting higher viral neutralizing environment. 

Stability studies of nanoparticles-in vitro. The stability of ECNPs in PBS (phosphate buJfer saline, 
pH7 .4) suspension form was analyzed for at least 20 daya at 4 "C and 25 8 C. Data presented in Supplementary 
Table 1 shOWll that all the four parameters were found to be quite steady at both temperatures. An average negative 
charge of-25m V and a POI of 0.4 indicates the high stability and homogenous colloidal solution property of 
nanopartidea. The loading efficiency and size distribution ofECNPs were found to be reasonably constant 

Anti-H IV activity of nanopartides. Vll'US inhibition in the presence of nano forms either single or in 
combination remains sustained for a period up to 24h of prior-exposure to cella while soluble forms show a slight 
decrease in activity upon thi& pre-exposure (Supplementary Fig. Sl). 

Phannacokinetic (PK) study result in vaginal lavage. Curcwnin and efavirenz levels were measured 
separately in vaginal lavage after adminimation of single dose of combination druga either in soluble or nano
form. Drug levels were observed at nine di.fferent time points up to 24h (Fig. 4a). We found enhanced PK profile 
(Table 2) when drugs were delin:red via nanoparticles. The lavage PK shows more than 3-fold increase in AUMC 
both in the case of efavirenz as well as curcumin. Similarly there was more than 2-fold increase in T .... and tm 
(Table 2). AUC values were also seen to be increased by 50% when nanoparticles were used as delivery system.. 
'Ibis PK pro:file suggest the higher bioavailability of drugs when given through lactoferri.n nanoparticles. 

Evaluation of drug release kinetics of ECNPs. Th investigate the extent of availability of drugs over a 
period of long time, the time-dependent release study (study 2) was performed. The time-dependence was stud
ied individually for the two drugs curcumin and efavirenz delivered in ECNPs; the results are shown in in Fig. 4b. 
The figure represents that the concentration of curcumin and efavirenz in vaginal lavage at various time point, 
after one (sol drugs combination) and two (ECNPJ) hours of lag phase of drug administration. The results S\Jl!Fst 
high concentration in the initial stage for both the sol and nano form, which got decreased later exponentially. 
The nano formulations of drugs even after 2 hr oflagphase showed sustained and significant release of drug up to 
12hrwhereas both the drugs in the sol form, showed fast reduction {at 4hr) in the concentration. We have indeed 
detected the presence efavirenz and curcum.ill up to 8-12 h, when drugs were given ill nanoformulation but in 
case of the soluble form. the drugs were eliminated In 4-6 hrs. 

Viability assay profile of Lactobacillus. Llu:tobacilJus is the most colonizing bacteria in the~ and is 
generally considered as a gatelceeper of the vaginal ecosystem. Any microbicide could be considered as safe until 
it is non-toxic to the growth of .Lodobacillus. Lactobacillus naturally produces hydrogen peraDde which provide a 
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Figure 2. Fourier transform infrared spectroscopy {FTIR) spectral analysis of nanoparticle. Left and right 
panel indicate the spectra of soluble and nanoformulation respectively. Top to bottom: - Lactoferrin, Efavirenz, 
curcumin and combination of efavirenz and curcumin. All samples were lyophilized prior to scanning and data 
were collected using OPUS software. 

natural barrier for HIV transmission. From Fig. 4c it is clear that there is no difference in the viability of bacteria 
between the media control and ECNPs, which confirms that ECNPs could be a safe microbicide. 

Dose dependent toxicity and bioavailability studies. 

Assessment of efavirenz and curcumin in vaginal lavage. The fixed doses mentioned in dose schedule (study 1) 
were administered intravaginally and the drugs estimated in lavage are plotted (Fig. 4d). Results suggest that the 
nano formulation of drugs either in single form or combination showed 1.8 (1st dose) to 2.2 (3rd dose) fold more 
availability of drugs at the topical site in a dose-dependent manner. 

Efavirenz and curcumin concentration in vaginal tissue. Absorption of drugs in local cervical-vaginal tissue has 
been estimated and represented in Fig. 4e. Efavirenz and curcumin were found in very low concentrations in the 
range of micrograms, 1000-fold less than vaginal lavage. Cur NPs and EFV NPs didn't show appreciable difference 
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l.ldll&rria Clllcuada ..... .l..oM.IDI ..:::::: . -atadaD WIMidlidiw -atidiw .l!fBc:lmcy af 
FanbiUiaal (Jill) (1111) (Jill) Clll'CIIIIIba eram-
LEofECNPs 

I 40 20 5 47%±2.5 49%±2.4 

II 40 20 10 63%± 1.9 61.5%± 1.6 

III 40 20 15 57.4% ± 3.2 51.7%±2.7 

N 40 20 20 48%±2.8 53%±3.7 

I.E ofl.acto-Cur-nano 

lA 40 5 0 38'H>± 1.45 NA 

IIA 40 10 0 59'H>± 1.34 NA 

IliA 40 15 0 52%±2.2 NA 

NA 40 20 0 49.5'H> ± 2.5 NA 

I.E ofl.acto-EFV-nano 

IB 40 0 5 NA 41%±1.73 

liB 40 0 10 NA 47.6%±2.8 

IIIB 40 0 15 NA 58.4'H> ± 1.79 

NB 40 0 20 NA 57.83'H>± 2 

Table I. Loading e:fficlency (LE) of drug(s) loaded lactoferrin nanoparticle. NA: Not applicable. 

in exposure of drugs as compared to sol counterpart. But in the case of ECNPs, we found there was 1.2 ( 111 dose) 
to 1.8 {3rd dose) fold lower drug concentrations as compared to sol drugs in combination. 

Systemic bioavailability of efavirenz and curcumin. Figure 4f represents the nature of accumulation of drugs 
in the systemic circulation. We found that the sol form of drugs either in single or combination showed 1.5 
{111 dose) to 1.7 {3rd dose) fold more accumulation in plasma as compared to its nano form; leading to higher 
organ-associated toxicity in the case of sol formulation. In the comparison study between the ECNPs and its sol
uble combination form at the third dose, curcumin and efavirenz were found to be appro.x. 30 nglml & 20 ng/ml 
and 44 nglml & 35 nglml respectively, suggest that at higher doses also the NPs could me marked as safe. 

Systemic and vaginal Proinflammatory cytokine response. The proinflammatory cytokine mark
ers; interlukine-6 {IL-6) and tumor necrosis factor alpha (1NF-a) levels were estimated in isolated plasma and 
vaginal tissue. Figure 5a,c represent the IL-6level in vaginal tissue and plasma respectively. Sol EFV and Nano 
EFV showed at least three-fold increase in the level ofiL-6. When EFV was encapsulated into lactoferrin together 
with curcumin, the IL-6levels significantly decreased by 2.5 fold as compared to its sol formulation. At the third 
dose of ECNPs, we couldn't detect any inflammation, in contrast to Sol (Cur+ EFV) which leads to more than 
three-fold increase ofiL-6, both in the vagina as well as in blood. Figure Sb,d represents the TNF-a level in vag
inal tissue and plasma respectively. 1NF-cx is a major cytokine which stimulates the inflammatory response and 
leads to many autoimmune diseases and other clinical problems. In the case of ECNPs and Lacto-Cur-nano at 
the third dose, the TNF-a levels was found significantly decreased. These results suggest that nanoformulation 
provides an effective anti-inflammatory environment along with anti-HIV-1 drug EFV in vagina for protection 
from infection. 

Histopathological analysis. Histopathological studies of cervicovaginal epithelia showed that ECNPs 
causes a reduced amount of toxicity in a dose dependent manner. The integrity of epithelia was found heavily 
damaged when the combination of sol drugs were used. In the case of ECNPs, the integrity of tissue was found to 
be same as that of control or very lesser extent. Tissue section pictures revealed that even at higher dose, ECNPs 
caused very less amount of tissue damage and at the same time soluble drug combination shows higher tissue 
damage. Negative {Fig. 6g) and positive controls {Fig. 6h) were treated with saline and nonoxynol-9 respectively. 
Left panel {Fig. 6a,c,e) represents the vaginal epithelia treated with ECNPs at first, second and third dose respec
tively. Right panel {Fig. 6b,d,f) represent the epithelia lining treated with Sol (Cur+ EFV) at first, second and 
third dose respectively. 

Discussion 
While several of the existing MPT have their own limitations42-45, currently the microbicide based MPT would 
be one of the finest products which could be adopted against HIY. Our study shows that, Protein nanoparticles 
formulation comprising of a combination of drugs would form one of the multipurpose prevention technologies 
(MPn against HIV transmission. Curcumin and efavirenz loaded lactoferrin were developed using the sol-oil 
method, with a simple and fast approach without causing any chemical modifications to the drugs or vehicle 
protein46• In this method, a liquid-solid interface is formed from small molecules under macromolecular assem
blies. Protein aggregation at this solid-liquid interface was prevented by sonication followed by exposure at low 
temperature. Particles could be easily precipitated and washed, and at this stage, particles can be stored over very 
long period even at room temperature. At room temperature this nanoparticle suspension appears as a collection 
of uniformly dispersed particles (Ex. Colloid). This methodology offers a possibility to produce various materials 
with novel, predefined properties in a very simple process and relatively at low cost. The main advantage of this 
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Figure 3. pH and simulated vaginal fluid dependent release profile of curcumin and efavirenz from ECNPs 
(a), curcumin from CNP (Lacto-nano-curcumin) (b) and efavirenz from ENP (Lacto-nano-efavirenz) (c). 
SVF represent simulated vaginal fluid. Each data points were repeated in triplicate (n = 3) and presented as 
Mean± standard deviation (S.D). 
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Figure 4. (a) Pharmacokinetics study: 20 mg of sol curcumin plus 10 mg of sol EFV and an equivalent amount 
of ECNPs were applied as single dose in vagina for indicated time points. (b) Time course experiment: same 
drug doses have been topically applied at a lag period of 1 h (for sol EFV + Cur) and 2 hr (for ECNPs). Lavages 
were collected after these time points and curcumin and efavirenz concentration were calculated separately. 
Abbreviation: EFV sol and Cur sol- concentration ofEFV and Cur when delivered via Sol (EFV +Cur). EFV 
nano and Cur nano- concentration ofEFV and Cur when delivered via ECNPs. (c) Viability percentage of 
Lactobacillus cripatus when treated with ECNP, at 4 h and 48 h, media without ECNPs and 1% triton X served as 
negative and positive control respectively. (d-f) Dose-dependent study of drugs in single form or combination 
form either in soluble EFV + Cur or ECNPs. d, e and f represents the concentration of drugs in vaginal 
lavage, vaginal tissue and plasma respectively. Sample data were recorded as Mean ± SD, n = 3 and value of 
significance expressed as ***P < 0.0005, **P < 0.005, *P < 0.05. Abbreviation: EFV-comb-sol & Cur-comb-sol: 
- efavirenz and curcumin concentration delivered as soluble combination. EFV-comb-nano & Cur-comb-nano: 
- efavirenz and curcumin concentration delivered via ECNPs. EFV-sol: Soluble EFV. Cur-sol: Soluble Cur. EFV-
nano: EFV released form ENP. Cur-nano: - Cur release form CNP. 

method is to produce particles with very high purity and uniform nanostructure as assessed through FE-SEM and 
AFM analysis. In both types of nanoformulation, either blank or drug/s loaded, the DLS sizes were found to be 
greater than their SEM or AFM sizes (Fig. 1). The reason for this is quite rational because here the size was meas
ured using light scattering method that could be affected by interaction of nanoparticle with the water shell and 
charge present on the surface that may lead to overall increase in size. ECNPs with a polydispersity index (PDI) of 
0.435 are found to as homogeneous mixture. ECNPs was found to be more stable up to 20 days, as the parameters 
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EFV Curcumin' 

Parameters Units ECNPs Sol (EFV +Cur) ECNPs Sol (EFV +Cur) 

AUC (h)*(mg/ml) 20.4164 13.7581 32.4251 21.9066 

AUMC (h)"2*(mg/ml) 132.482 52.448 172.922 56.496 

cmax mg/mL 4.9126 4.2897 9.7794 8.9723 

Tmu hr 2 1 2 1 

tl/2 hr 4.63222 2.14916 3.97347 1.8513 

Table 2. Pharmacokinetic profile in vaginal lavage. Pharmacokinetic parameters. AUC: The integral of the 
concentration-time curve (after a single dose or in steady state). AUMC: Partial area under the moment curve 
between t start and t end. Cmax: The peak plasma concentration of a drug after oral administration. Tmax: Time 
to reach Cmax· t 112: The time required for the concentration of the drug to reach half of its original value. "EFV 
credentials measured individually when delivered via ECNPs and Sol (EFV +Cur) respectively. #Cur credentials 
measured individually when delivered via ECNPs and Sol (EFV +Cur) respectively. 
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Figure 5. Dose dependent cytokine response. (a,c) Represent the IL-6 concentration in vaginal tissue and 
plasma respectively. (b,d) Represent the TNF-o. concentration in vaginal tissue and plasma respectively. Sol Cur, 
Sol EFV, CNP, ENP, Sol (Cur+ EFV) and ECNPs were applied topically in vagina and IL-6 and TNF-o. were 
estimated. Value of significance ***P < 0.0005, **P < 0.005, *P < 0.05. 

related to stability are found to be quite constant. This shows the versatile character of lactoferrin nanoparticles 
(Supplementary Table 1). 

FT-IR data suggest the stability of efavirenz and curcumin in their nano form, as the majority of character
istics bands are still conserved (Fig. 2). In case on ECNPs all the major functional groups related to curcumin, 
efavirenz and lactoferrin were remains constant or little shift in the peaks may be observed. This shift is caused 
by the dipole moment present in the molecules, as the bond characteristics is electrostatic in nature. Results of 
this study showed that more than one drug can be encapsulated into the protein. Furthermore the study show a 
co-operativity in loading by synergistic action and molar equivalences. Since HIV-1 can acquires resistance to 
different combination of drugs and such a resistance in some cases is patient-dependent and this necessitates the 
design and development of formulation that include multiple drug regimens with multi-targeting capabilities. 
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Plpre 6. HiltopathologyftBinal tilne Hematoxylin and P.oain ltainiDB imapL Left panel (a,c,e) represent 
the vaginal epithelia treated with ECNPs at first. second and third dose respectively. Right panel (b,d,f) 
represent the vaginal tissue integrity when applied topically with Sol (Cur+ EFV) at first. second and third 
dose respectively. Damaged site or lesion were shown through a printing arrow. Negative (g) and posl.tlve (h) 
Controls were treated with saline and nonoxynol.-9 (10 mglkg) respectively. 

AF. curcumin and eDtvirenz exhibits very poor aqueous solubility, encapsulating these two drugs onto lactofenin 
could solve the major issue of solubility limitation and the ECNPs d.eai.gned. thus targets with its triple broad 
spectrum action comprising of curcumin, efavirenz and lactoferrin. Besides its anti-inflammatory properties, 
curcumin activity helps in inhibition ofHIV -1 replication by binding to integrase and protease'7 thus providing 
additional specificity to formulation. While efavirenz targets the Reverse transcriptase enzyme and the lacto
ferrin blocks virw ent.ryG. In addition,lactoferrln acts as an immune moduJ.ator311 and exhibit broad spectrum 
anti-microbial activities36. Thus, this formulation would serve as a typical broad spectrum mv microbicide. 1he 
main observation iB the antiviral activity was enhanced for ECNPs when compared to their soluble and nano
forms individually (Supplementary Fig. Sl). Here the muimum activity was obtained that is up to 98% even 
when the individual concentration of Cu:rcumin. Efavirenz and Lactoferrin was reduced to half. This gives the 
advantage of using the drugs In combination with the nanoform there by reducing the dosage leading to the pre
vention of unwanted side effecta and tOldcities. The emergence of mubi-drug resistance has led to an increase in 
failure ofHIV trea:t::ment'l'. The vaginal lavage bioavailability studies showed an enhanced PK profile of drugs. The 
efavirenz and curcumin AUC (area under the curve) were found to increase by more than 50% when delivered 
via nanoparticles, thus pointing out that drug in nanoformulation gets exposed over long time to the vagina as 
compared to soluble formulation thus facilitating a giving long lasting protection against HIY. Similarly the other 
PK parameters such as Tma: and tm show a 2-fold increa5e, suggesting an enhanced stability of encapsulated drugs 
in nanoparticles (Table 2). Further, in the time course study ECNPs showed minimum burst effect suggesting that 
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the drugs were released slowly and steadily Results of two hr. time lag indicated better performance (for nano 
drugs) as compared to one hour (for sol drugs) (Fig. 4b). ECNPs were found to release drugs up to 8-12h while 
in soluble combination 70% of drug were eliminated from application site rapidly. The reason behind this could 
be that the nanoparticles are getting adsorbed on to the surface of vaginal epithelium and then releasing the drugs 
steadily into lavage50• 

Lactoferrin is also found in its natural form in human vaginal secretion with premenstrual concentration of 
3.8-ll.4f1g/mg which after menopause increases up to 62.9-218f1g/mf1• Owing to such abundance in vaginal 
secretions, lactoferrin in ECNPs, may escape its recognition by system, thus is not the source of inflammatory 
response. Furthermore, curcumin down regulates inflammatory responses induced by EFV, which may be one of 
the reasons oflow inflammatory response as compared to soluble combination in single dose as well as in multiple 
dose application (Fig. 5). Thus during ECNPs topical application, the major inflammation caused by EFV is not 
further enhanced and indeed is neutralized by the presence oflactoferrin together with curcumin. Hence, EFV 
will get a hassle free environment and it will exhibit maximum antiviral properties in lavage52

• Lower concentra
tions of drugs were present in systemic circulation viz. nanograms of drugs concentrations, which was w-6 fold 
lower than that observed in lavage and 10-3 fold lower than that in vaginal tissue and at these concentrations 
EFV may not show any significant toxicity. In contrast when soluble drugs are employed significant amount of 
drug was found to be present in the plasma as well as in tissue indicating the risk of using soluble EFV for vaginal 
application. Due to low toxicity to the Lactobacillus exhibited by ECNPs, there may not be any threat to vaginal 
microflora if ECNPs are used, which is a key marker for the safety of any microbicide (Fig. 4c). Furthermore, 
ECNPs delivered more quantity of drugs as compared to its soluble counterpart at all the dose levels. The impor
tant feature of microbicide based drug usage is to ensure sustained and controlled drug delivery in the vaginal 
environment without altering the vaginal epithelium, a critical requirement that could be achieved by ECNPs. 
Previous studies show that intravaginal application of microbicide causes the toxicity oflocal cervicovaginal epi
thelial tissue which damages it and finally leads to loss ofits integrity53. Damaged tissue causes the more exposure 
to virus and leads to more viral invasion and infection. 

In conclusion, lactoferrin loaded curcumin and EFV nanoparticles serves as control release formulation with 
low toxicity and higher bioavailability. 

Conclusion 
In this study, curcumin and efavirenz were successfully encapsulated through sol-oil method and used as a con
trolled delivery system through vaginal route as a microbicide. The EE% and drugs release assay showed that vag
inal pH is favorable for drug release. ECNPs showed less toxicity to Lactobacillus cripatus and vaginal epithelial 
tissue and release active drug entities in the vaginal lavage. In summary, lactoferrin loaded curcumin and EFV 
nanoparticles serves as a highly effective and efficient multi-protective and microbicide formulation. 

Materials and Methods 
Reagents. Curcumin and efavirenz were of 94% and 98% purity respectively. Lactoferrin was purchased from 
Symbiotics (Irvine, CA 92614 USA). Extra virgin olive oil was from Leonardo. All reagents and chemicals used 
were of analytical grade. IL-6 and TNF-a measurement kit were purchased from BD bioscience with cat no. 
550319 and 558535 respectively 

Animals. In this study we have used healthy female albino Wistar rats. Experiments were carried out in 
accordance with the approved guidelines. All experimental protocol were approved by Institute Animal Ethics 
Committee, University ofHyderabad. Except rats used for tissue isolation, all other rats were reused after a wash 
period of 48 hours. 

Protein nanoparticle preparation. Lactoferrin nanoparticles (NPs) were prepared with the combination 
of curcumin and efavirenz through sol oil chemistry (patent filed)26• 40 mg oflactoferrin was dissolved in 500111 
ice cold PBS pH7.4. In a separate tube, 20mg of curcumin was dissolved in 100~1 ofDMSO and varying con
centration (5, 10, 15, 20 mg) of efavirenz was dissolved in 100 ~1 ofDMSO. Drug mixture was added to lactofer
rin and incubated on ice for 1 hr. The sample was gently added to 25 ml of ice cold olive oil under continuous 
stirring. The mixture was sonicated on ice for 15 minutes using ultrasonic homogenizer with a pulse period of 
30 sec and an amplitude of 511m at an interval of one min between sequential pulses. This mixture was frozen in 
liquid nitrogen for 15 min followed by 4hr incubation on ice. The mixture so formed was centrifuged at 6000 g 
for 15min; supernatant (containing olive oil) was discarded and the pellet was extensively washed with ice-cold 
diethyl ether to remove traces of oil. The pellet obtained was resuspended in PBS. The same protocol was followed 
for the preparation of individual nanoparticles of curcumin or efavirenz in different ratios mentioned in Table 1. 
Four different types of NPs were prepared (Table 1) for the present study; 1. Lactonano (without any drug), 2. 
Lacto-nano-EFV +Cur (ECNPs), 3. Lacto-cur-nano (CNP) and 4. Lacto-EFV-nano (ENP). 

Characterization of nanoparticles. Nanoparticles assembled were morphologically characterized using 
Field Emission Scanning electron microscope (FE-SEM) (Philips XL-30), Atomic Force Microscopy (AFM), 
Transmission electron microscopy (TEM). For SEM, particles were coated with gold. For TEM, samples were 
fixed on 200mesh type-B copper grid coated with carbon (TED PELLA, INC.) and staining was done using 2% 
Uranyl acetate. Particles characterized through AFM (SPM400) were spin coated on a cover slip. Hy roaynami 
ra aii were measured using nano artica nanoparticle analyzer, SZ-1 00 (Horiba Scientific}. 

Fourier transform infrared spectroscopy (FTIR) of nanoparticles. FT-IR studies have been per
formed using ALPHA's Platinum ATR single reflection diamond ATR module (Bruker Corporation). Briefly one 
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to two milligrams oflyophilized samples were directly kept on the sample holder and scanned from 500 em-• to 
4000 em -•. The spectra were visualized using OPUS software. Base line correction has been done according to 
manufacturer instruction. 

Calculation of loading efficiency. Nanoparticles were incubated with 1 ml of 1X PBS (pHS) and kept 
under gentle rocking for 30 minutes at room temperature. 100 ~1 of 30% silver nitrate was added to resulting 
mixture to precipitate the protein. Then 1 ml of HPLC grade methanol was added to the mixture and this was 
centrifuged at 12000 rpm for 15 min and concentration of drugs in supernatant were estimated. Supernatant was 
analyzed in triplicate. Standard curve was developed using the different concentrations of curcumin and efavirenz 
through HPLC respectively. Loading efficiency was calculated as per equation ( 1). 

X 
Loading Efficiency(%) = loaded x 100 

Xww (1) 

~otaJ - xloot = xto.dcd (2) 

where X1oaded = amount of drug loaded, -"tot.. = amount of total drug used and Xw.t = amount of drug lost during 
preparation. 

In vitro experiments. 
Analysis of sensittvity oJNPs under different conditions of pH and simulated fluid. Nanoparticle pellet were resus
pended in 1 ml of IX PBS (of different pH values in the range 1-9) and simulated vaginal fluid; These were then 
kept for incubation on rocker at room temperature for 4 h. Then 300 ~l of 30% silver nitrate was added and drugs 
were extracted by adding 1 ml of methanol These were centrifuged at 12000 rpm for 15 min and the supernatant 
was filtered using 0.2 micron syringe filter and analyzed by using HPLC. Every experiment was conducted in 
triplicate. 

In vitro stability profile of nanoparticles. The stability profile of nanoparticles was performed for ECNPs in sus
pension form and represented in Supplementary Table 1. The stability was measured in terms of the loading 
efficiency, size distribution, zeta ( ~) potential and polydispersity index (PDI). Suspension ECNPs were incubated 
for indicated time points such as 0, 1,2,4, 6, 8, 10, 12, 14, 16, 18 and20days at two different temperature (4°C and 
25 °C). Loading efficiency was calculated according to equation (1). Size distribution, PDI and zeta potential were 
measured using dynamic light scattering methods. 

Anti-HIV assay. Anti-HIV-1 activity of Lacto-Cur-nano, Lacto-EFV-nano and ECNPs along with their sol
uble counterparts was analyzed using HIV-1 NL4-3 virus clone. The concentrations of Curcumin, Efavirenz 
and Lactoferrin were taken as 10 ~~oM, 2 nM and I ~~oM respectively. But the concentrations of all the drugs and 
Lactoferrin were reduced to half in the preparation ofECNPs The experiment is conducted by adding drug to Sup 
T -1 cells and incubating for 1, 3, 4 and 8 hours respectively. After incubation, cells were washed and challenged 
with HIV-lNIA-3 and incubated for 5 days and virus replicated was estimated at day 5 using HIV-1 p24 antigen 
capture assay (ABL). Based on the virus replicated in the control in absence of drug, drug efficacy was measured 
in-terms of percent inhibition ofHIV-1 replication. 

In vivo experiments. 
Animal experimental design. Animals (0.160-0.240kg, 6months) were housed for seven days prior to exper
iment at the animal housing facility, University of Hyderabad for 12 h in a light/ dark condition. Animals were 
euthanized using sodium pentobarbital (50 mglkg, IP) and final sacrifice was done by cervical dislocation. Blood 
was collected through heart puncture during tenninal anesthesia. All the animal experiments were done in trip
licate. All the experiments were performed on healthy female rats. 54 rats were used for pharmacokinetics (PK) 
study (study!) and these were reused for study 3 after a wash period of 48h. 6 rats were used for time course hie
availability studies {study 2), and among these, 3 rats were randomly selected and reused for study 3. Study3 (dose 
dependent toxicity and bioavailability studies) were performed on pooled rats from study 1 and 2. An outline of 
all the animal experiment is provided in Supplementary Fig. S2. 

Dosage schedule. For studies 1 to 3, drugs used were in the combination of20mg of curcumin (sol curcumin) 
plus 10 mg of efavirenz (sol efavirenz) and an equivalent amount of combination nanoformulation per rat. For 
single drug, curcumin (20 mg) or EFV ( 10 mg) was used either in sol or nano form. The best formulation ratio 
such as II, IIA and IIIB as given in Table 1 were used for this study. Nano formulation of drugs used in this 
experiment was equivalent to its sol form. All the drugs were topically applied in vagina. Saline treated rats were 
cowidered as control 

Pharmacokinetic assessment in vaginal lavage. For study 1, Single dose of curcumin plus efavirenz either in sol 
combination or nano-combination as mentioned in the dosage schedule were topically applied in vagina to differ
ent groups of animals. After completion of various time points such as 0.5, 1, 1.5, 2, 2.5, 4, 6, 12 and 24 h, vaginal 
lavage was collected using sterile cotton swabs. Further, the swabs were mixed with methanol and the drug was 
extracted. Drugs were quantified using HPLC at the above mentioned time points; pharmacokinetics parameters 
were calculated using Kinetica v.5 software. 
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Time course experiment in vivo. Sustained release of drugs in vaginal lavage: For study 2, all the animals were 
administered with single dose of Sol (EFV +Cur) and nano (EFV +Cur) or ECNPs. On the basis ofT_. obtained 
from PK study, the time course study was performed with a lag period of 1 hr (for sol drugs) and 2 hr (nano 
drugs). The vaginal lavages were manually collected at fixed time points viz. 30 min, 1 h, 2 h, 4 h, 8h, 12 h, 16h and 
24 h with sterile cotton swabs. Drugs present in swabs were extracted in methanol and estimated for efavirenz and 
curcumin separately using HPLC. 

Lactobacillus viability assay. To evaluate the effect of ECNPs on the growth of Lactobacillus crispatus. 
Lactobacillus viability test was performed according to standard protocol 54. The Bacterial density of 0.06 ( OD at 
670n.m) or 108 CFU/ml (1001J.l) was seeded into a sterile 96 well plate and incubated with l001J.loflmglml of 
ECNPs at 3rC. Media without ECNPs was c;onsidered as negative c;ontrol and triton X (1 %) as a positive control 
After 4 and 48 h of incubation, 20 f.i.l of MTS reagent was added and absorbance was measured at 490 nm. The 
percentage viability was c;alc;ulated using the formula; viability percentage = {absorbance of Test sample/absorb
anc;e of Control sample )11 00. Where absorbanc;e of Test and Control samples is represented by the quantity of 
formazan reduc;ed by viable c;ells. 

Dose dependent toxicity and bioavailability studies. For study 3, a dose dependent study was performed to exam
ine the novelty of nanoparticles as a microbicide. The study was carried out to compare the effect of sol and nano 
form of drug either in single or combination form. In total six type of formulations, such as Sol Cur, Nano Cur, 
Sol EFV, Nano EFY, Sol (Cur+ EFV) and ECNPs were used and the study was carried out up to three doses. Doses 
were applied according to the schedule described below at an interval of 2h between each dose. After the com
pletion of each dose, rats were sacrificed under proper anesthetic condition. Vaginal lavage, blood, and vaginal 
tissue were collected. Blood was collected through cardiac puncture. Plasma was isolated from blood and used 
for the estimation of drugs. Vaginal tissues were c;ollected and used for the estimation of inflammatory markers. 
Cytokines (IL-6 and TNF-alpha) levels were estimated in plasma and in the vaginal tissue homogenate. A small 
part of vaginal tissue were saved in 10% neutral buffered formalin and further proc;essed for histopathology 
through Hematoxylin and Eosin tissue staining. Major part of vaginal tissues were homogenized in PBS using 
homogenizer. After final proc;essing of vaginal tissues, blood plasma, and vaginal lavage; c;onc;entrations of c;ur
c;umin and efavirenz acc;umulation were determined using HPLC. 

Drug extraction from vaginal tissue. The Vaginal tissue collected was homogenized in PBS using rotor stator 
homogenizer for 15 minutes. 300 IJ.] of 30% silver nitrate per ml was added to the tissue extract to precipitate the 
protein. Drugs were extracted using 3 ml of HPLC grade methanol. Then curcumin and efavirenz were estimated 
through HPLC at 425 nm and 247 nm respectively. 

Mobile phase chromatographic condition. A reverse phase C 18 c;olumn (25 em x 4.60 mm, particle size 
51J.m) (Purospher11 STAR RP-18 endc;apped (5~J.m) Hibar11 RT 250-4.6, c;olumn No. 148837, Merck Millipore) 
was used for HPLC analysis. The mobile phase for efavirenz and curcumin were as follows. For efavirenz, mobile 
phase consists of 25% of 0.1% formic acid (Milli-Q water, pH 3.2) and 75% of acetonitrile, and the flow rate was 
set to 0.3 mlJmin at ambient temperatures5

. For curcumin the mobile phase is composed of acetonitrile: 5% acetic 
acid in the ratio of (75:25, v/v)5f>. All solvents were filtered using 0.41J.m nylon syringe filter and degassed prior to 
use. 10 IJ.l of sample were analyzed for detection ofEFV and curcumin. 

Histopathology study. The Histopathology study was done only for combination form of drugs either in 
soluble form or nanoformulation (ECNPs). Doses of soluble drugs in combination and ECNPs were given as 
described in dose schedule (n= 3 ). Negative and positive controls animals were treated with saline and 10 mglkg 
nonoxynol-9 (N -9) respectively. Multiple doses were repeated up to three doses at time gap of 2 h. After the com
pletion of measurements at the time points, animals were sacrificed under standard protocol. Vaginal tissue was 
fixed in 10% Neutral Buffered Formalin, followed by sectioning using cryomicrotome and Hematoxylin& Eosin 
staining. All pictures included in the results section were taken at 100 x zoom using Olympus BX51 P polarizing 
microsc;ope. 

Statistical analysis. All studies were performed in triplkate. Data were presented as mean and standard 
deviation. The significance difference were calculated using one way AN OVA. The level of significance was used 
as "'"'"'P < 0.0005, "'"'P < 0.005, "'P < 0.05. 
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Role of particle shape anisotropy 
on crack formation in drying of 
colloidal suspension 
Venkateshwar Rao Dugyalal.*, Hisay Lama2•*, Dillip K. Satapathy2 & Madivala G. Basavaraj1 

Cracks in a colloidal film formed by evaporation induced drying can be controlled by changing drying 
conditions. We show, for the firsttime that the crack morphologies in colloidal films are dependent 
on shape of constituting particles apart from the microstructure and particle assembly. In order to 
investigate the particle shape effect on crack patterns, monodispered spherical and ellipsoidal particles 
are used in sessile drop experiments. On observing the dried sessile drop we found cracks along the 
radia I direction for spherical particle dispersions and circular crack patterns for ell ipsoida I particle 
dispersions. The change in crack pattern is a result of self assembly of shape anisotropic particles and 
their ordering. The ordering of particles dictate the crack direction and the cracks follow the path of 
least resistance to release the excess stress stored in the particle film. Ellipsoids having different aspect 
ratio (-3 to 7) are used and circular crack patterns are repeatedly observed in all experiments. 

The morphology and properties of particulate films formed upon evaporation of colloidal suspensions have var
ious important technological applications in optical, electrical and medical fields1

-4. Interestingly these dried 
colloidal films very often accompany spatially periodic cracks which can be of different morphologies•. Different 
evaporation techniques such as sessile drop evaporation!>-7

, drying under conftnement8
•
9

, vertical deposition•a-n, 
etc, have been used to tailor and achieve different types of particulate films. Moreover, different model systems 
have been studied to understand the crack nucleation and their propagation during drying8.14-16• Allian and 
Limat8 studied the crack patterns by preparing colloidal films using directional drying of the suspension (con
fined between two glass plates) and found that crack spacing varies non linearly with the film height8• Sessile drop 
evaporation of suspension of spherical particles dried under isotropic drying conditions, mostly form particulate 
films with radial cracks. During the evaporation of sessile drop, the dispersed particles accumulate at the drop 
edge due to outward radial flow17• During this process, the stress develops in both radial (in the drying front 
direction) and perpendicular to radial direction (tangential direction to the sessile drop circumference). Finally, 
when the accumulated stress exceeds the critical value (u,) along a particular direction, the cracks appear per
pendicular to that direction. It is commonly accepted that drying of a colloidal suspension leads to an increase 
in stress within the film and the moment it exceeds u., the excess stress is released by virtue of crack formation. 
In isotropic evaporation, the dependence of crack morphologies on salinity of suspension14, size of the particle15, 

relative humidity16 and effect of substrate18 is well studied. Several analytical8•19 and computational models20- 22 

have been proposed to explain different crack morphologies as a function of film height and ordering of spherical 
particles in the film. However it is shown that these cracks can be suppressed by adding polymers thereby induc
ing depletion interaction23

• But, the dependence of particle shape on the crack morphology is not addressed yet. 
The growing importance of particulate films consisting of shape anisotropic particles which often accompany 
cracks9

•
11 motivates us to investigate the correlation between particle shape and crack morphology. 

In the present work, we study the morphology of the particle deposits and the resulting crack patterns by con
sidering evaporation of sessile drops consisting of charged spherical (silica) and ellipsoidal (hematite) particles. 
Upon the evaporation of sessile drop on a solid substrate, ring like patterns similar to coffee ring is observed17

• 

In such coffee-ring like particulate deposits, cracks are invariably formed. In case of suspension of spherical 
particles, cracks along the radial direction are observed in line with reported results and the crack morphology is 
attributed to the packing and ordering of particlesl'. For dispersions containing ellipsoid particles, we observed 

1Polymer Engineering and colloid Science Lab, Department of Chemical Engineering, Indian Institute ofTechnology 
Madras, Chennai, 600036, India. 25oft Materials Laboratory, Department of Physics, Indian Institute ofTechnology 
Madras, Chennai, 600036, India. 'These authors contributed equally to this work. Correspondence and requests for 
materials should be addressed to M.G.B. (email: basa@iitm.ac.in) 
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Figure 1. (A.B) Optical miaoscopy images of dried ring region consisting of colloidal silica particle of 
spherical shape with a diameter of32 nm (Ludm: TM-50). Cracks are oriented in radial direction. The c.rack. 
spacing is estimated to be -136 ± 31.61 p.m. (C,D) Optical microscopy images of dried ring region of different 
locations consisting ofhematite ellipsoids of aspect ratio 3.73 ± 0.37. Circular cracks are obaerved along the ring 
periphery. Crack spacing is estimated to be -31.21 ± 7.72p.m. 

cracks in the form of concentric drcles. In this report. we show the dependence of crack morphology on particle 
shape anisotropy apart from the particle ordering and their arrangemenbi25• The direction of crack propagation 
is dictated not only by the direction of propagation of drying fronts but also by the particle self-assembly and the 
cracks propagate through a least resistance path26• The effectJ of particle concentrations and aspect ratios on crack 
morphologies are also studied. 

Results 
Crack fonnation with spherical and ellipsoidal particles. Upon complete evaporation of sessUe drop 
containing spherical particles (Ludox TM-50), a coffee-ring like pattern with cracks along radial direction are 
observed. These crack. patterns are shown in Fig. lA. From Fig. lA, the cracks are found to be oriented in the 
radial direction with crack spacing of -136 ± 31.611M'!. The observed patterns are very similar to that reported in 
past for spherical particle dispersions1

"-16• A closer look at the ring region reveals that the crack morphology have 
both ordered cracks at interior edge of the ring and disordered craclcs at exterior edge as shown in Fig. 18. 1he 
change in the crack morphology along the ring width is attributed to the uneven film height and particle ordering. 

In order to understand the shape effi:ct on crack patterns, a similar type of sessile drop evaporation exper
iment with dispersion of hematite ellipsoids (3.0 wt% and with an aspect ratio of 3.73 ± 0.37) is conducted 
under the favorable conditions where they form coffee-ring like deposits7.27• The coffee-ring like formation 
with hematite ellipsoids has been studied in more detail by Dugyala et aF. It is shown that the particle-particle, 
particle-substrate and image charge interactions play a major role in the formation as well as the suppression of 
coffee-ring effect. Th.e surface morphology of these deposits and the corresponding optical miaoscopy images 
are shown in Fig. lC,D. In stark contrast to the previous spherical particle case. we found "cracks in the form of 
concentric circles"' rather than cracks along the radial direction. lhese cracks are parallel to each other with an 
average crack spacing of -31.21 ± 7.72 p.m. The cracks in the middle region of the ring are continuow whereas 
near the exterior and interior edge are discontinuous. 

Effect of particle aspect ratio and concentration. We studied the crack formation by performing ses
sile drop evaporation experiments with colloidal dispersions containing hematite ellipsoids of three different 
aspect ratios (2.69, 3.73 and 6.34) and four different concentrations (0.75-3 wt%). In total. about sixty sessile drop 
evaporation experiments are performed. 1h.e optical m.i.croscopy images of crack patterns at different aspect ratio 
are shown in Fig. 2. Cracks in the form of concentric clrdes are alwap observed for the hematlle ellipsoids of dif
ferent aspect ratio that are studied. The particles are observed to be closely packed throughout the particulate film 
(SEM images are not shown here). On average, the major axis of the particle is found to be parallel to the crack 
dJrection. From the aperimeots, it is evident that the particle ordering signl1icantly induence the crack patterns 
for anisotropic particles. 
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Fipre 2. (A-C) Optical microscopy images of circular crack patterns observed with different aspect ratio 
particle - (A) aspect ratio ~2.69 (4.34 wt% particle concentration); (B) aspect ratio ~3. 73 (3wt% particle 
concentration); (C) aspect ratio ~6.39 (1 wt% particle cona:ntration). (D-G) Optical microscopy images of ring 
region for particles having aspect ratio 3.73 ± 0.37 with (D) 3 wt% (B) 2.25wt% (F) l.Swt% (G) 0.75 wt% 
particle concentrations. For all particle concentrations reported here (from 0.75-3wt%), circular cracks are 
observed. 1he ring width and crack spacing decrease as the particle .I.Dl.tial concentration Is dec.reued and the 
crack density (number of cracks per unit length) decreaaes as the particle concentration Is increased. 

S.Na. welo enm.,....(,_)w Cndal ... ..tt ...... (pm-1) 

1 3.00 31.21±7.72 0.036 

2 2.25 2.3.28±0.95 0.055 

3 1.50 22.10±2.27 0.060 

4 0.75 19.85±0.75 0.076 

Table 1. Crack apadag (W) and aackdeasity as a fanctioa of particle wdsht fractioDJ fur pmides baviDg 
aapect ratio 3.73 ± 0.37. 1ht: errors in crack spacing are estimated from the crack patterns recorded at multiple 
locations on the co1fee-rlng for three similar &eSSile drop experiments. 

The optical microacopy images of crack patterns at diff'erent particle concentration are shown in Fig. 2. The 
corresponding aack spacing (dlstance between two cracks) and aack density (number of cracks per unit length) 
as a function of particle concentration are given in Table 1. It is observed that as the particle concentration 
increases the crack spacing also increases (ie, crack density reduces) followed by the increase In height at the 
edge due to accumulati.on of more particles. In case ofhigher weight fraction suspension, fewer cracks with larger 
cnclt widths are formed to release the excess stress. On the other hand for low weight fraction suspension, a larger 
number of craclcs with smaller width are formed. The variation of crack spacing as a function of initial particle 
concentration is shown in Table 1 and it is evident that the crack spacing is proportional to the initial particle 
concentration. We conjecture that this behavior is relatecl to the large height of the ring formed at high particle 
cona:ntration. 

Self assembly of particles at the vicinity of cracks. In order to understand and investigate the eJfect 
of self-assembly/particle ordering on crack patterns, we have recorded scanning electron micrographs of the 
area near craclcs, as shown in Fig. 3B. From SEM micrograph it is clear that, ellipsoidal particlea are arranged 
in a closed packed strw:ture with major axis of the particle parallel to the crack direction. A similar ordered 
arrangement of ellipsoidal particles in particulate films fabricated via convective and vertical deposition have 
been reported'-11• We have recently shown that the ordering and hence the particle arrangement in the film is 
dictated by particle surface charge11• The particle self assembly near the edge depends on the ratio of particle 
diffusivity length scale to the hydrodynamic length SC8fe6. Hthis ratio is lower than one, the radial velocity of fluid 
is sufficiently low and particles reaching the contact line have enough time to arrange into ordered structures. 
Otherwise, the radial flow vel.odty is sufficiently high and the particles do not have enough time to reassemble 
and this leads to disorder arrangement near the e~. Marin et aL observed an order to disorder transition with 
spberical. particlea wtthin the ring and the ordering increased with deaeasing particle alze6. In cue of nano size 
ellipsoidal particles, the hydrodynamic torque exerted on the one end of a particle due to the radial ftuid ftow 
turns the particles parallel to the contact line27. It is evident from the SEM image that particles major axes are par
allel to each other and their alignment is parallcl to the crack direction. 'Ihe optical microscopy and SEM images 
for dried droplets of colloidal dispersions hematite ellipsoids with aspect ratio 2.69, 3.73 and 6.3 are included in 
the supporting infonnation. 
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Figure 3. The optical microscopy image of the ring region (A) and the SEM image in the vicinity of crack& (B). 
The aspect ratio of the particles is 3.73 ±0.37 and the particle concentration is 3.0wt.%. 
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Fipre 4. Schematic diap'am of HUile drop evaporation Ill: diffr.nmt staga. (A) Initial drying stage. particles 
are accwnulated near the contact line due to capillary flow. (B) Side and top view of sessile drop, where I and 
n are dilute and concentrated (gel) regions, respectively. (C) Rupture stage- rupturing of liquid film inside the 
droplet The arrow indicates the outward flow direction of the remaining water in the film. (D-P) Schematic 
depicts shriDkiDg of colloidal particle during tiDal. stages of drying. F.inal. drying stage - water in the rillg region 
starts to evaporate. Water evaporates from the top to the bottom along the ring height. During this stage the 
capillary pressure and van der Waals interaction hold the particles together. 

Discussion 
The crack formation mechanism during the evaporation of sessile drop consisting of dispersion of spherical 
particles is fairly well established but for ellipsoid particles it is still not explored. It is known that in sessile drop 
evaporation, the sol'rellt continues to evaporate from the drop surface and the evaporation rate is higher near to 
the three phase contact line because of the curvature of the drop. 'Ihe nonuniform evaporation creates an outward 
radial flow during evaporation and the flow drags the particles to the drop ~17• The various stages i.nvo1wd in 
drying of a sessile droplet are shown schematically in Fig. 4(A-C). The initial drying~ comprises of pinning 
of the sessile drop followed by the evaporation of the fluid. During this stage the contact angle decreases with 
time and the dispersed particles are deposited near the contact line. This regime, designated by 11' In Fig. 48, 
is commonly known as the concentrated region or the gel region. The evaporation of the solvent from the gel 
region is replaced by the fluid from the central region T of the drop. During this stage. the migration of particles 
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Fipre 5. ScbematJc cUapam of crack pmpaplioD in auembly of clllpiiOldJ. (A) straight crack propagation 
(B) tortuous crack propagation. 

will continue until the contact angle of the sessile drop becomes negligibly low (:$1 °), As the water continues to 
evaporate the thin fluid film in the interior region of the drop ruptures (as shown in the top view ofFig. 4C). Soon 
after, the residual fluid in the thin film is pushed outwards as shown by the arrows in Fig. 4C (see supporting 
video). The nucleation of cracks at the interior of the gel region occurs when the ruptured fluid film first intersects 
the gel region. As the solvent evaporates further, the cracks spread throughout the circumference of the rlng. 
During the final stage of drying (Fig. 4(D-F)), the water evaporation from the concentrated ring region leads to 
an ID.crease in l..mmersl.on capJllary pressure and brings the particles together and causes a shrinkage in the film. 
lhe water meniscus ~cedes downward and after complete evaporation of fluid the particles are held together via 
the van der Waals forces. The capillary pressure is given as1 

p = K'Y""', 
~ r (1) 

where, 'Yw is the water-air interfacial tension and r is the capillary pore radius and g is the geometric factor that 
depends on the meniscus geometry. Since the ellipsoid particle pack much closely than spherical onel", radius of 
the meniscus 'r' fur ellipsoid particle assembly is smaller than their for the spherical counterpart. Thus the capil
lary pressure for the assembly of ellipsoid particles is higher. 

During the final stage of drying, the tensile stress builds up within the film due to the compression of particle 
assembly as a result of capillary pressure. When the stress exceeds its critical value u o the excess stress Is released 
via the nucleation of cracks at the film IIW'face. It is known that, for brittle materials, crack propagation occurs by 
breaking ofbonds between the~. Similarly, for particulate films the crack propagation can be considered as 
detachment of colloidal particles or breaking of the contact between the particles. An ordered array of spherical 
particles having isotropic packing density will nut have any preferred fracture direction. In contrast fur an ordered 
assembly of anisotropic particles the crack propagation will have a preferred direction depending on the particle 
ordering. Our experimental observations unambiguously reveal the well ordered and closed pack arrangement 
of ellipsoids in the dried ring. Two possible scenarios that lead tn circular crack5 (Fig. SA) and cracks along radial 
direction (Fig. SB) in a dried drop of dispersions of ellipsoids are shown schematically. The crack path in Fig. SA 
is rather straight whereas the path in Fig. 58 is tortuous. That is, the energy required to activllte cracks along the 
straight path is certainly lower than the tortuow path. Hence straight cracks always form first to release excess 
stress in the ordered film of ellipsoidal particles. The crack direction observed in our experiments (SBM image 
shown in Pig. 3) is parallel to the major axis of ellipsoid which is similar to Pig. SA. It is also evident from our 
aperiments that the ordering of ellipsoids dictates the c:rack orientation. Similar experimental observations are 
reported for composite materials earlier2'. In the past, several models are proposed where the cracks patterns are 
explained using bead-spring model in dense particulate filma. Richardl et al. have shown through both simulation 
and experiments that ordering of particles leada tn funnatlon of ordered c.racb30• 

To summarize, we illve.stigated the effect of particle shape on the crack morphology by using sesaile drop 
evaporation ofliquid drops containing spherical part:i.cles (Ludo:s: TM -50) and ellipaoidal particles (hematite). We 
show that the crack pattern& changed from radial ttJ circular when the particle shape is changed from spheres to 
ellipsoids. Moreover, ellipsoidal particle& are closely packed in the vicinity of cracks and the major axis of particle& 
is parallel to the crack directions. In case of spherical particle film. the crack path does not have a preferred direc
tion but however the crack direction is dictated by direction of drying front31• In case of ellipsoidal particle films, 
cracks are circular and are found to be dictated by particle shape and their arrangement. We have also studied 
the effect of aspect ratio of ellipsoids and their concentrations on the crack patterns. Irrespective of aspect ratio 
of ellipsoids that are studied, we observed circular crack patterns. The crack widths are found to depend on the 
initial concentration of particles. Our aperimental results showing the crack patterns of shape anisotropic (hard) 
colloidal particle assembly may further enhance the understanding of the crack patterns in dried suspensions of 
biological fiuids such as blood containing anisotropic soft colloidal particlesJ2.ll. 

Methods 
Synthesis and characterizations of hematite ellipsoids. Bllipsoidal hematite particles with controlled 
aspect ratio were synthesized by forced hydrolysis method as mentioned by Ocaii.a et al. 34• Physical dimensions 
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S.No. MIJarula,lb (Dm) lltaarula,2a (-.) Alpect ftldo, a 

1 140.59 ± 10.72 52.84±5.64 2.69±0.39 

2 192.37±21.10 51.84±5.55 3.73±0.37 

3 294.73±20.62 46.71±6.44 6.34±0.77 

Table 2. Physical properties of hematite ellipsoicb: dimensions and aspect ratio. 

of hematite particles are tabulated in Table 2. One of the advantage of using the hematite particles is that their 
surface charge can be varied by changing pH of the suspension. 1erefore, y aa·ustmg the Hl:iy t e a Clition o~ 
either HN03 or NaOH, t 1e surface charge is varied an measured witl1 e ectrop oretic dynamic light scattering 
techniguc (Nano artilce SZ-I 00, Horiba, Ja an). 

Sessile drop evaporation method. In all the experiments, glass slides are used as a substrate and they are 
treated with pirahana solution (70% H2S04 and 30% H20 2). A 2 p.l stable dispersion of both hematite (aspect ratio 
2.69, 3.73 and 6.30 and particle concentrations varying from 0.75wt% up to 3.0wt%) and Ludox TM-50 silica 
(of diameter 32 nm diluted to a particle concentration of 3.0 wt%) are placed on the cleaned glass slides and are 
allowed to evaporate at room temperature of25 ± 2 ~c with relative humidity of 65 ± 5%. Sessile drop evaporation 
experiments were conducted by using aqueous hematite suspensions that were initially at pH of 2.0. Under these 
conditions, the particles are highly charged with a zeta potential of -40 m V (in the presence ofO.Ol M NaCl). Due 
to the small particle size and the high surface charge density, the settling time is much larger than the time scale 
of experiments7• The droplet takes approximately 15 minutes for complete drying. The sessile drop drying is mon
itored using the bright field inverted optical microscope {Leica, France) with 20X objective. After the complete 
evaporation of solvent, the microstructures are captured with microscopy. In order to visualize the arrangement 
of particles in the dried film at the length scale of particle size, a high resolution scanning electron microscope 
(SEM) (Hitachi, Japan) is used. The samples are sputter coated with gold for 30 seconds prior to SEM imaging. 
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To improve RNA delivery, we present a protocol to produce an RNA carrier based on a Zn(II)-dipicolylamine (Zn-DPA) analog, 
which is an artificial receptor for phosphate anion derivatives. We further functionalized this Zn-DPA analog to hyaluronic 
acid (HA)-based self-assembled nanoparticles (HA-NPs) with a hydrodynamic diameter of 100 nm by conjugating amine
functionalized Zn-DPA molecules onto the HA-NPs through amide formation, resulting in efficient tumor-targeted delivery of RNAs 
(siRNAs, miRNA or other short oligoribonudeotides) and small-molecule drugs. The functional group of Zn-DPA can be converted 
into other groups such as a carboxylic or thiol group, and the DPA analog can be covalently attached to a variety of existing 
and novel platforms or formulations for the development of multifunctional materials via standard bioconjugation techniques. 
Protocols for RNA formulation and delivery into tumor tissues and tumor cells are also described. Our design strategy offers a 
versatile and practical method for delivering both RNA and chemotherapeutics to tumor cells and expands existing nanomaterial 
capabilities to further the field of drug and gene delivery. 

INTRODUCTION 
RNAi technology has emerged as a new gene therapy approach 
and revolutionary tool for experimental biologyl-3. However, the 
delivery of RNA molecules (e.g., siRNA, miRNA or oligonucleo· 
tide) to a target still remains one of the biggest challenges in clini
cal translation and practical applications, even though it has been 
over a decade since Dr. Inder Verma proclaimed "There are only 
three problems in gene therapy: delivery, delivery and delivery"4. 
Although many carrier systems, such as cationic polymers, lipids 
or amino acids, have been developed to deliver RNAs into cells 
with promising results, the development of safe and versatile plat
forms for efficient RNA delivery is still a daunting task5,6, 

The most commonly used synthetic RNA carriers are based 
on polycations, such as polyethylene imine, poly-L-lysine 
and lipid-like particles with positively charged head groups 
(e.g., Lipofectamine 2000 or Lipofectamine RNAiMAX)7,s. 
Polycation systems can induce nano-sized polyelectrolyte com
plexes with negatively charged RNAs by electrostatic interactions. 
Unlike plasmid DNA, which forms stable and condensed com
plexes with cationic agents, RNA loosely binds to cationic mol
ecules owing to its low charge density and molecular weight9. 
Strong cationic polymers or high doses of lipids can be used to 
increase RNA stability; however, undesirable side effects such as 
increased cellular toxicity and nonspecific accumulation induced 
by positive charges limit their therapeutic applications. 

Here we describe a highly flexible protocol to design a sophis
ticated RNA carrier that we used for tumor-targeted RNA deliv
ery in our previous studies, which is distinct from the reported 
gene delivery systems that are based on cationic derivatives or 
chemically modified RNAslO,ll. This is an alternative RNA deliv
ery system based on the use of Zn-DPA analog, an artificial 
receptor for phosphate anion derivatives. We and others have 
reported a series of fluorescent chemosensors for the detection 
of phosphate-containing molecules based on Zn-DPA analogs 
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owing to the selective Zn-DPA-coordinated interaction associ
ated with phosphate groupsl2-15. Similar Zn-DPA analogs were 
also used as probes for necrotic and apoptotic cells by target
ing anionic phosphatidylserine on cell surfacesl6,17. Recently, we 
applied Zn-DPA analogs as carriers for the delivery of therapeutic 
molecules, such as siRNA, using the selective and strong binding 
of Zn-DPA with the phosphodiester groups on the siRNA back
bonelO,ll, In particular, this Zn-DPA platform for RNA delivery 
is highly flexible and can be used in conjunction with existing 
delivery systems such as NPs, polymers, proteins and antibodies 
by simply labeling the small-molecule Zn-DPA by established 
bioconjugation chemistry. 

Sophisticated NPs developed for therapeutic or diagnostic 
applicationslB-20 act as highly efficient drug delivery carriers 
and/or imaging probes; however, many of these systems lack 
RNA-binding capability and cannot be readily applied for RNA 
delivery. To overcome the difficulty of incorporating RNA into a 
sophisticated NP platform, we examined our recently developed, 
nontoxic, tumor cell-specific, drug-loadable and biodegradable 
HA-based self-assembled NPs for tumor therapy and imaging2I-23. 
These are ideal nanoformulations for anticancer small-molecule 
delivery, as the NPs can target tumor cells by active targeting 
of CD44, which is overexpressed on the surface of a variety of 
tumor cells24,25. As a proof of principle, we demonstrated that 
a combination of the Zn-DPA analog and HA-based polymeric 
NPs allows efficient RNA delivery through high RNA binding 
affinity while maintaining the unique properties of NPs, such as 
high cellular delivery, drug-loadability and tumor targetability, 
as well as tumor-cell permeabilityll. The versatile NP system can 
deliver RNAi therapeutics along with chemotherapeutics to target 
sites such as tumor cells. In addition, the nanocarrier can release 
both payloads in the tumor cells in a controlled manner. These 
nanoformulations carrying the RNA-drug combinations hold 
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great potential given that they can provide a highly potent, yet 
less toxic, means of cancer treatment by compensating for each 
other. This would consequently result in synergistic therapeutic 
efficacy with relatively low side effects. For instance, RNA can 
sensitize specific cancer cells (e.g., drug-resistant cancer cells) to 
chemotherapeutics, so that the same amount of drug molecules 
can kill more cancer cells than conventional chemotherapeu
tics26.27. The nanocarrier system also has the potential to regu
late cancer metastasis when specific RNAi therapeutics related to 
cancer metastasis are co-administrated with chemotherapeutics 
by RNA-drug co-delivery nanocarrier systems28. 

Furthermore, synthesis of the DPA-functionalized polymeric 
NPs is easy to scale up with cost-effective and readily available 
chemicals, which is a key issue in the development of practical 
applications. Because of its flexibility and ease of preparation, 
sophisticated and tailored carrier systems can be designed not 
only for siRNA but also for other phosphate anion-containing 
derivatives such as miRNA or oligonucleotide analogs. 

In this protocol, we describe the detailed procedures for 
(i) synthesizing DPA-polymeric NP conjugate, (ii) formulat
ing RNA complex, and (iii) delivering RNA into tumor tissues 
and tumor cells. Although we focus on the applications of DPA
functionalized HA-NPs for siRNA or miRNA delivery, which were 
developed in our previous study, potential designs for other DPA
functionalized NPs will be discussed in the Experimental design. 
Overall, this protocol will provide scientists with a practical tool 
to incorporate RNA delivery function to existing carrier systems 
for the development of multifunctional RNA carriers and to over
come technical obstacles of typical genetic delivery agents. 

Experimental design 
The design concept of this protocol is to add an RNA delivery 
function to NPs that can deliver small-molecule drugs by sim
ple labeling of an artificial phosphate receptor, a Zn-DPA analog 
(Fig. I). The NP formula does not use highly cationic polymers, 
and it does not require expensive chemical modifications of RNA 
molecules. Because NPs and macromolecules labeled with small 
DPA moieties will gain the ability to bind RNAs, one can eas
ily transform novel NPs to RNA carriers while maintaining the 
unique physicochemical properties of the original NP system, 
e.g., cell-penetrating, tumor-targeting, drug-loading and opti
cal or magnetic characteristics23,29,30. Zn-DPA analogs can be 
modified with an appropriate terminal functional group such 
as a primary amine, carboxylic or thiol group, depending on the 
material to be labeled. This bioconjugation technique is similar 
to labeling fluorescent dyes to a protein. 

Although Zn-DPA analogs are small molecules compared with 
the relatively large-sized NPs, the addition of Zn-DPA may still 
influence the solubility or stability of NPs. Therefore, formula 
optimization may still be required to achieve the best possible 
results. In this section, we discuss the design of DPA analogs 
and the coupling of these molecules with NPs. Once Zn-DPA
decorated NPs are prepared, RNAs can be loaded and routinely 
tested similarly to typical RNA delivery agents. Therefore, we will 
not discuss the general design strategies for RNA formulation 
or delivery in cells, but we will provide detailed instructions in 
the PROCEDURE section. It is important to recognize that the 
protocol introduced here uses a nanomaterial and details many 
steps outside the synthesis of the DPA compound. 

PROTOCOL I 

Steps1~0 Syrrthssls ol bls-OPA analog 

Preparation ol NPs 

Steps 31--49 Conjugation ol bis-DPA onto NPs 

Steps ~3 and I Formuladon ol thsn~p~~utlcs 
Box2 

Steps 54A, 548 

Step 54C 

1. Encapsulation ol chemotherapeutics 

2. Complexation ol RNA therapeutics 
(A, B or C can be chosen lor formulation) 

(A)siRNA 
(B) mlcroRNA 
(C) Oligonucleotide 

In llltroaseay 

1 
(A) Cellular uptake 
(B) RNA tnmsfiKltion 

In lli'va aseay I 
Systemic in ..WO ANA delivery 
(A) ~iRNA ~ilencing 
(B) miANA raplacemant 

Ftgure 1 I Flow diagram of the general procedure. Main steps are in solid 
boxes. 

DPA analogs. Preparation of appropriate DPA analogs is the key 
to successful application of this protocol. It is well reported that 
rationally designed Zn-DPA complexes are highly selective for 
phosphate-containing biomolecules in aqueous solution through 
specific bindings between the coordinated Zn-DPA complexes 
and the anionic phosphate groups. 

In this protocol, we used bis-DPA, 3, as a model-binding ligand 
for RNA {Fig. 2). 3 contains a primary amine group that can be easily 
conjugated to materials containing carboxylic groups via conven
tional carbodiimide chemistry, 1-ethyl-3-( 3-dimethylaminopropyl) 
carbodiimide (EDC) orN,N'-dicyclohexylcarbodiimide (DCC) in 
the presence ofN-hydroxysuccinimide (NHS ). Here we introduce 
a bis-DPA with a primary amine group. This functional group can 
be converted into other groups such as a carboxylic or thiol group 
by established methods depending on the materials to be labeled 
by DPA molecules. This compound is currently not commercially 
available and therefore requires synthesis in the laboratory. We 
provide a detailed synthetic protocol for the DPA analog, and if 
synthesis of this compound is not directly accessible in biological 
laboratories, an organic chemistry or polymer science group can 
assist in reproducing zinc-DPA and nanocarriers. 

Zn-DPA-functioDalized NPs. Once the DPA analog is synthe
sized, it can be conjugated to nanomaterials through relatively 
easy bioconjugation methods31. These techniques, which are 
used to form linkages between NPs and functional moieties such 
as bis-DPA, have been well developed by using commercially 
available chemical mediators or cross-linkers in buffers andlor 
organic solvents followed by purification to remove unreacted 
DPA analogs and reactants. As DPA is a small molecule, the unre
acted amount can be removed by conventional methods using 
dialysis tubes, centrifugal filtration, ultrafiltration, size-exclusion 
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Figure 2 I Synthesis of bis-DPA. Stage 1: Boc protection of amine. Stage 2: attachment of two 2,2'-dipicolylamines to tyramine via Mannich reaction. 
Stage 3: elimination of Boc protection with trifl.uoroacetic acid (TFA} in methylene chLoride (MC}. 

oolumns or disposable desalting oolumns depending on the type 
of nanomaterials. Chelated Zn ions in the DPA analog have a cru
cial role in ooordination between DPA and RNA. In this protocol, 
Zn ions are incorporated after preparation of the DPA-polymeric 
NP conjugate. It is also important to ensure that Zn ions are well 
inoorporated into the DPA analog, as the release of free Zn ions 
can induce cellular toxicity. 

In addition to applying DPA molecules into polymeric NPs or 
biomolecules, other inorganic NPs or materials can be functional
ized with DPA molecules to create multifunctional siRNA carriers. 
As mentioned above, the end-functional group of DPA can be 
modified to a thiol group. The thiolated DPA allows for the ease 
of labeling the surface of gold NPs or quantum dots. Alternatively, 
DPA analogs can be labeled onto the surface of NPs through 
bifunctional linkers with PEG groups to improve the stability of 
the particles. For further potential applications, DPA functionality 
can be oonjugated to polymer-ooated, water-soluble magnetic NPs 
for magnetofection applications32, DPA molecules can also be 
functionalized onto materials such as carbon nanotubes, graphene 
sheets or gold nanocages for multifunctional roles, such as 

HCI 

\ 

l~ 
N=:C=:N 

EDC 

OH 
I 

\_ 'HCl 

0~0 

NHS 

4 

photodynamic therapy33, while also delivering thcrapeutk RNAs. 
As discussed, various novel agents and! or carriers can be designed 
by adding an RNA delivery function to existing organic or inor
ganic materials without oomplex modification processes. In this 
protoool, we demonstrate how to add siRNA delivery function to 
our recently developed HA-NPs, overcoming the initial limitation 
relating to the highly anionic nature of the HA polymer. 

Zn-DPA-functionalized HA-NPs. We exploit HA-NPs, as they 
are nontoxic, highly tumor cell-permeable, drug-loadable, bio
degradable, easy to formulate and cost effective to manufacture. 
An amphiphilic HA conjugate can be prepared by coupling a 
hydrophilic biopolymer HA with a hydrophobic bile acid ana
log: 5~-cholanic acid (SP-CA; Fig. 3). In aqueous conditions, 
the amphiphilic HA conjugate readily forms self-assembled 
NPs by a sonication method. HA-NPs can efficiently accom
modate hydrophobic small-molecule drugs in the hydrophobic 
inner core. Moreover, the nanocarrier system shows excellent 
tumor cell targetability and permeability. HA-NPs can recognize 
and actively endocytose tumor cells, given that a variety of 

5 

II 

Figure 3 I Synthesis scheme of aminoethyl 5P-cholanoamide 5 (EtCA) and HA-aminoethyl 5~-cholanoamide (HA-CA) conjugate 6. 
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PROTOCOL I 
with the bare NPs without RNAs. In 
addition to loading siRNA molecules, 
DPA-functionalized NPs can bind to other 
molecules such as miRNAs and oligonu
cleotides (Fig. 6). 

After RNA loading is optimized, comple
mentary calcium and phosphate ions can be 
added onto the NPs (CaP-HDz!RNA-NPs), 
which facilitates intracellular RNA release 
and endosomal escape35• We confirmed 
cellular delivery using Cy3-labeled siRNA 
and analyzed transfection efficiency 
of siRNAs with model systems. Firefly 
luciferase (fLue) gene-targeting siRNA 
(siLuc) and EGFP gene-targeting siRNA 
(siGFP) were transkcted in stabilized can
cer cell lines that express fLue and GFP, 
143B-ftuc and DU145-GFP. In addition, 
miRNA can also be effectively delivered 
with our system. We demonstrated trans
fection of miR-34a in HCT116 cells with a 
flue reporter 'Vlector containing the com
plementary target sequences of miR-34a. 
Cytotoxicity of NPs was evaluated by the 
alamarBlue cell proliferation assay. 

Multi.cargo nanocarriera loaded with 

Figure 4 I Synthesis scheme of bi.s-DPA-functionalized HA nanopartides (HDz-NPs) • RNAs and amall-molecule drugs. To 
show that HDz-NPs can act as a multi-

tumor cells are known to overexpress HA receptors, e.g., CD44 
(refs. 24,25). Once HA-NPs penetrate tumor cells, the HA baclc
bone is rapidly degraded by the HA-degrading intracellular 
enzyme hyaluronidase-I (refs. 23,34), which substantially accel
erates drug release in tumor cells23. We integrate the synthetic 
receptor, Zn-DPA, with the tumor-homing NPs into a nanocarrier 
system. Because HA has multiple functional groups including car
boxylic and hydrmyl groups on its backbone. HA-NPs can be easily 
modified with multiple DPA molecules containing amine groups 
through amide formation. By adding Zn2+ salt molecules into 
HA-DPA-NPs (HD-NPs),HA-DPAJZn-NP complexes (HDz-NPs) 
can be prepared (Fig. 4; thin-layer chromatography (TLC) for com
pound 2 is shown in Fig. 5). The loading of DPA molecules onto 
the HA backbone can be calculated by 1H NMR. The UV-visible 
absorption spectra show a very weak bis-DPA absorbance and a 
hlgh. background absorbance in the presence ofHA-DPA conju
gates. RNA-binding capability can be tested in a retardation assay 
by agarose gel electrophoresis. Complexation of RNA molecules 
onto NPs should induce marked retardation of RNAs compared 
with that of free RNAs. The zeta-potential of NPs also reflects 
RNA binding. After RNA molecules are incorporated onto NPs, 
zeta potential of nanoformulations should decrease in comparison 

Ffgure 5 I TLC anaLysis of compound 2. Photograph of a silica gel nc 
plate. TLC plates were eluted with methylene chloride: methanol- 10:1, 
stained with ninhydrin and heated. Pillar A shows a mixture of all reactants. 
Pillar B shows the completed reaction mixture. Pillar C shows the isolated 
compound 2. The pink spot in the dashed red box is compound 1. The 
yellow streak in the dashed green box is remaining 2,2'-picolylamine. 
Pillar C does not show a yeU.OW streak. A gray band in the dashed blue box 
i ndw:.les m ono-D PA and impurities. 

functional carrier for both hydrophobic 
drug molecules and for RNAi therapeutics, the hydrophobic 
anticancer drug paclituel (PTX) was loaded in the interior of 
HDz-NPs as a model compound, and siRNA molecules were 
complexed on the surface of NPs11• For preclinical applications, 
PTX can be substituted with various other anticancer drugs such 

I I 

1- -·; - -: 
I I 
I I 
I I 
I I 
~ .} 

,------------· I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
L ..1 

A d 

Mono-DPA 

NATURE PROTOCOLS I VOL.9 N0.8I2014I1103 



f 
u e 
2! 
at 
'C 

:i 
~ 
.i 
! 
e 
i z .. ... 
c 
N 

0 

• 

I PROTOCOL 
FigUJW 6 I Fonnulation of RNAs witf1 CaP-HDz-NPs. 
(a-d) Eli!d:rophoretic retmlation analysis of 
nudeotides. Analysis of siRNA (a,b), miRNA (c) 
and oligonucleotides (d) (all at 10 pmol) 
binding with HDz and (aP-HDz-NPs (all at 2 ~g 
of HDz-NPs). siRNA. miRNA and oligonucleotides 
are securely complexed with HDz and CaP-H Dz 

a IlANA b c miRNA 

Clll 

at neutral pH (pH 7 .4). However, rapid siRNA release from CGP-HDz-NPs was observed in endosomal/lysosomal pH conditions (pH 6 and 5) (b). This figure is 
adapted with permission from ref. 11, Copyright (2014) American Chemical Society. Ctrl. control 

as doxorubicin or camptothecin depending on established treat
ment regimens. To monitor simultaneous siRNA/drug delivery 
in cells, Cy3-labeled siRNA and Oregon green ( OG)-labeled PTX 
were loaded onto the HDz-NPs, and the NPs were then applied 
to CD44-positive HCT116 cells. The cells were monitored by 
multichannel fluorescence microscopy at 30 min post treatment. 
In addition, therapeutic activity of RNA/drug-incorporated 
NPs on HCT116 cells was evaluated using a standard alamar
Blue assay. Drug-loaded NPs can then be associated with thera
peutic RNAs, and they may show synergistic therapeutic effects 
induced by both small molecules and RNAi. In our initial proof
of-principle studiesll, we tested siRNA silencing and miR-34a 
delivery effects of CaP-HDz/siLuc and CaP-HDz/miR34a in 
HCT116-m:iR34a tumor xenograft mice after i. v. injection of the 
formulas. Silencing of the fLue-encoding gene and intracellular 
delivery of miR-34a were monitored by in vivo bioluminescence 
imaging (BIJ). We advisetbatyou vary the doses ofRNA-containing 

MATERIALS 
REAGENTS 
I CAUTION Mort aftbe reagmts and sol~ uxd in the protocol~ the 
UR of protective go~ glovs and lab coat&. 
.&. CRITICAL It is strongly recommended to perform all the reactions in 
a fuJm hood. Solid and liquid waste generated during all the pro~ res 
should be dispoled af properly, according to institutional guidelines. 
A CRITICAL All animal aperime:nts should be conducted in accordauce with 
a US Nlltional Institutes of Health (NIH)-apprcm:d protocoL 
o Athymic nude mice (rema!e, 5-6 weeks old; Harlan Laboratories) 
o Agarose (Bio-Rad, cat. no.l61-310.2EDU) 
o Calcium chloride dihydrate (Sigma-Aldrich. cat. no. 223506) 
o 143B Human osteosarcoma cells (ATCC, cat. no. CRL-8303) 
o 5~-Chol.anic acid (5P,.CA; Sp-Al.drich. cat. no. C76.28) 
o Cy3-labek:d aiRNA (InvitrogeD, cat. no. AM4621) 
o Deiolilied water 
o N,N-Dimethyiformamide (DMF; Sigma-Aldrich, cat. no. 270547) 
I CAUTION It is fiammable and harmfuL It may cause skin and serious 
eyeirritmon. 

o DMSO (Sigma-Aldrich, cat. no. D8418) 
o 3,3'-Dioctadecyl.ozacarbo-qanine perchlorate (Sigma-Aldrkh, 04292) 
! CAUTION It may cause akin, eye and reapiratory irritatiDn. 

o 2.2'-Dipicolylamine (TCI, cat. no. D2228) 
o Di-tlrt-butyl dicarbonate (Tel. cat. no. Dl547) I CAUTION It is an irritant 
o D-Luciferin (Gold Biotechnology, cat. no. WCNA-1) 
• DU 145 human prostate cancer cells (ATCC, cat. no. HTB-81) 
• Elhidium bromide (Bio-Rad, 161-0433) I CAUTION It is a toxic chemical 

and a mutagen. 
•Ethyl ac:etste (Sigma-Aldrich, cat no. 34858) I CAUTION It is volatile and 

fiammable. 
o 1-Ethyl-3(3-dimethylaminoprpyl.)carbodiimide (EDC; Sigma-Aldridl, 

cat. no. E6383) I CAUTION It may cause skin irritl!.tiou, serious eye damage 
and respiratory irritation. 

• Ethylenediamine (EllA; Sigma-Aldrich, cat. no. 03550) I CAUnON It is 
flammable and harmful It may cauae severe skin burns and eye damage. 
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NPs and image at different time points when optimizing this 
protocol in your setting. When anticancer drugs or therapeutic 
siRNAs are used instead of dye and siLuc, therapeutic effects can 
be investigated by monitoring tumor volume. 

Overall, modification ofHA-NPs with Zn-DPA endows HA-NPs 
with a unique function to bind RNAs. Furthermore, multiple DPA 
molecules on HA-NPs may result in HDz-NPs with strong RNA 
interaction. Unlike many other convmtional RNA delivuy carriers 
involving chemical conjugation or physical complexation of RNA 
with polycations, HA-NPs are highly biocompatible because 
they are based on a naturally oa:urring anionic biopolymer 
HA. Together with the excellent tumor-targetability of HA-NPs 
and the distin.ctive loadability of RNA therapeutics onto the sur
face and hydrophobic drug molecules in the core of HDz-NPs 
by a simple miring method, this RNA and small-molecule drug 
delivery system is a promising, safe and efficient avenue for 
targeted-gene anticancer drug therapy. 

• EDTA (Sigma-Aldrich, cat. no. E9884) I CAUTION It is an irritant and an 
cauee ltrious eye irritation. It is h.armfulw aquatic life. 

• Formaldehyde, 37wt% in wm:r solution (Sipla-Aldrkh, cat. no . .25.2549) 
I CAUTION It is a tom chemical. 

• Geneticin selective antibiotic ( G418 sulfate; Invitrogeu, cat. no. 10131 035) 
• Heune (Sigma-Aldrich, cat. no. 270504) I CAUnON It is a volatile and 

flammable dH:micaL 
• HEPES (Sigma-Aidrkh, cat. no. H3375) 
• Hydrochloric acid (HCl; Sigma-Aldrich, cat. no. 320331) I CAUTION It is 

toxic and corrosM!. It causes severe skin bums and eye damage when in 
contaa with skin and eye•. It may cause respirawry irritation. 

• N-hydroxysuccinimide (NHS; Sigma-Aldrich. cat. no. 56480) 
• Isofiurane (IUillite, cat. no. NDC60307-120-25) ! CAUnON It is a profound 

respiratory depressant. Wear goggles, a lab coat and a face mask during 
aperiments. Handle isofturane inside a hood when app~ Closely 
seal the bottle after UR. 

• Lipofectlmine 2000 (LipolK; lllvitrogen, cat. no. 11668-019) 
• Lipofeaamine RNAiMAX (LipoMa:x; Invitrogen, cat. no. 13778030) 
• Luciferase siRNA (siLuc; Invitrogen, cat. no. 12935-146) 
• Magntlium dJloride (Sigma-Aldric;h, cat. no. M8266) 
• McCoy's SA (Cellgro, cat. no.lQ-(150-CV) 
• Methanol (Sigma-Aldrich. cat. no. 32213) ! CAUTION It is IUghly flammable 

andtmic. 
• Methylene chloride {Sigma-Aldrich, cat. no. 66740) I CAUnON It is volatile, 

flammable and a potential c.arcinop. 
o Minimum essential medium (MEM; Cellgro, cat. no.1Q-(110-CV) 
• miR-34a Mimic (Invitrogen, cat. no. 4464067; see 'DI.ble 1 for RNA 

sequences) 
• m.iR-34a negative c:ontrol (miR-NC; lmilmgen, custom synthesi.<l; 

see Table l for RNA sequences) 
• Negative control aiRNA (siNC; lllvitrop, custom synthesis; see 'r.ble 1 fur 

RNA :~equences) 
• N'mhydrin (TCI, cat. no. 10015) I CAUTION It may cauae skin, eye and 

respiratory irritation. 
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TABLE 1 I RNA sequences. 

RNAi Sense sequence 5' -3' Antisense sequence 5' -3' 

siRNA Firefly luciferase (siluc) 

siRNA GFP (siGFP) 

siRNA-negative control (siNC) 

miR34a 

miRNA-negative control (miR-NC) 

Oligonucleotide (Oligo-623) 

GCACUCUGAUUGACAAAUACGAUUU 

GGGCACAAGCUGGAGUACAACUACA 

AAUUCUCCGAACGUGUCACGU 

UGGCAGUGUCUUAGCUGGUUGUU 

UUGUACUACACAAAAGUACUG 

GTIATTCTTTAGAATGGTGC 

AAAUCGUAUUUGUCAAUCAGAGUGC 

UGUAGUUGUACUCCAGCUUGUGCCC 

ACGUGACACGUUCGGAGAAUU 

AACAACCAGCUAAGACACUGCCA 

CAGUACUUUUGUGUAGUACAA 

• Oligonucleotide (Oligo-623; Invitrogen, custom synthesis; see Thble 1 for 
RNA sequences) 

o Paclitaxd, Oregon Green 488 ronjugate (OG-PTX; Invitrogen, 
cat. no. P22310) 

o pcDNA3.1 (Invitrogen, cat. no. V790-20) 
o Potassium carbonate (K2C03; Sigma-Aldrich, cat. no. 209619) 
o !-Propanol (Sigma-Aldrich, cat. no. 402893) ! CAUTION It is volatile and 

flanunable. 
o RNA annealing/dilution buffer (Invitrogen, cat. no. P22310) 
·RPM! 1640 medium (Cellgro, cat. no. 10-041-CV) 
o Silica gel60, 0.040-0.063 mm (Merck, cat. no. 1093859025) ! CAUTION It is 

a hazardous dust. 
o siRNA GFP reporter rontroJ (siGFP; Invitrogen, cat. no. 12935-145; see 

'lllble 1 for RNA sequences) 
o siRNA luciferase reporter control (siLuc; Invitrogen, cat. no. 12935-146; 

see 'lllble 1 for RNA sequences) 
o siRNA negative control (siNC; Invitrogen; see Thble 1 for RNA sequences) 
• Sodium chloride (NaCl; Sigma-Aldrich, cat. no. S7653) 
o Sodium hyaluronate (MW = 234.4 kDa; Lifecore Biomedical, 

cat. no. HA200K-1) 
o Sodium hydroxide (NaOH; Sigma-Aldrich, cat. no. 58045) ! CAUTION It 

may cause severe skin burns and eye damage. 
o Sodium phosphate (Sigma-Aldrich, cat. no. 342483) ! CAUTION It may 

cause irritation to the eyes and skin. 
o Sodium phosphate dibasic (N~HP04; Sigma-Aldrich, cat. no. 57907) 
• Sodium phosphate monobasic (NaH2P04; Sigma-Aldrich, cat. no. 58282) 
o Sodium sulfate (N~S04i Sigma-Aldrich, cat. no. 239313) 
o Trifluoroacetic acid (Sigma-Aldrich, cat no. T6508) ! CAUTION Exposure 

to the liquid or spray-mist may cause severe skin and eye damage and/or 
respiratory irritation. 

o 'Il:is-acetate-EDTA, lOX (Advanced Biotech, cat. no. 08-514-001) 
• Trizma base (Sigma-Aldrich, cat. no. T1503) I CAUTION It may cause skin, 

eye and respiratory irritation. 
o Tyramine (Sigma-Aldrich, cat. no. T90344) ! CAUTION It is an irritant and 

mutagen. 
o UltraPure DNase/RNase-free distilled water (UPD; Invitrogen, cat. no. 

10977-015) 
o Vectashield mounting medium with DAPI (Vector Laboratories, 

cat. no. H-1200) I CAUTION It is harmful if inhaled, swallowed or 
on contact with skin. 

• Z-fix solution (Anatech, cat. no. 170) I CAUTION It contains formaldehyde. 
which can be toxic. 

o Zinc nitrate hexahydrate (ZNH; Sigma-Aldrich, cat. no. 228737) 
! CAUTION It is corrosive and harmfuL 

EQUIPMENT 
• Access to a NMR spectrometer such as a Fourier 300 (Bruker) 
o Centrifugal filter unit, 100 kDa MWCO (Millipore, Amiron Ultra-15, 

cat. no. UFC910008) 
o Bath sonicator (Branson) 
o Beakers (200, 500 and 1,000 ml) 
o Conical tubes (15 and 50 ml) 
·Dialysis tubing, 12-14 kDa MWCO (Spectrum Laboratories, cat. no. 132678) 
o [Dynamlclight-,C,Illenng DTSl >pcllrumeten . uc ,1, ,, nanop<~rtiCic 

:malytcr I !Oriba, c.lt. no. Z· l 00} 

·Eight-well multichamber Permanox slides (Nalgene Nunc International, 
cat. no. 177445) 

o Enduro Gel XL complete electrophoresis system (Labnet International, 
cat. no. E0160) 

o Flow cytometer (Becton Dickinson, Accuri C6) 
o Freezer (-20 "C) and 4 "C refrigerator 
o Glass capillary 
• Glass chromatography columns (cylindrical pillar shape, diameter: 5 em) 
• Glass reflux condenser 
o Hand lamp (254 and 365 nm) 
o Gel documentation system (Biospectrum 810, UVP) 
o Confocal laser scanning microscope (FluoView FVlOi, Olympus) 
o Magnetic stirrer bars 
o Magnetic stirrer hot plate 
o Membrane filter, 0.45-~ pore size (Millipore, cat. no. HAWP04700Fl) 
• Oil bath 
·Probe-type sonifi.er (Sonics & Materials Vibracell VCX130) 
o Rotary evaporator 
o Separatory funnels (250 ml) 
0 Septum 
• Single-neck round-bottom flasks (50, 100 and 250 ml) 
o Squeeze bottle 
o Syringe filter, 0.45-).llll pore size (Whatman, cat. no. 6971-2504) 
o Thick-walled balloon 
• TLC plates (Merck, cat. no.1055540001) 
·Vacuum pump 
o Vortex mixer 
o Xenogen MS-Lum.ina system (Caliper Life Sciences) 

REAGENT SETUP 
A CRITlCAL Unless otherwise indicated, the buffers listed in this section can 

be prepared in advance and stored at 4 oc for several months. 
HEPES-phosphate buffer Dissolve 11.9 g ofHEPES, 212.9 mg ofN~HP04 and 
8.2 g of NaCl in ultrapure water (I liter). Adjust the pH to 7.5 with HCl. 

Phosphate buffer (10 mM) Dissolve 2.8 g ofN~HP04 in deionized water 
(I liter) and 2.4 g ofNaH~P04 in deionized water (1liter). Mix 68.5 ml of 
N~HP04 solution and 31.5 ml ofNaH2P04 solution to prepare 10 mM 
phosphate buffer (PB). Adjust the pH to 6.5 with HCL 

PBS (lOx final concentration) Dissolve 80 gofNaCI, 2 gofKCl,l4.4 g of 

Na~HP04 and 2.4 g of KH2P04 in 800 ml of deionized water. Adjust the pH 
of PBS buffer solution to 7.4 with HCL 
PBS (1 x final conamtration) Dilute lOx PBS tenfold with deionized 

water ( vol!vol). 

Tris-cakium buffer Dissolve 12.2 gofTrizma base and 147.01 g of calcium 
nitrate tetrahydrate in 1liter of deionized water. Adjust the pH to 7.6 with 
HCl. 
Tris-acctate-EDTA buffer (SOX final concentration) Mix 242 g of'IHzma 

base and 750 ml of deionized water. Carefully add 57.1 ml of glacial acetic 
acid and 100 ml of 0.5 M EDTA (pH 8.0) and adjust the solution to a final 

volume of 1liter. This stock solution can be stored at room temperature 
(20-23 "C). The pH of this buffer is not adjusted and should be -8.5. 
Tris-acctate-EDTA buffer (lx final concentration) Dilute the SOX 'llis
acetate-EDTA buffer 50-fold with deionized water (vollvol). 
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Box 1 11438-fLuc-, DU145-GPP- and HCT116-fLuc-miR34a-stabilized cell lines 
e TIMING 3-4 weeks 
1. Modify pcDNA3.1 expression vector with flue or GFP, and include one miR34a perfect binding site (5'-acaaccagctaagacactgcca-3') 
in the 3' untranslated region of the flue sequence. 
2. Transfect each cell line using lipo2K in six-well plates with 10% (voVvol) FBS cell culture medium (without antibiotics), according 
to manufacturer's protocol Briefly, mix 2.5 jlg of the plasmid with 100 J.Ll of Opti-MEM and 10 J.LL of Lipo2K with 100 J.LL of Opti-MEM 
in separate tubes, and incubate for 5 min. Combine both tubes, mix it gently, further incubate the mixture for 20 min at room 
temperature and add the 200 Ill of lipo2K/plasmid complexes to the weLL cells. After 4-6 h of transfection, replace the cell medium. 
! CAUTION Antibiotics can be toxic to the cells with Lipo2K. 
• PAUSE POINT Transfection time may vary; resistant cells may be transfected for 24 h. 
3. After 24-48 h, transfer the cells to 10-cm tissue culture dishes with 1:10; 1:100 and 1:1,000 dilutions to obtain individual clones. 
4. Culture the cells in selection medium, supplemented with 500 J.Lg/ml genetidn (6418). 
5. Incubate the cells for 2-3 weeks; once single colonies become visible, mark flue or GFP-positive isolated colonies. 
! CAUTION It is important to select isolated colonies to avoid contamination from neighboring negative colonies when collecting the 
clones. 
6. To detach the colonies, wash the dish with PBS, add 20-50 Ill of trypsin to the selected colonies and incubate for 2-5 min. 
With 20-50 j.Ll of medium, gently aspirate the cells and transfer them to 12-well culture plates. 
! CAUTION At Least 8-10 clones should be selected, and flue or GFP signals from the selected clones need to be tested before and after 
transfection of sifluc, siGFP or miR34a to determine if the clones can be used for in vitro or in vivo transfection assays (Steps 548, 54C). 
7. Culture the selected clones on T-75 flasks, and prepare stocks for in vitro or in vivo transfection assays (Steps 548, 54C). 

1438-0..uc-, DU145-GFP-and HCT116-0..uc-miR34a-«abiliud aill 
lines Follow the steps in Box 1. 
HCI'116-fLuc-miR34a twnor unograftmodels Subcutaneously inject 
5 x 1()6 HCT116-fLuc-miR34a cells in the right flank of 24 female athymic 
nude mice (18-20 g). The 24 mice are divided into five groups, with four 
mice per group (CaP-HDz/siNC, CaP-HDz/miNC, CaP-HDz/siNC and 

PROCEDURE 

CaP-HDz/miNC, PBS group) and four extra mice. ! CAUTION Obtain appro
priate training regarding animal handling. Animal protocols must be in place 
before performing animal studies. 
EQUIPM1!NT SETUP 
Preparation of glassware Dry all glassware in an oven overnight at > 100 •c 
and allow it to cool down to room temperature before use. 

Part 1, synthesis of bis-DPA (3): Synthesis of compound 1 e TIMING 4-6 h 
11 Add a Teflon-coated magnetic stir bar to a single-neck round-bottom flask (250 ml) and add 40 ml of methanol. 

21 Add 2.74 g of tyramine (20.0 mmol). Dissolve tyramine with stirring. 

31 Immerse a bottle of di-tert-butyl dicarbonate (melting point 22-24 oq in a water bath at -40 °C. 

41 Take out 4.84 ml (4.6 g; density 0.95 g/ml) of di-tert-butyl dicarbonate from the bottle in a water bath at -40 oc 
using a 5-ml micropipette, and transfer it to a 20-ml vial. Next, dissolve di-tert-butyl dicarbonate in the vial with 5 ml of 
methanol. 

51 Slowly add the dissolved di-tert-butyl dicarbonate methanol solution prepared in Step 4 into the tyramine solution 
prepared in Step 2. 
! CAUTION Gas evolution will take place. 

61 Slowly add 8.3 g of K2C03 {60.0 mmol) into the solution prepared in Step 5. Next, add 10-15 ml of distilled water with 
a squeeze bottle carefully to dissolve K2C03• Stir the reaction mixture for 4 h at room temperature. 

71 Check whether tyramine is completely consumed by TLC analysis. In a 10:1 (voLfvol) mixture of methylene chloride and 
methanol, the Rt value of the product is -o.a and that of tyramine is negligible. Remove volatiles from the reaction mixture 
under Low pressure using a rotary evaporator at 60 °C for 30 min. 

81 Dissolve the remaining residue in 50 ml of ethyl acetate. Transfer it to a 250-ml separatory funnel containing 100 ml of 
deionized water. Shake the mixture vigorously to mix well and allow it to rest for separation of the organic Layer. Carefully 
decant the separated organic layer into a flask. 
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91 Add 20-30 g of Na2S04 and manually stir the flask at 100 r.p.m. for 1-2 min to remove residual water from the decanted 
organic Layer. 

101 Filter and remove volatiles using a rotary evaporator at 60 "C for 30 min to obtain a viscous brown Liquid. The expected 
yield is 4.0-4.5 g (85-950fo). 
• PAUSE POINT Compound 1 can be stored at 4 oc for several months. 

Synthesis of compound 2 e TIMING 2-3 d 
111 Add a Teflon-coated stir bar to a single-neck round-bottom flask (100 ml) and add 3.7 ml of 2,2'-dipicolylamine 
(20.56 mmol, density: 1.107 g/ml). 

121 Add 1.57 ml of formaldehyde solution (21.08 mmol, density: 1.09 g/ml, 37 wt"'o water solution). Add 1 ml of 1 N HCL. 
Stir the mixed solution until the mixture becomes clear. 

131 Dissolve 2.37 g of compound 1 (10.0 mmol) in -5 ml of 1-propanol. Next, add it to the reaction mixture. Add 30 ml of 
1-propanol. 

141 Attach a reflux condenser to the flask containing the reaction mixture, seal it with a septum and insert a needle with a 
balloon filled with N2 gas. 

151 Stir and reflux the reaction mixture for 2-3 d. Check the products by TLC; care must be taken because of the 
difficulty of confirming the completion of the reaction and purifying the product (Ffg. 3). The completed reaction 
mixture is concentrated under Low pressure using a rotary evaporator with a water bath at 60 acto provide a dark 
brown mixture • 
..&. CRITICAL STEP Check TLC to see whether Bee-protected tyramine is completely consumed. If the remaining 
2,2'-dipicolylamine is negligible, terminate the reaction. 

161 Dissolve the dark brown mixture in 50 ml of methylene chloride, and transfer it to a 250-ml separatory funnel containing 
100 ml of deionized water. Neutralize it with saturated aqueous K2C03 solution. Shake the mixture well. 

111 Carefully decant the organic Layer into a flask. Add 20-30 g of Na2S04 into the flask and shake the flask manually for 
1-2 min (-100 r.p.m.) to remove residual water. 

lSI Filter and evaporate the organic solvent under low pressure using a rotary evaporator at 40 acto obtain a sticky dark 
brown Liquid. Dissolve the residue in a small amount of methylene chloride (2-3 ml). Load the dissolved residue onto a silica 
gel column (300-400 ml) filled with methylene chloride . 

191 Elute the silica gel column with 300 ml of methylene chloride. Next, elute it with 300 ml of hexane, and then elute it 
with 500 ml of ethyl acetate. A Light yellow solution is eluted immediately. Continue until clear eluent emerges. Then elute 
with hexane (300 ml) again to clear off ethyl acetate from the silica gel column. 

201 Elute with a mixture of methylene chloride and methanol. Gradually increase the ratio of methylene chloride to 
methanol from 100:0, 100:1.0, 100:1.5, 100:2.0, 100:2.5, 100:3.0, 100:3.5, 100:4.0, 100:4.5 to 100:5. Elute with 300 ml of 
methylene chloride. At each ratio containing methanol, elute with a mixture of 300 ml of methylene chloride and methanol. 
Note that silica gel column is eluted under air pressure. 

211 Check the eluent coming out of the column by TCL periodically (-5 times per min), and when a dark spot appears on 
TLC under 254-nm UV light start to collect the eluent. When the dark spot on TLC seems blurred, then stop collecting the 
eluents. 

221 Remove volatiles from the collected eluents under low pressure using a rotary evaporator at 40 °( to provide a 
sticky brown Liquid compound 2 (Boc-bis-DPA). The estimated yield is up to 800fo (5.3 g). TLC (silica, methylene 
chloride:methanol = 10:1), Rt = 0.5. 
• PAUSE POINT Compound 2 can be stored at 4 °( for several months. 
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Synthesis of compound 3 • TIMING 6 h 
231 Add a Tefton-coated stir bar to a single-neck round-bottom ftask {250 ml). 

241 Dissolve 1 g (1.5 mmol) of compound 2 in 10 ml of methylene chloride. 

251 Add dissolved compound 2 into the single-neck round-bottom flask (250 ml). 

261 While stirring, slowly add a mixture of 26 ml of methylene chloride and 4 ml of trifluoroacetic acid. 

271 After 4 h, confirm the products with TLC (Rt compound 2 = 0.5, Rt compound 3 = 0.05, silica, methylene 
chloride:methanol = 10:1) and then completely remove volatiles under Low pressure using a rotary evaporator at 40 °C. 

281 While stirring, dissolve the remaining residue in 20 ml of methylene chloride and add 10 ml of saturated aqueous K2C03 
solution slowly to basify the mixture. 
! CAUTION Gas evolution will take place. 

291 Transfer the mixture to a 50-ml separatory funnel, shake it well and carefully decant the organic layer into a ftask. 
Pour 20 ml of methylene chloride to the remaining aqueous layer in a separatory funnel. Shake it well and decant the organic 
Layer into a ftask. 

301 Dry the combined organic layer with Na2S04• Add 10-15 g of Na2S04 into the flask and shake the ftask manually for 
1-2 min (-100 r.p.m.) to remove residual water. Filter and remove volatiles under low pressure using a rotary evaporator 
at 40 octo obtain a gummy brown solid compound 3 (bis-DPA). Expected yield is over 95%. 
? TROUBLESHOOTING 
• PAUSE POINT Compound 3 can be stored at 4 oc for several months. 

Part 2, synthesis of aminoethyl5P-cholanoamide {5): synthesis of compound 4 • TIMING 7 h plus drying time 
311 Add CA (1 g, 2.8 mmol) into a round-bottom ftask (500 ml) filled with 50 ml of methanol. Add concentrated HCL (180 )ll, 
2.16 mmol). Allow the reaction to proceed with stirring under reftux at 60 °( for 6 h. 
! CAUTION Methanol is highly flammable and toxic. Use protective goggles, gloves, a mask and a lab coat. Perform the 
procedure inside a fume hood. 

321 Dry the solution prepared in Step 31 using a rotary evaporator under aspirator vacuum to obtain compound 4 
(5~-CA methyl ester, MeCA). Characterize its chemical structure using tH NMR in CDCL3 at a concentration of 10 mgjml. 
• PAUSE POINT MeCA can be stored at -20 oc for several months . 

Synthesis of compound 5 • TIMING 7 h plus drying time 
331 Add compound 4 (0.9 g, 2.4 mmol) into a round-bottom flask (50 ml) containing EDA (6 ml, 89.7 mmol). Let the 
reaction occur with stirring under reflux at 130 °( for 6 h. Use a glass pipette to add the solution dropwise into a 200-ml 
beaker containing 100 ml of cold deionized water. 
! CAUTION EDA is flammable and harmful if swallowed or if it comes in contact with skin. Handle it inside a fume hood and 
avoid contact with skin and eyes. Use protective goggles, gloves, a mask and a lab coat. 

341 Centrifuge the solution obtained in Step 33 at 25,000g, 4 oc for 30 min and remove the supernatants. Wash the 
precipitates thoroughly with deionized water. Repeat the centrifuging and washing steps five times to remove residual EDA. 

351 Dry the product (compound 5, EtCA) under vacuum. Characterize its chemical structure using 1H NMR in CDCL3 at a 
concentration of 10 mgfml. 
• PAUSE POINT EtCA can be stored at -20 oc for several months. 

Synthesis of HA-CA conjugate (6) e TIMING 1 d plus dialysis and lyophilization time 
361 Dissolve HA (120 mg, 0.5 )lmol) in formamide (24 ml); EDC (72.8 mg, 379.8 )lmol) in formamide (500 )ll); 
NHS (43.7 mg, 379.7 )lmol) in DMF (500 )ll); and compound 5 (39.8 mg, 98.8 )lmol) in DMF (48 ml). 

371 Add EDC solution into the HA solution prepared in Step 36. Allow the reaction to proceed with stirring at room 
temperature for 30 min. 
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381 Add NHS and compound 5 solution slowly into the solution prepared in Step 37. Allow the reaction to proceed with 
stirring at room temperature overnight. 

391 Dialyze the resulting solution prepared in Step 38 using dialysis tubing (12-14 kDa MWCO) against water/methanol 
(2 volumes/1 volume) for 1 d and distiLLed water for an additional 1 d. Lyophilize the solution to obtain compound 6 
(HA-EtCA (HA-CA) conjugate). 
• PAUSE POINT The HA-CA sample may be stored at -20 °C for several months. 

401 Characterize compound 6 using 1H NMR after dissolving it in D20/CD30D (1 volume/1 volume) at a concentration of 5 mg/mL 
To prepare NMR samples, weigh 5 mg of HA-CA conjugate in a 1.5-ml tube. Add 500 ~L of CD30D and vigorously vortex it for 
120 min. Add 500 ~l of D20 and vortex until the solution is completely clear. Transfer the solution (700 ~l) into an NMR tube. 

Part 3, preparation of bis-DPA-functionalfzed HA NPs (HDz-NPs: 7) e TIMING t d plus dialysis and lyophilization time 
411 Weigh 60 mg of compound 6 (HA-CA; Mw = 258,000 Da) prepared in Step 39 in a 15-ml conical tube. Add 12 ml of PB 
(pH 6.5). Sonicate the HA-CA solution for 20 min to prepare HA-NPs using a probe-type sonifier. 

421 Dissolve EDC (10.5 mg, 54 ~mol) in PB (pH 6.5, 500 ~l); sulfo-NHS (17.6 mg, 81 ~mol) in DMSO (500 ~l); 
and compound 3 (bis-DPA; 15 mg, 27 ~mol) in DMSO (1 ml) by agitation. 

431 Add EDC solution into the HA-NPs solution prepared in Step 41. Allow the reaction to proceed with stirring at room 
temperature for 30 min. 

441 Add NHS and compound 3 solution into the solution prepared in Step 43. Allow the reaction to proceed overnight at 
room temperature. 

451 Dialyze the resulting solution prepared in Step 44 using dialysis tubing (12-14 K MWCO) against water/methanol 
(1 volume/1 volume) for 1 d and distiLLed water for an additional 1 d to completely remove unreacted EDC, NHS and 
DPA residues. 

461 After the dialysis step, Lyophilize the solution prepared in Step 45. 
• PAUSE POINT The HA-CA-DPA (H D) conjugate sample prepared in Step 46 may be stored at -20 °( for several months. 

471 Disperse the HD conjugate in ultrapure water (2 mgfml) by sonication, as described in Step 41, for 20 min to prepare 
HD-NPs. Dissolve ZNH in ultrapure water (3 mgfml, 10.1 mM). Add Zn stock solution (5 ml) into the HD-NPs solution (5 ml). 
Incubate the resulting mixture at 40 oc under agitation for 20 min to prepare HA-CA-DPA/Zn NPs (HDz-NPs) . 

481 Freeze-dry the solution to obtain compound 7. 
• PAUSE POINT Compound 7 may be stored at -20 oc for several months. 

491 Characterize compound 7 using 1H NMR after dissolving it in D20/CD30D (1 volume/1 volume) at a concentration of 
5 mg/mL 

Part 4, formulation of RNA therapeutics e TIMING 1.5 h 
.A. CRmCAL For co-delivery of both RNA and hydrophobic small-molecule drugs, the encapsulation step (Box 2) should be 
followed by the siRNA/miRNA/oligonucleotide formulation step (Step 51). 

SOl Dissolve compound 7 (HDz-NPs) prepared in Step 48 or the drug-loaded HDz-NPs prepared in Box 2 in ultrapure water at 
1 mg/ml by sonication, as described in Step 41, for 20 min. 

511 Mix 2 ~l of the solution prepared in Step 50 with 1 ~l of 10 ~M siRNA (luciferase siRNA: siluc), miRNA (miR-34a) or 
oligonucleotide (Oligo-623; 10 pmol) by gentle vortexing. Incubate the resulting HDz/RNA-NPs at room temperature for 30 min. 
• PAUSE POINT The HDz/RNA-NPs can be stored at 4 oc until it is required, but for no Longer than 30 d. 

521 Mix 3 ~l of the solution prepared in Step 51 with 1 ~l of Tris-calcium buffer; add 4 ~L of HEPES-PB and mix the solution 
by vigorously pipetting up and down (CaP-HDz/RNA-NPs). 
• PAUSE POINT The CaP-HDz/RNA-NPs solution can be stored at 4 oc until it is required, but for no longer than 30 d. 
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Box 2 I Steps for encapsulation of lipophilic small molecules e TIMING 1.5 h 
plus dialysis and lyophilization time 
1. Disperse HDz-NPs in ultrapure water {5 mgjml) by sonication, as described in Step 41, for 20 min. 
2. Dissolve Lipophilic small molecules (e.g., PlX, doxorubicin or camptothecin) in DMF (4 mgjml). 
3. Add the solution (1 ml) dropwise into the HDz-NPs solution (2 ml) with sonication for 20 min. 
4. Agitate the solution prepared in step 3 for 30 min with stirring. 
5. Dialyze against distilled water for 12 h using dialysis tubing (12-14 kDa MWCO) to remove DMF and unloaded residues. After the 
dialysis step, lyophilize the solution. 

531 Prepare a 30fo (wt/vol) gel in Tris-acetate-EDTA buffer with agarose powder. Run the CaP-HDz/RNA-NPs complex and the 
corresponding free RNAs (1 JJl of 10 !JM siluc, miR-34a or Oligo-623 {10 pmol)) as controls in a retardation assay by agarose 
gel electrophoresis (6 x 6 em gel, 100 V, 15 min). Analyze the result using a gel documentation system. 
? TROUBLESHOOTING 

Part 5, experiments ;n cells and an;mals 
541 The RNA therapeutics prepared as described above (Step 51) can be used for experiments in cells and animals. To deter
mine cellular uptake, perform the steps in option A. The fluorescence signal of the samples will depend on various factors, 
such as the exposure time, imaging contrast, dye quenching and staining effect. Therefore, it may be difficult to quantify 
the cellular uptake of different samples. The ceLLular uptake can also be determined using a flow cytometer, which may give 
accurate information regarding the amount of cellular uptake. To show that the NPs can be used for transfection, perform the 
steps in option B. For fn vivo experiments, follow the guidelines in option C, which is a procedure developed for mice. 
(A) Cellular uptake e TIMING 2 d 

(i) Preseed 2 x 10s cells (original HCT116 cell Line without transfection; McCoy's SA, 100fo (volfvol) FBS) in each well of 
an eight-well multichamber Permanox slide and incubate the cells overnight. 

(ii) Prepare CaP-HDz/Cy3-labeled siRNA solution as described in Step 51. Wash the cells twice with 400 !Jl of PBS buffer 
(lx). Dilute the formulation (8 !Jl; siRNA: 10 pmol) with 200 !Jl of medium and add the CaP-HDz/Cy3-labeled siRNA 
solution into each well and incubate at 37 °( in a humidified 50fo C02 atmosphere for predetermined time points 
(e.g., 1, 3 or 6 h). Perform parallel experiments using Lipofectamine 2000 (Lipo2K, Invitrogen)-complexed Cy3-labeled 
siRNA, and free Cy3-labeled siRNA only as a control group. 

(iii) To confirm that the HA receptor CD44 mediates endocytosis of the nanoformulations, CD44 receptors are blocked with 
200 !Jl of free HA molecules (10 mgfml) dissolved in the culture medium (McCoy's SA, 100fo (volfvol) FBS); next, 
the CaP-HDzfCy3-siRNA solution (8 J..l.l) prepared in Step 54A(ii) is added into the well. 
..&. CRMCAL STEP Use the formulations immediately after synthesis. This will reduce the chance of siRNA degradation 
and bacterial contamination . 

(iv) Wash the cells three times with 400 !Jl of PBS buffer (lx) per well. 
(v) Add 200 !Jl of Z-fix solution to each well and incubate at room temperature for 20 min. 

(vi) Wash the cells three times with 300 !Jl of PBS buffer (1x) per well. 
(vii) Add one drop of Vectashield mounting medium with DAPI to stain the nucleus, cover it with a glass coverslip and 

secure it with nail polish. Wait for 30 min at room temperature and examine the cells with a confocal microscope. 
• PAUSE POINT The cells may be stored at 4 °( protected from direct light for several days before fluorescence 
imaging without altering the imaging results. 

(B) In vitro transfectton assay of RNAs e TIMING 2-3 d 
(i) Seed 143B-fluc, DU145-GFP or HCT116-miR34a cells in a 96-well plate at 100 !Jl per well. The cell density should 

be 5 x 104 cells per ml. 
(ii) Prepare CaP-HDz/siluc solution (8 !Jl) containing 1 ~l of 5 ~M siluc, siGFP or miR-34a (5 pmol) and 2 !Jl of HDz-NPs 

(2 J..l.g; Step 51). Predetermined concentrations of siRNA or miRNA can be used to evaluate the concentration
dependent silendng effect of CaP-HDz/RNA nanoformulations. 

(iii) Dilute the formulation solution (8 JJl) with 92 J..l.l of the cell culture medium (MEM, 100Jo FBS) . 
..&. CRMCAL STEP Use the formulations immediately after synthesis. This will reduce the chance of siRNA degradation 
and bacterial contamination. 

(iv) Change the cell culture medium with 100 !Jl of the transfection complexes in the wells. Incubate the cells at 37 oc 
for at least 24 h. Parallel experiments for positive control should also be carried out by Lipo2K according to the 
recommended protocol from the manufacturer (Invitrogen). 
? TROUBLESHOOTING 
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(v) Evaluate GFP expression Levels in the DU145-GFP cells after the treatment using the flow cytometer. 
(vi) Set up the Xenogen !VIS-Lumina imaging system for 1438-fluc or HCT116-miR34a cells. 

(vii) Add 20 ~L of 3 mgjml o-Luciferin substrate per well and wait for 5 min. 
(viii) Image the Luciferase expression of the cells in the plate using a Xenogen !VIS-Lumina system. 

(ix) The bioluminescence intensity of untreated 1438-fLuc cells is set as the lOO"'o signal intensity, and the relative signal 
intensity is calculated to estimate the flue-encoding gene expression Level. The relative signal intensity is further 
normalized with Live cell numbers. 

(C) In vivo delivery of stRNA or miRNA e TIMING 1-3 d 
(i) Prepare CaP-HDz/RNA solution (280 ~l) containing 35 ~L of 20 ~M siLuc, siNC, miR-34a or miR-NC (RNA: 700 pmol) 

and 70 ~L of HDz-NPs (70 ~g; Step 51). 
(ii) Check and make sure that the diameter of the tumor is -8 mm 

I CAUTION Obtain appropriate training regarding animal handling. Animal protocols must be in place before 
performing animal studies. 

(iii) Set up the IVIS imaging system. 
(iv) Anesthetize the animals using the rodent anesthesia system with isoflurane (20fo (volfvol) in 0.2 liter/min 02 flow). 
(v) Intraperitoneally inject o-Luciferin solution dissolved in 1x PBS into HCT116-fluc-miR34a tumor-bearing mice at a 

dose of 150 mgfkg. Image and quantify the Luciferase expression by the IVIS system 15 min after administration. 
BLI is quantified as total photon counts from the region of interest after subtraction of background luminescence. 
? TROUBLESHOOTING 

(vi) Intravenously inject siLuc or miR-34a complexed with CaP-H Dz {280 Jll; RNA: 700 pmol). In parallel, CaP-HDz/siNC, 
CaP-HDz/miNC (280 J.ll; RNA: 700 pmol) or 280 ~l of PBS should also be injected as control groups. The BLI should be 
visualized by Xenogen IVIS-Lumina100, and the relative flue expression level should be calculated . 
.A. CRITICAL STEP Use the formulations immediately after preparation. Long sample storage times will increase the 
chance of siRNA degradation and bacterial contamination. 

(vii) Intraperitoneally inject o-Luciferin solution again, and scan the mouse with the IVIS imaging system at serial time 
points after injection. We typically choose 1, 2 and 3 d after injection. Image acquisition time ranges from a few 
seconds to a few minutes per scan. 

? TROUBLESHOOTING 
Troubleshooting advice can be found in Table 2. 

TABLE 2 I Troubleshooting table. 

Step Problem Possible reason 

30 Improper separation of Product is viscous oil; it drags along the 
compound 2 from unreacted silica gel 

53 

residues 

RNA degradation 

Rapid RNA release from 
HDz/RNA-NF 

54B(iv) Cell contamination after 
adding the particles 

54C(v) No detectable signal after 
injection of luciferi n 

RNA is highly susceptible to degradation 
by exogenous RNase introduced during 
handling 

Complexation between RNA and HDz-NPs 
can be disturbed by EDTA (1 mM} in TAE 
buffer, which can remove zinc ions from 
Zn-DPA moieties 

CaP-HDzfsiRNA-NPs solution is not well 
sterilized before being added into the 
medium 

Biodistribution of luciferin is rapid but the 
kinetics may be tissue dependent 

Solution 

Mono-DPA is separated easily using ethyl acetate. 
The remaining 2,2'-dipicolylamine is not eluted 
with methylene chloride:methanol {20:1). 
Never use a mobile phase that is more polar than 
methylene chloride:methanol (15:1 (voljvol)) 

RNase-free reagents, barrier pipette tips and 
tubes should be used. RNA oligonucleotides 
should not be handled with ungloved hands 

For the gel retardation assay of H Dz/RNA-N F, 
excess ZNH (0.3 ~mol} can be added into the NF 
solution before electrophoresis 

This problem can be resolved by using sterilized 
containers and solutions during experiments 

The optimal time to image the model should be 
determined after luciferin injection. Continue to 
take images every 5-10 min for up to 40 min to 
generate a kinetic curve for luciferin expression 
in the model 
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enMING 
Steps 1-30, synthesis of bis-DPA: 3-4 d 
Steps 31-40, preparation of HA-NPs: -2 d plus dialysis and Lyophilization time 
Steps 41-49, preparation of DPA-functionalized NPs: -1 d plus Lyophilization time 
Steps 50-53, formulation of gene therapeutics: -1.5 h for each formulation 
Step 54A, cellular uptake: -2 d 
Step 54B, in vitro transfection assays: 2-3 d 
Step 54C, in vivo delivery of siRNA or miRNA: 1-3 d 
Box 1, preparation of stabilized ceLL Lines: 3-4 weeks 
Box 2, encapsulation of Lipophilic smaLL molecules: 1.5 h plus dialysis and Lyophilization time 

ANTICIPATED RESULTS 
Synthesis of DPA analogs (3) 
After Step 30, a gummy brown compound 3 of bis-DPA should be obtained. The anticipated analytical results are as foLLows: 

Compound 1: lH NMR spectrum of 1 (300 MHz, CDCL3): D = 7.00 (d, J (H,H)= 8.4 Hz, 2H), 6.80 (d, J (H,H)= 8.6 Hz, 2H), 
3.33 (t, J (H,H)• 6.7 Hz, 2H), 2.70 (t, J (H,H)• 6.7 Hz, 2H), 1.46 p.p.m. (s, 9H). 

Compound 2: 1H NMR spectrum of 2 (300 MHz, CDCL3): (300 MHz, CDCL3): D = 8.52 (d, J (H,H)= 4.5 Hz, 4H), 7.60 
(t, J (H,H)- 7.5 Hz, 4H), 7.50 ( d, J (H,H)- 7.7 Hz, 4H), 7.12 (t, J (H,H)- 6.0 Hz, 4H), 7.03 (s, 2H), 3.87 (s, 8H), 
3.79 (s, 4H), 3.33 (t, J (H,H)= 6.7 Hz, 2H), 2.70 (t, J (H,H)= 6.7 Hz, 2H), 1.46 p.p.m. (s, 9H), 13( NMR spectrum of 2 
(75 MHz, CDCL3): o = 159.2, 155.9, 154.3, 148.9, 136.5, 129.5, 128.6, 124.0, 122.9, 122.0, 78.3, 59.8, 54.8, 43.6, 39.0, 
28.2 p.p.m. MALDI-TOF: m/z calculated for C39H46N703 [M+H]+: 660.366; found: 660.588. 

Compound 3: 1H NMR spectrum of 3 (300 MHz, CDCl3): o = 8.52 (d, J (H,H)= 4.5 Hz, 4H), 7.60 (t, J (H,H)= 7.5 Hz, 4H), 
7.50 ( d, J (H,H)= 7.7 Hz, 4H), 7.12 (t, J (H,H)= 6.0 Hz, 4H), 7.03 (s, 2H), 3.87 (s, 8H), 3.79 (s, 4H), 2.89 (t, J (H,H)= 
6.7 Hz, 2H), 2.63 p.p.m. (t, J (H,H)= 6.7 Hz, 2H), 13( NMR spectrum of 3 (75 MHz, CDCL3): D = 159.2, 154.3, 148.9, 136.5, 
129.5, 124.0, 122.9, 122.3, 122.0, 59.8, 54.8, 43.6, 39.0 p.p.m. MALDI-TOF: m/z calculated for C34H38N70 [M+H]+: 560.314; 
found: 560.500. 

Preparation of DPA-functionalized NPs (7) 
After Step 48, a white, cotton-like compound 7 (HDz-NPs) is obtained. Typical1H NMR spectrum (300 MHz, D20/CD30D 
(1 voV1 val)) of compounds 5 and 7 is shown in Supplementary Figures 1 and 2, respectively. The characteristic peaks 
of HA should be observed at 2.0 p.p.m. (the methyl group at the C2 position of N-acetyl glucosamine) and 3.3-4.8 p.p.m. 
(methylene and hydroxyl groups at the sugar unit). Those of CA are found in the range of 0.6-1.8 p.p.m. (methyl and 
methylene groups of the ring structure). The peaks of bis-DPA (3) are confirmed at 6.8-8.3 p.p.m. (methylene groups of 
the ring structure). The degree of conjugation of compound 3 on the HA polymer backbone can be quantitatively 
characterized by the integration ratio between the characteristic peaks of HA at 2.0 p.p.m. and compound 3 at 6.8-8.3 p.p.m. 
Approximately 30 molecules of 3 can be conjugated to 100 repeating sugar units of HA. In addition, NP formation, size 
distributions and zeta potential of HDz-NPs 7 can be analyzed by the DLS method (Supplementary Fig. 3a,b). An average 
hydrodynamic diameter of HDz-NPs is -100 nm. 

Formulation of RNAs with CaP-HDz-NPs 
In Steps 50-53, HDz-NPs readily form nanocomplexes with three kinds of RNAs, including siRNA, microRNA and oligonucleo
tides. The complexation of HDz-NPs with siRNA, microRNA or oligonucleotides can be confirmed by a retardation assay using 
agarose gel electrophoresis. The anticipated results are shown in Figure 6. H Dz-NPs are able to bind siRNA, micro RNA and 
oligonucleotides, whereas RNA molecules can easily be released from HDz-NPs after addition of phosphate ions to the 
complexes. This indicates that the complexation is based on coordination between the phosphate groups of RNAs and 
Zn-DPA. In contrast, siluc can be secured, even after the addition of phophate ions, on HDz/siluc capped with complementary 
calcium ions or calcium phosphate ions, i.e., Ca-HDz/siluc or CaP-HDz/siluc, respectively; the addition of phosphate ions 
does not trigger siluc release from Ca-HDz/siluc or CaP-HDz/siluc. It is important to note that RNA release can be markedly 
accelerated in acidic conditions, i.e., endosomaljlysosomal pH (pH 6 or 5). As an example, we present a typical result 
in Figure 6. 

Cellular uptake of CaP-HDz-NPs complexed with Cy3-labeled siRNA 
We present, as examples, the cellular uptake of CaP-HDz nanoformulations complexed with Cy3-labeled siRNA in CD44-positive 
cancer ceLLs (HCT116 ceLLs) and compare ceLLular uptake with Lipofectamine 2000 (Lipo2K) complexed with Cy3-Labeled siRNA 
as a positive control and Cy3-labeled siRNA only as a negative control (Step 54A). Supplementary Figure 4 shows typical 
cellular uptake in confocal micrographs of CaP-HDzjsiRNA, Lipo2KjsiRNA and siRNA in HCT116 cells. Strong and prominent 
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Ftgun! 7 I In vitro RNA transfection effect 
of CaP-H Dz/RNA-N Fs. (a,b) Suppression of 
flue on 143B-fluc cells (a); or GFP on 
D U 145-G FP cells (b) after treatment with 
siluc on~, Lipo2K or CaP-HDz-NPs complexed 
with varying concentrations of silue or siGFP, 
siNC and empty carriers. (c) Suppression of 
flue signals in HCT116-fluc-miR34a cells by 
LipoMAX or CaP-HDz-NPs complexed with 
miR-34a, rniR-NC. *P < 0.005, **P < 0.05 versus 
control, Lipo2KfsiRNA or LipoMAX{miRNA. 
The CaP-HDz/RNA group suppresses flue and 

a 120 b 

PROTOCOL I 

c 
i!1oo 120 ~ iii 80 

I : -.. 
-o- l.4lOMAX 

20 -v-C.P.HDz 

0 .fcl'#$' ... ., .. 
t> 

/ miR-3441 (pmol) 

GFP gene expression more efficiently than the free siRNA, Lipo2KfsiRNA or LipoMAXfmiRNA groups. This figure is adapted with permission from ref. lt, 
Copyright (2014) American Chemical Society. 

red fluorescence signals from Cy3-labeled siRNA can be observed in HCT116 cells incubated with CaP-HDz/siRNA. In con
trast, far less fluorescence signal should be detected from the control groups than those for the CaP-HDz/siRNA group. To 
confirm that the HA receptor CD44 mediates endocytosis of the nanoformulations, cellular uptake of CaP-HDz/siRNA can be 
monitored in HCT116 ceUs, in which CD44 receptors are blocked with an excess amount of free HA molecules in a competi
tive binding study. After treatment of excess HA, cellular uptake of CaP-HDz/siRNA considerably decreases. Cellular uptake of 
CaP-HDz/Cy3-siRNA should also be confirmed in another CD44-positive cancer cell line (DU145 cells). Transfection efficiency 
of the CaP-HDz/siRNA group can be quantitatively evaluated by fl.ow cytomet:Ty. 

Formulation and intracellular delivery of RNAs and drugs with taP-HDz-NPs 
CaP-HDz-NPs should be able to accommodate both biological therapeutics (RNAs) and chemotherapeutics (small-molecule 
hydrophobic drugs) onto a single platform (Box 2). Small-molecule drugs can be encapsulated within the hydrophobic inte
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Ffgun &lin vivo gene silencing effect of CaP-HDz/RNA-NFs. (a) In vivo 
bioluminescence imaging (Bll) of flue gene expression in HCT116-fluc
miR:34a tumor-bl!aring mia! after i.v. injl!ction af PBS. frel! siluc or 
CaP-HDz/siLue-NFs (280 Jd; RNA: 700 pmol). (b) Quantitative analysis of 
flue expression at tumors after i.v. injection of CaP-HDz/siLuc-NFs into 
HCTt16-fluc-miR34a xenografts (n • 4). The BU intensities from tumors 
of the CaP-H Dz/siLuc-NF group significantly decreased, implying effective 
suppression of flue gene expression, but not from tumors of the other 
groups (PBS, CaP-HDz/siNC-NF). Purple arrows indicate tumor site. 
(c) In vivo bioluminescence imaging (BLl) of HCT116-fluc-miR34a tumor
bearing mice i.v. injected with PBS, free nriR-34a and CaP-HDz/miR34a-NFs 
(2BD JLI; RNA: 700 pmol). {d) Quantitative analysis of mi R-34a delivety 
efficiency at tumors after i.v. injection af CaP-H Dz/miR34a-NFs into 
HCTt 16-fluc-miR34a xenogTllfts (n- 4). The BU signals from tumors of the 
CaP-HDz/siluc-NF group significantly decreased in vivo, suggesting effective 
miR-34a delivety, but not from tumors of the other groups (PBS, CaP-HDzf 
siNC-NF). •p < 0.005, versus controL This figure is adapted with permission 
from ref. 11, Copyright (2014) American Chemical Society. 

rior of HDz-NPs owing to interaction between hydrophobic 
CA molecules of NPs and hydrophobic drug molecules using 
a sonication method in aqueous solution. Drug Loading 
efficiency and drug contents can be quantified 11Sing an 
HPLC technique after the dissolution of the nanostructure in 
a co-solvent of distilled water and methanol (1:1 (voVvol)). 
The loading efficiency should be :>85%, and Loading contents 
can vary in the range of 5-50,.a depending on the feeding 
amount of drug molecules. After hydrophobic small-molecule 
drugs are Loaded, RNAs can be complexed as described in 
Steps 50-53. Cellular 11ptake and also colocalization of NPs, 
siRNA and drugs can be monitored by m11Ltichannel confocal 
fl.uorescence microscopy after treatment of HCT116 cells with 
the Cy5.5-labeled CaP-HDz-NPs that are loaded with both 
Cy3-labeled siRNA and OG-PTX (CaP-HDzfRNA+PTX). The 
anticipated results are shown in Supplementary Figure 5. 
The nanoformulations containing RNA and drug molecules can 
be rapidly internalized; colocalization of the three compo
nents of the nanaformulations (NPs, RNAs and drugs) should 
be observed in the HCT116 cells at 30 min after treatment. 

In vitro RNA transfec:tton assay 
At Step 548, the ability of CaP-HDz to deliver RNAs 
(siGFP, siluc and miR-34a) can be confirmed by measuring 
the expression of GFP or flue in DU145-GFP ceUs, 1438-fl...uc 
ceUs or HCT116-fl..uc-miR34a treated with CaP-HDz/siGFP, 
CaP-HDzjsiluc or CaP-HDzfmiR-34a nanoformulations 
(Supplementary Fig. 6). Ffgure 7a,b show typical results 
of the suppression effect of Ca P-H Dz/siluc or CaP-H DzjsiGFP 
on flue or GFP gene expression. Figure 7c shows the trans
fection effect of CaP-HDz/miR-34a on the suppression of 
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flue signals in HCT116-fLuc-miR34a cells. The BLI signal intensity of untreated DU145-GFP cells, 143-fLuc cells or HCT116-
fluc-miR34a is set as the maximum GFP and flue expression, respectively. In the cells treated with CaP-HDz/RNAs, remark
ably high gene silencing or transfection efficacy should be detected in a dose-dependent manner. The silencing efficacy of 
CaP-HDz/RNAs should also be superior to the Lipo2K or RNAiMAX complexes. Control Lipo2K or RNAiMAX complexed with 
nonspecific siNC, siRNA (siluc and siGFP) or miR-34a should show significantly Lower silencing/transfection effects. 

In vivo delivery of CaP-HDz complexed with siRNA or miRNA 
At Step 54C, tumor-specific, in vivo gene silencing activity of CaP-HDz/RNA nanoformulations can be confirmed by in vivo 
BLI. The miR-34a reporter system is based on flue reporter genes, and thus the reporter system can be used for a dual 
imaging application to assess delivery efficiency of the CaP-HDz/RNA nanoformulations complexed with siluc or miR-34a. 
flue gene silencing and intracellular miR-34a delivery efficacy of CaP-HDz/NRA nanoformulations can be evaluated by 
monitoring the BLI signals from tumors of HCT116-fluc-miR34a xenograft mice after systemic administration of RNA 
nanoformulations. Figure 8 shows typical in vivo BLI results to appraise the suppression effect of CaP-HDz/siLuc or 
CaP-HDz/miR34a. The BLI intensities from tumors of CaP-HDz/siLuc group should be decreased 24 h after injection and 
should be drastically dropped 72 h after injection. The tumors of the caP-HDz/miR34a group should also show a substantial 
decrease in BLI signal from 24 h after injection. In contrast, The BLI intensities from tumors of control groups injected with 
PBS, CaP-HDzfsiNC or CaP-HDz/miR-NC nanoformulations should be amplified owing to tumor growth. 

Note Any Supplementary Information and Source Data files an available in the 
onliM l'mion of the paper. 
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ORIGINAL ARTICLE 

Relationship between aspect ratio and suspension 
viscosity of wood cellulose nanofibers 
Shinichiro Iwamoto, Seung-Hwan Lee1 and Takashi Endo 

Cellulose nanofibers (CNFs) with aspect ratios varying from 30-300 were prepared from wood by acid hydrolysis and 
mechanical disintegration. The length and width of the individual CNFs were measured from atomic force microscopy (AFM) 
images. The steady shear properties of the CNF suspensions were measured using cone-plate type and capillary rheometers to 
determine their intrinsic viscosities. Higher aspect ratio CNFs had larger intrinsic viscosity values. The predicted aspect ratios 
on the basis of rigid rod theory for the lowest aspect ratio CNFs corresponded well with our measured values. However, for 
higher aspect ratio CNFs, the predicted values did not agree with the uperimental values. A comparison of the CNF intrinsic 
viscosities with other types of particles and polymers indicated that the CNFs are semi-fluible rods rather than rigid rods. 
Polymer Journal advance online publication, 17 July 2013; doi:l0.1038/pj.2013.64 

Keywords: aspect ratio; cellulose nanofibers; viscosity; wood 

INTRODUCTION 
Cellulose, the main constituent of wood, is found in 3-4 nm thick 
fibers in plant cell walls. Native nano-scale cellulose can be obtained 
from wood by chemical and mechanical treatments. Rod-like cellulose 
nano-crysta1s (CNCs) with thicknesses and lengths of 3-10nm and 
100-300 nm, respectively, have been obtained by acid hydrolysis. The 
low aspect ratio of CNCs ( < 100) has facilitated detailed analysis of 
their shapes.1-4 Mechanical disintegration can be used as an 
alternative to acid hydrolysis to avoid cellulose degradation, 
allowing the isolation of large aspect ratio native cellulose 
nanofibers (CNFs). The resulting CNFs have been reported to be as 
thin as 3-15 nm. !>-9 However, measuring their lengths has been 
difficult because of their elongated shapes.lO,ll 

Nanomaterials shapes are inherently difficult to determine because 
of their small dimensions. Shape determination becomes even more 
difficult for nanomaterials with higher isotropic dimensions, such as 
nanofibers, nanotubes and nanowires. Visualization of nanomaterials 
typically requires the use of electron microscopy or atomic force 
microscopy (AFM). Observation of anisotropic nanomaterials usually 
does not provide shape infonnation. Owing to the use of small 
observational fields, the time and effort required to perform detailed 
shape observations would be prohibitive. Therefore, it is desirable to 
use shape-correlating properties (for example, viscosity and light
scattering profile) to characterize the shapes of nanomaterials. 

The aspect ratio (that is, length/diameter) of a nanom.aterial 
influences its viscosity in suspension. For CNC water suspensions, 
the viscosity can be described as a function of the CNC aspect ratio 

using rigid rod theory.2•12 However, this theory has not been 
experimentally tested for CNFs and the conformational properties 
of these materials have not been well studied. 

In the present study, we analyzed the conformation of CNFs using 
their intrinsic viscosities in suspension. CNCs and CNFs with aspect 
ratios of 30-300 were prepared by acid hydrolysis and mechanical 
disintegration. The lengths and widths of the CNCs and CNFs were 
measured by AFM. The samples used for AFM were prepared from 
highly dilute suspensions with careful examination to accurately 
define the lengths. The intrinsic viscosities of the CNC and CNF 
water suspensions were measured to descnbe the relationship b~ 
intrinsic viscosity and aspect ratio for CNCs and CNFs. 

MATERIALS AND METHODS 
Preparation of CNFs 
CNCs were prepared from wood t:ellulose powder (KC Flock, W-400G, 
Nippon Paper Qemicals Co. Ltd, Tokyo, Japan). The wood t:ellulose powder 
was hydrolyzed fur 4b at 60°C with SOwt% sulfuric acid. The hydrolyzed 
powder was washed and centrifuged in distilled water four times and dialyzed 
fur 4 days. The hydrolp;cd t:ellulose suspension was then separated into 
sediment and supernatant fractions by amtrifugation at 1200 g for S min. The 
supernatant fractions were sonicated in an ice bath for 15 min using an 
ultrasonic homogenizer equipped with a 3-rnm q, tip (US-lSOT, Nusei Corp., 
Tokyo, Japan). Sonication was repeated another five times for 3 min with 
2-min intermissions between each repetition. Finaiiy, the unpulverized 
t:ellulose was removed by amtrifugation at 30000g for lOmin to obtain the 
CNC suspension. 
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CNFs were prepared from milled Japanese cypress softwood. Holocellulose 
was obtained by delignification of wood powder according to a previous report. 7 

Briefly, delignification of the aqueous powder suspension was achieved by five 
cycles of sodium chlorite (NaC102) treatment for an hour under acidic 
conditions (pH 4-5) at 70 oc. The holocellulose was fibrillated using a high
pressure homogenizer (MMX-1200--DlO, Masuko Corp., Saitama, Japan) set 
at 200 MPa to obtain the CNFs. The aqueous holocellulose suspension ( 3 wto/o) 
was passed through the homogenizer 10 times. 

The CNF water suspension (O.Swto/o, 50ml) was sonicated in an ice bath for 
an hour with an ultrasonic homogenizer equipped with a 20-mm <I> tip to 
shorten the nanofiber lengths, according to the report of Li and Renneckar.11 

Sonication was repeated 20 times for 3 min with an intermission of 2 min 
between each repetition. The shortened CNFs are hereafter referred to as SCNFs. 

Atomic force microscopy 
The dilute CNF suspension (0.001--0.0001 wto/o) was deposited on mica pre
coated with polyethyleneimine. The suspension was adsorbed on the mica 
surface for 5 min under ambient conditions, rinsed with distilled water and 
dried by air blowing. The polyethyleneimine acted as an absorbent of the CNFs 
onto the mica surface. The nanofibers were examined by contact mode AFM 
(JSPM-5200S, JEOL Ltd., Tokyo, Japan) using triangle-shaped DNP-10 (Veeco 
Inc., Plainview, NY, USA) cantilevers (spring constant, 0.06Nm-1). Nanofiber 
length and thickness were measured from AFM images using image-analyzing 
software included with the AFM system. The nanofiber thickness was defined 
as the height difference between the mica surface and the top surface of the 
nanofiber. 

Viscosity of the water suspensions 
The steady shear properties of the CNF and SCNF suspensions were measured 
using a cone-plate type rheometer (AR-G2, TA Instruments, New Castle, DE, 
USA) at a shear rate of0.1-100s-1 at 20 oc. The cone diameter and angle were 
60 mm and 1 a, respectively. Water evaporation was prevented using a specially 
designed jacket on the rheometer. The measurements were performed from 
low to high shear rates. The CNC suspension viscosities were measured using a 
capillary viscometer (Oc type, Ubbelohde viscometer, Lauda, Lauda-Konig
shofen, Germany). The water flow time was 357 s. 

RESULTS AND DISCUSSION 
Morphologies and surface charges of the CNFs 
The CNCs, SCNFs and CNFs were observed by AFM to determine 
their thicknesses and lengths. Representative AFM images are shown 
in Figure 1. The sulfuric acid treatment preferentially hydrolyzed the 
amorphous regions of the cellulose. The CNCs collected from the acid 
hydrolysis residues were rod-like cellulose crystals absent of kinks and 

curves. The lengths of the SCNFs were shorter than the lengths of the 
CNFs, indicating that sonication treatment decreased the fiber length. 

The thickness and length values for more than 50 fibers are plotted 
in Figure 2. The average values and aspect ratios are listed in Table 1. 
The CNCs were thicker than the SCNFs and CNFs, indicating that the 
CNCs were composed of bundles of cellulose crystals. The wide 
distribution of CNC thickness values was due to incomplete peeling 
of the crystals from the bundles. The thicknesses of the SCNFs and 
CNFs were almost the same and corresponded to the thickness of 
wood cellulose crystals. The CNCs were shorter than the other 
samples. The measured aspect ratios increased in the order 
CNFs > SCNFs > CNCs. 

The CNCs, SCNFs and CNFs dispersed well in water. It was 
difficult to sediment the nanofibers from their water suspension, even 
after centrifugation. The CNCs dispersed well in water because of the 
sulfate ester groups on their surfaces. The sulfuric acid hydrolysis of 
the cellulose substituted some of hydroxyl groups with sulfate ester 
groups. The SCNFs and CNFs dispersed well in water because of 
surface carboxylic acid groups that were introduced during 
delignification.13 

The sulfate ester and carboxylic acid groups imparted negative 
charges to the nanofibers in water. To assess the charge level, the zeta 
potentials of the CNC, SCNF and CNF water suspensions were 
measured. The zeta potentials for the CNCs, SCNFs and CNFs were 
-65, -64 and -63 mV, respectively. Although the negative charges 

were derived from different functional groups, the charge levels of the 
CNCs, SCNFs and CNFs were almost same. 
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Figure 2 Size distributions of cellulose nano-crystals (CNCs; cross, x ), 
shortened cellulose nanofibers (SCNFs; open circle, 0) and cellulose 
nanofibers (CNFs; filled circle, e). 

Figure 1 Atomic force microscopy (AFM) images of (a) cellulose nano-crystals (CNCs), (b) shortened cellulose nanofibers (SCNFs) and (c) cellulose 
nanofibers (CNFs). 
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Table 1 Shapes of CNCs, CNFs, and SCNFs measured by AFM, their 
intrinsic viscosities, and aspect ratios predicted by the Simha 
equation14 

Thickness Length Aspect Intrinsic viscosity Predicted 

(nm)a (nm)a ratioa [TJ] (mJg-1) aspect ratio 

CNCs 8.4± 2.5 291 ± 102 47±24 91 45 

SCNFs 3.1±0.8 573 ± 249 207±81 677 140 

CNFs 3.7 ± 1.2 1068±468 310±90 808 155 

Abbreviations: AFM, atomic force microscopy; CNC, cellulose nano-crystal; CNF, cellulose 
nanofiber; SCNF, shortened cellulose nanofiber. 
aweighted mean values measured using AFM. 
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Figure 3 Shear stress (a) and viscosity (b) values of cellulose nanofiber 
(CN F) suspensions of various concentrations and water; fi lied circles (e) 

0.5wt%, filled squares <•) 0.3wt%, filled triangles (.A) 0.1 wt%, open 
circles (0) 0.05wt%, open squares (D) 0.01 wt% and open triangles (L\) 

water. 

Viscosities of the CNF suspensions 
Figure 3 shows the shear stress and viscosity values of the CNF 
suspensions and water under steady state flow. Shear thinning was 
clearly observed at a concentration of more than 0.3 wto/o over the 
entire shear rate range. Viscosities decreased with increases in shear 
rate. The observed shear thinning was caused by interactions between 
CNFs orientated along the direction of shear. In the high shear rate 
region ( > 10 s - 1) of the low-concentration suspension ( < 0.1 wto/o), 
shear thinning gradually decreased and approximated Newtonian 
behavior, indicating a constant viscosity at different shear rates. This 
result was due to infrequent interactions between CNFs in the diluted 
suspensions under flow. The lower concentration suspensions were 
predicted to have two plateaus at low and high shear rates. As shown 
in Figure 3b, we observed a plateau at high shear rates but not at low 
shear rates, due to the torque limitation (0.2 J.!N m) of the rheometer. 

The intrinsic viscosities, [17] (mlg-1), of the CNFs were estimated 
from the concentration dependency of the viscosities at the New
tonian plateau according to 

[ ] 1. 1" (17 -11o 1) 11 = Im1Jred = nn --.-
c---+0 c---+0 11o c 

(1) 

where c is the concentration of the suspension (g ml - 1), 17red is the 
reduced viscosity (mlg-1), 17 is the viscosity of the suspension (Pa · s), 
and 11o is the viscosity of the solvent (Pa · s). 

Figure 4 displays the 17red values for concentrations of 
<0.001gml-1 (0.1 wto/o) at a shear rate of 39.8s-1 for the SCNFs 
and CNFs. This shear rate was chosen according to the previous 
report by Araki et al.2 The result for CNCs with small aspect ratios are 
included for comparison, even though the 17red values for the CNCs 
suspensions were determined using a capillary viscometer. As the 
viscosities of the CNCs at concentrations of less than 0.001 gml-1 

were very low, they could not be measured using the cone-plate 
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Figure 4 Reduced viscosity C17red) of the cellulose nano-crystal (CNC) 
suspensions (cross, x ), shortened cellulose nanofiber (SCNF; open circle, 
0), and cellulose nanofiber (CNF; filled circle, e) at low concentrations. 

rheometer. However, the relationship between viscosity and aspect 
ratio has already been reported for rod-shaped CNCs.2•12 

We attempted to apply this relationship for the SCNFs and CNFs 
with larger aspect ratio in our study. 

The regression lines fit well for all of the suspensions, indicating a 
negligible effect of fiber-fiber interactions on the viscosities of the 
suspensions under these conditions. According to equation 1, [17] is 
obtained from the intercept of the regression line on they axis. The 
[17] values for the CNFs, SCNFs and CNCs are listed in Table 1. 
Nanofibers with higher aspect ratios had larger [ 17] values. 

Relationships between aspect ratios and intrinsic viscosity [ 17] for 
CNFs 
The aspect ratios (f) of the rigid rod-like particles were predicted 
theoretically from [17] using the Simha equation14 

17-170 14 /
2 

{ 1 1 } 
11o4> = [1J] . p = 15 + S 3(ln2f- 1.5) + ln2f- 0.5 (2) 

where p and 4> represent the density (gem - 3) and volume fraction of 
the particles, respectively. Araki et aL 2 and Boluk et al. 12 demonstrated 
that the theoretical f values and the actual value measured by 
morphological observation are similar for CNCs. The theoretical f 
values for the CNCs, SCNFs and CNFs were calculated from the [17] 
values (Table 1). The theoretical f value for the CNCs corresponded 
well with the actual value measured by AFM. However, the theoretical 
f values of the SCNFs and CNFs were lower than their actual f values. 
This difference gradually became larger as f increased. 

Wierenga and Philipse15 summarized the [ 17] values for particles and 
polymers with vast [variations (20--1000). They showed that [17] was 
described by a function of f using the Onsager equation, 16 which 
provided almost the same results as the Simha equation14 (Figure 5) 
over a vast f range. Furthermore, they stated that this prediction was 
accurate regardless of specific material properties such as chain 
flexibility, surface charge or attraction. Although most of the data in 
their paper15 corresponded with the Onsager prediction, a 0.1 M 
aqueous NaCl suspension of :xanthan17 deviated from the prediction 
at f values of > 100 (Figure 5). Xanthan, an ionic polysaccharide, exists 
as a rigid double-stranded helix in aqueous salt solutions.18•19 The 
relationship between [ 17] and the molecular weight of :xanthan is well 
understood. To describe [ 17] from the molecular weight, the rigidity of 
the molecular chains must be considered. Xanthan fits a wormlike 
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Figure 5 Relationship between intrinsic viscosity and aspect ratio for 
cellulose nanofibers (filled circle, e) and xanthan 17 (cross, x) according to 
the Simha14 (solid line) and Onsager16 (broken line) predictions. 

chain model, corresponding to its semi-flexible characteristics.20•21 

Thus, when considering the relationship between [ 1J] and f for 
xanthan, semi-flexible rods must be used rather than rigid rods. 

The relationships between [17] andffor CNCs, SCNFs and CNFs are 
shown in Figure 5. We observed a dependency of [ 1J] on f for the CNCs, 
SCNFs and CNFs that was similar to xanthan. This finding indicated 
that the CNCs, SCNFs and CNFs exist as semi-flexible rods in water. In 
addition, their rigidity was supposed to be close to that of xanthan. 

CNFs consisting of highly aligned molecules show remarkable 
crystallinity. However, Nishiyama et al. 22 observed periodic disordered 
regions with a 150-nm cycle along the CNF axis using neutron 
scattering. This finding implies that the persistence length of CNFs is 
150 nm, if they are corresponded to the semi-flexible rods. As the CNCs 
existed as crystal bundles, their flexibility was very low even at lengths 
longer than the persistence length. For longer length CNFs and SCNFs 
with higher aspect ratios than the CNCs, significantly greater flexibility 
was observed, as demonstrated by their lower intrinsic viscosities 
compared with the theoretical values for rigid rods. 

CONCLUSIONS 
CNCs, SCNFs and CNFs were obtained from wood cellulose. The 
measured aspect ratios were highest for CNFs and lowest for CNCs. 
Intrinsic viscosity, [17], was obtained by measuring the viscosity of 
CNC, SCNF and CNF suspensions at concentrations <0.1 wto/o. The 
higher aspect ratio nanofibers showed larger [ 1J] values. The relation
ship between aspect ratio and [ 17] for the CNCs agreed with the 
theoretical prediction for rigid rods; however, the relationships 
observed for the SCNFs and CNFs was not in agreement with 
the predictions. On the basis of a comparison with the [17]/aspect ratio 
of xanthan, the CNFs used in our study can be considered to be 
semi-flexible rods rather than rigid rods. 
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Synthesis of alkyne-functionalized amphiphilic 
polysiloxane polymers and formation of nanoemulsions 
conjugated with bioactive molecules by click reactions 
Yoshihiko Kihara, Tsukasa Ichikawa, Shouichi Abe, Nobukatsu Nemoto, Tsutomu Ishihara, Nobutaka Hirano 
and Mitsuru Haruki. 

Nanoemulsions are useful as drug carriers. Conjugating targeting molecules to nanoemulsions would expand their application to 
the cell-specific delivery of drugs. Click reactions, such as the Cu {I)-catalyzed azide-alkyne 1 ,3-dipolar cycloaddition (CuAAC) 
reaction, are a convenient tool for such functionalization as the conjugation of label or targeting molecules. In this study, we 
sought to synthesize siloxane-based amphiphilic polymers containing alkyne moieties to form nanoemulsions capable of 
conjugating azide-functionalized labels by the CuAAC reaction. The siloxane-based homopolymer {Pll and copolymer with 
polydimethylsiloxane (P2) containing chloropropyl groups were reacted with an imidazole derivative that had an ethynyl group 
at the 1-position to generate Plml and Plm2, respectively. Plml and Plm2 exhibited good solubility in polar solvents such 
as methanol, dimethylformamide, dimethyl sulfoxide and H20. Further, Plm2 exhibited solubility in chloroform and 
dichloromethane. Azide-functionalized fluorescent dyes and green fluorescent proteins were conjugated with Plml and Plm2 by 
the CuAAC reaction. The labeled polymer emulsified soybean oil in water to form emulsions. Tlle average emulsion size was 
150 nm. The fluorescent labels on the emulsions were successfully observed with a fluorescent microscope. Conjugation of 
Plml and Plm2 with targeting molecules by the click reaction would be useful for cell-specific drug delivery. 
Polymer Journal (2014) 46, 175-183; doi:l0.1038/pj.2013.86; published online 20 November 2013 

Keywords: amphiphilic; click chemistry; imidazolium salts; nanoemulsions; polysiloxanes 

INTRODUCTION 
Nanoemulsions, which are submicron-sized emulsions formed by 
dispersing an oil phase with amphiphilic molecules such as surfac
tants in an aqueous phase, have gained increasing attention as drug 
carriers for medical and pharmaceutical fields for application as 
parenteral, oral or topical formulations.1 Particularly, nanoemulsions 
are advantageous for delivery of lipophilic anticancer drugs because 
the oil phase of the emulsions solubilizes lipophilic drugs, significantly 
enhancing solubility of the drugs over that in an aqueous solution.1 

For medical applications, emulsions must be physically stable. 
However, emulsions are a thermodynamically unstable system that 
may lead to aggregation, flocculation, coalescence and eventual phase 
separation with time.2 Thus, physical stability is an important 
requisite in formulating emulsions. Many factors are known to 
affect the stability of emulsions, such as particle size, surface charge 
and surface tension.3 

Poly(dimethylsiloxane) is by far the most common silicone poly
mer in both medical and nonmedical fields because of its high 
thermal and oxidative stability, biological compatibility and chemical 
inactivity.4.5 For example, poly(dim.ethylsilaxane) is therapeutically 

used as an antifoaming agen~ and antiflatulent.7 Amphiphilic 
polysiloxane copolymers consisting of hydrophobic and hydrophilic 
siloxane derivatives have been widely used as surfactants.8 In 
particular, polymoxancs modified with quaternary ammonium 
groups, which have great capacity for lower surface tension, have 
been synthesized.~u The formation of nanoaggregatcs by 
amphiphilic polymoxanes has also been reported.12•13 Photosensitive 
micelles have also been developed using amphiphilic azo
polysiloxanes.14.15 The capability of micelle formation has been 
attributed to the flexibility of the polysiloxane main chain that 
permits the arrangement of hydrophilic and hydrophobic groups 
on both sides of the polymeric chain. Further, polymersomes based 
on poly-{dimethylsiloxane)-poly(2-methyloxazoline) block copolymers 
have been demonstrated as efficient drug delivery vehicles to cells.16-18 

Target cell-specific binding and delivery are desired for drug 
carriers. In targeted delivery, targeting ligands should be easily and 
specifically attached to the surface of drug carriers. Click ligation is 
ideal for this purpose because the reaction can effectively proceed 
under physiological conditions without interfering with native func
tional groups on the targeting molecules. The copper-catalyzed azide-
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a1kyne cycloaddition (CuAAC) reaction has most frequently been 
utilized for click ligation.19.2° 'Clickable' mic:elles have 
been dc:vdoped by introducing azide or a1kyne groups through 
cross-linking after mic:elle formation.21.22 Amphiphilic: polymers at 
the end of which an azide or alkyne group is introduced have 
been synthesized to form 'clickable' polymersomes.23.24 Alkyne
functionalized polymersomes based on poly-(dimethylsiloxane)
poly(2-methyloxazoline) block copolymers have also been 
developed, conjugated with a polyguanylic acid ligand by click 
ligation and successfully delivered to macrophage cells 
overexpressing a scavenger receptor.18 In these polymers, the alkyne 
groups were introduced at the ends of their hydrophilic blocks. 
Compared with such end-functionalized block copolymers, 
functionalization in the side chains of a polymer backbone enables 
conjugation of targeting molecules in high density, thereby enhancing 
interaction with target cells. Quaternization reactions have been 
employro to introduce hydrophilic parts to polysiloxanes,9-ll,I4,15 

which inspired us to also utilize these reactions to introduce alkyne 
functionality to the polymer backbone. In addition, imidazolium
based polymerized ionic liquids have been shown to possess high 
binding ability to DNA suitable for gene delivery.25 Similarly, 
polysiloxanes modified with irnidazolium salts should also be useful 
as a gene delivery vector. Therefore, we employed an imidazole 
derivative for a quatemization reaction to produce imidazolium salts. 

In this study, we synthesized amphiphilic polysiloxane copolymers 
with alkyne-functionalized and quaternized imidazolium salts. Azide
functionalized fluorescent dyes and green fluorescent proteins were 
attached to the polymers by the CuAAC reaction. The labeled 
polymers emulsified soybean oil to form emulsions with a diameter 
of 150 run. The fluorescence of the labels was successfully observed 
with a fluorescent microscope. 

EXPERIMENTAL PROCEDURE 
Materials 
N-(4-Bromobenzyl)imidazole and 4-bromobenzy.lbromide were prepared 
as previously reported. 26 Tetrahydrofuran, dietbyl ether and toluene 
(Kanto Chemical, Tokyo, Japan) were used after distillation over sodium. 
Dimethyl sulfuxide (Kanto Chemical) was used after distillation over calcium 
hydride. Imidazole (Nacalai Tesque, Kyoto, Japan), potassium hydroxide, 
triphenylphosphine, triethylamine, sodium hydroxide (Kanto Chemical), 

1-butyn-3-methyl-3-oL copper (I) iodide, soybean oil, Nile red (Wako 
Pure Chemical Industries, Osaka, Japan), 4-bromobenzylbrornide, 
bis(triphenylphosphine)palladium (IT) dichloride, 3-cbloropropylmeth.yldkh 
lorosilane, tetramethylammonium hydroxide solution in methanol and 
dichlorodirnetbylsilane (Tokyo Chemical Industry, Tokyo, Japan), tris[(l
benzyl-1-H-1,2,3-triazol-4-yl)meth.yl] amine, tc:trakis(acc:tonitrile )copper <n 
hexafl.uorophosphate (TACH, Sigma-Aldrich Japan, 1bkyo, Japan), Ala.a 
Fluor 488 azide, Cy3 azide and 3-( azidotetra( etbyleneoxy) )propionic acid 
succinirnidyl ester (life Technologies, Carlsbad, CA. USA) were co=ercially 
available and used as received. 

Preparation of azide-func:tionalized green fluorescent protein 
A cysteine-free green fluorescent protein variant ( dSGFP2) was apresscd in 
Escherichia coli DH5ot cells and purified as previously reported. 27 The 
expression plumid fur dSGFP2 was a genc:rous gift from Probsor Ikuo 
Wada (Fukushima Medical Uni~ty). An azi.de group was introduced to the 
N-terrninal amino group of dSGFP2 by incubating 0.4111M cfSGFP2 and 
10111M 3-(azidotetra(etbyleneoxy))propionic acid succinimidyl ester in 100111M 
sodium phosphate buffer (pH 7.2) containing 0.15M NaCl (phosphate
buffered saline) fur 1 h at ambient temperature. The unreacted S\lcrinimidyl 
ester was removed by dialysis against phosphate-buffered saline ovmllght. 
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Measurements 
1H and 13c nuclear magnetic resonance (NMR) spectra were recorded on a 
Bruker AVANCE 400F spectrometer (Ettlingen, G=a.ny) in deuterated 
chloroform (CDC13) or dimethyl sulfoxide ((CD3hSO) at ambient tempera
ture. Infrared (IR) spectra were measured on a Perltin-Elrner Spectrum One 
Fourier transfurm-IR spectrometer (Waltham, MA, USA). The melting 
temperature and glasli transition temperature ( T s) were determined by 
differential scanning calorimetry (DSC) on a Rigaku ThermoPlus DSC 8230 
(Tokyo, Japan) at a heating mte of 10 •c min - 1 under a nitrogen flow rate of 
10mlmin-1• Number-aw:rage and weight-average molecular weights were 
estimated by size-exclusion chromatography on a Showa Denko Shodex GPC-
101 system (Tokyo, Japan) with polystyrene gel columns (a pair of Shodex 
GPC LF-804) using tetrahydrofuran as a mobile phase and polystyrene as 
molecular weight standards. Gas chromatography-mass spectroscopy was 
conducted IUing an Agilent 6890/5973 instrument (Santa Clara, CA. USA). 
The fluorescent behavior of the emulsions was visualized with an Olympus 
Inverted microscope IX71 (Tokyo, Japan) with excitation at 488 nm (Ala.a 
Fluor 488 and cfSGFP2) or 550nm (Cy3 and Nile red). 

Synthesis of N-( 4-[3-hydroxy-3-methyl-1-butynyl]beozyl)imidazole 
(2) 
Under a dry argon atmosphere, N-(4-bromobenzyl)imidazole (1) (1.8g, 
7.6mmol), bis(triphenylph00!1phine)palladi.um dichloride (270mg, 0.38mmol), 
triphenylphosphine (SOmg, 1.9mmol), 1-butyn-3-methyl-3-ol (1.2ml. 
12 mmol) and triethylamine ( 1.6 rnl) in 50 rnl of tetrahydrofuran were: stirred 
at ambient temperature for 20min.28 In addition, copper <n iodide (18mg, 
971Ullol) was added to the reaction mixture, and the resulting mixture was 
stirred fur 24h at 70 •c. The reaction mixture was :filtered through celite and 
the :filtrate was ewporated under reduced pressure. The residue was dissolved 
in chloroform. The resulting chloroform solution was washed with a saturated 
sodium chloride aqueous solution several times, dried OVI:I" anhydrous sodium 
sulfate and :filtered. The :filtrate was concentrated under reduced pressure and 
purified by $ilica gel chromatography eluted with a nrixed solvent of 
chloroform/methanol (v/v= 16:1). The aillected fraction (Rr value of 0.46) 
was concentrated under reduced pressure, and the residue was recryrtallized 
from a mixed solvent of chloroform and haane to afford 2 as white crystals 
with an yield of 1.20g (66%). 1H NMR (CDC13, 400MHz): 6(p.p.m) =7.55 
(s, lH, imidazole proton), 7.36 (d. /=8.3, 2H, phenyl protoiiii), 7.10 (s, 1H, 
imidazole proton), 7.04 (d, 1 = 8.4, 2H, phenyl protons), 6.87 (s, 1H, imidazole 
proton), 5.09 (s, 2H, Ph-CHrirnidazole), 3.33 (br s, 1H, -OH), 1.62 (s, 6H, 
-CH5). 13C NMR (CDC13, 100Ml:lz): 6(p.p.rn.) = 137.4, 136.0, 132.2, 129.8, 
127.1, 123.0, 119.3, 95.0, 81.1, 65.3, 50.5, 31.5. IR (KBr, crn-1): 3350 (-OH). 

Synthesis of N-(okthynylbenzyl)imidazole (3) 
Under a dry argon atmosphere, a solution of compound 2 (1.2 g, 5.0 mrnol) in 
25ml of toluene was added to sodium hydroxide (0.19g, 4.8rnrnol) and the 
suspension was refl.uxed fur 20h. The reaction mixture was poured into water 

and extracted with chloroform. The combined organic layt:r was washed with 
brine several times, dried over anhydrous sodium sulfate and :filtered. The 
:filtrate was concentrated under reduced pre3Sure and purified by $ilica gel 
chromatography eluted with a rniJred solvem of chloroform/methanol 
(v/v= 16:1). The collected fraction (Revalue of0.57) was concentrated under 
reduced pressure, and the residue was recrystallized from a mixed solvem of 
chloroform and hexane to afford 3 as white crystals with an yield of 0.74 g 
(82%). 1H NMR (CDC!,, 400 MHz): il(p.p.rn.) = 7.56 (s, 1H, imidazole 
proton), 7.48 (d. 1=8.2, 2H, phenyl protons), 7.10 (d, 1=8.2, 2H, phenyl 
protons), 7.06 (s, 1H, imidazole proton), 6.89 (s, 1H, imidazole proton), 5.12 
(s, 2H, Ph-CHrimidazole), 3.09 (s, lH, -CH). 13C NMR (CDC13, 100MHz): 
6(p.p.rn.) = 137.0, 136.3, 132.2, 129.5, 126.6, 121.6, 116.7, 823, 77.5, 49.9. IR 
(KBr, em - 1): 3200 (alkyne C-H), 2100 (alkyne C-C). 

Synthesis of cyclic oligomer (CPl) 
Under a dry argon atmosphere, 3-cbloropropyldk.hlorornethylsilane ( 6.0 mi. 
38mrnol) in 36rnl of diethyl ether was added dropwise to water (36ml) at 
o•c.29 The mixture was stirred fur 24h at ambient tempemture. The reaction 
mixture was extracted with ethyl acetate. The combined organic layer was 
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washed with a saturated sodium hydrogen carbonate aqueous solution several 
times, dried over anhydrous sodium swmte and filtered. The filtrate was 
concentrated under reduced pressure to Conn a colorless liquid with an yield of 
4.7g (91%). 1H NMR (CDQ3, 400MHz): 15(p.p.m)=3.53 (m, 2H, 
Si(CH2)zCH~), 1.83 (m, 2H, SiCH2CHr), 0.72 (m, 2H, SiCHr), 0.12 (m, 
3H, SiCH3). 13C NMR (rna3, 100 MHz): o(p.p.m) = 47.6, 26.4, 14.6, -0.5. 
IR (NaCI, cm-1): 1080 (Si-0). 

Synthesis of homopolymer (Pl) 
Under a dry argon atmosphere, 1m: drops of tetramethylammoum hydroxide 
(10% methanol. solution) were added to CPI (5.2g, 38mmol) and the mixture 
was stirred fur 4 hat 60 °C. 'The reaction mixture was dissoM:d in a small amount 
of chlorofunn and poured into methanol (150ml) to isolate the ~ 
polymer as colorless precipitates with an yield of 4.0g (78%). 1H NMR (~, 
400MH): o(p.p.m.)=3.51 (m, 2H, Si(CH2hCH~), 1.78 (m, 2H, SiCH2CHr), 

0.67 (m, 2H, SiCHr), 0.12 (m, 3H, SiCH3). 13C NMR (~, 100MHz): 

o(p.p.m.) = 47.6, 26.7, 15.0, 0.3. m (NaCI, an - 1): 1080 (Si-0). 

Synthesis of quaternized homopolymer (Piml) 
In a 10-ml recovery flask, P1 (0.15 g, 1.5 mmol) and N-(4-ethynylbenzyl) 
imidazole (3) (0.44 g, 2.4 mmol) were dissolved in 1.8 ml of dimethyl sulfmride, 
and the flask was sealed. After degassing via three freeze-thaw cycles, the 
mixture was stirred for 4 days at 80 •c under a vacuum. The reaction mixture 

was dissolved in a small amount of methanol and poured into diethyl ether to 
illolate the conaponding quatcrnized polymer as brown precipitates with an 
yield of 0.33g (89%). 1H NMR ((CD3hSO, 400MHz): o(p.p.m) = 10.29 

(s, 1H, imidazole proton), 8.23 (s, 1H, imidazole proton), 8.04 (s, 1H, 
imidazole proton), 7.52 (d, I= 7.6, 2H, phenyl protons), 7.40 (d, /=7.5, 2H, 
phenyl protons), 5.60 (s, 2H, benzyl protons),4.33 (s, 2H, Si(CH2hCH2-), 4.17 

(s, lH, alkynyl proton), 1.76 (s, 2H, SiCH2CHr ), 0.38 (s, 2H, SiCH2-), 0.10 (s, 
3H, SiCH3). 13C NMR (rna,, 100MHz): 15(p.p.m.) = 135.8, 132.1, 132.0, 
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Table 1 Results of pol,condensation and thennal properties of CPl, 
CP2, Pl, P2, Plml and Plm2 

Yield Degree of quarternization T, 

Polymer (%) (%) Mn M.IMn" rcJb 

CPl 91 940, 1800 1.05, 

1.07 

CP2 96 1700, 1.09, 
3900 1.04 

Pl 7W' 28000 1.17 
P2 45c 58000 1.36 
Plml agel 96 64000° 17 

Plm2 sg<l 32 75000° _j 

Abbreviations, DSC, differential scanning calorimetry; M,, number-averase molecular weight; 
M,. weight-average molecular weight; SEC, size-exclusion chromatography; Ji. glass transition 
temperature; THF, tetrahydrafuran. 
•Estimated from SEC eluted with THF basad on polystyrene standards. 
"Gill$$ transition temperatu~ detennined by DSC at a heating rate of 10 'C min -l under a 
nitrogen atmosphell!. 
•1 nsolubla part in methanol. 
01nsoluble plri in diethyl ether. 
•Estimated from M, of Pl or P2 and degree of quarternillllion. 
1Not observed from -50 to 400 'C. 

128.7, 122.9, 122.3, 122.0, 82.7, 81.7, 51.1, 41.2, 23.6, 13.3, -0.8. IR (NaQ, 
em - 1): 3290 (alkyne C-H), 2100 (alkyne C-C), 1080 (Si-0). 

Synthesis of cyclic co-oligomer (CP2) 
Under a dry argon atmosphere, 3-chloropropyldichloromethylsilane (4.1 ml, 
26mmol) and dichlorodimethylsilane (3.1 ml, 26mmol) in 13 ml of diethyl ether 
were added d.ropwise to water (20ml) at 0°C. The mixture was stirred for 24h 

at ambient temperature. 'The reaction mixture was atracted with ethyl acetate. 
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Sc:heme 2 Synthetic pathways of 3 and quaternization pathways of Pl and P2. 

The combined organic layer was WD5hed with a saturated sodium hydrogen 
carbonate aqueous solution sevl:l'a!. times, dried ~ anhydrous sodium sulfate 
and filtered. The filtrate was concentrated under reduced pressure and obtained 
as a colorlas liquid with an yield of 5.25g (96%). 1H NMR {~, 400Mfu): 
~(p.p.m.) = 3.54 (m, 2H, Si(CH2)zCH2 ), 1.81 (m, 2H, -SiCH2CH7 ), 0.65 (m, 
2H, -SiCH:z-), 0.09 (m, 9H, SiCH3). 13C NMR (CD03o 100Mfu): 
~(p.p.m.) = 47.6, 14.6, 13.4, 0.7, -0.7. m (Naa, an -l): 1079 (Si-0). 

Synthesis of random copolymer (P2) 
P2 was prepared by a similar method as P1 but using CP2 {5.3g. 25mmol). 
P2 was obtained as brown precipitates with an yield of 2.32g (45%). The 
spectral data are shown below. 1H NMR (CDO,, 400MHz): ~(p.p.m)=3.50 
(m, 2H, Si(CH2)zCH2 ), 1.80 (m, 2H, -SiCH2CH7 ), 0.64 (m, 2H, -SiCH2-), 

0.09 {m, 9H, SiCH3). 1'c NMR (CD03, 100MHz): IJ(p.p.m) =47.3, 26.4, 
14.7, 0.8, -0.8. IR (NaQ, cm-1): 1080 (Si-0). 

Synthesis of quatemized copolymer (Pim2) 
Pim2 was prepared by a similar method as Plml but using P2 (5.3 g, 
25 mmol) and 3. Pim2 was obtained as brown pn:cipitate5 with an yield of 
2.32g (45%). The spectral data are shown below. 1H NMR ((CD3)zSO, 
400MHz): ~(p.p.rn.) = 9.7 (br, HI, imidazole proton), 7.90 {m, lH, imidazole 
proton), 7.80 {m, UI, imidazole proton), 7.47 {m, 4H, phenyl protons), 5.50 
(s, 2H, benzyl protons), 4.24 (s, 1H, alkynyl proton), 4.16 (s, 2H, 
Si(CH2 ):zCH;zN-), 3.53 {s, 2H, Si(CH2):zCH;zCI), 1.71 (m, 4H, SiCH2CH7 ), 

0.58 {s, 2H, SiCH2(CH2 ):zO, 0.39 {s, 2H, SiCH2(CH2):zN-), 0.03 (s, 12H, 
SiCH3). 13C NMR (CD03, 100MHz): ~(p.p.m.) = 136.7, 135.9, 132.4, 128.8, 
122.9, 122.9, 122.3, 83.0, 81.9, 51.6, 47.8, 47.8, 26.4, 23.8, 14.5, 13.5, 1.1, -0.6, 
-0.6. 1R {NaQ, em - 1): 3290 (alkyne C-H), 1080 (Si-0). 

The CuAAC reaction and preparation of emulsions 
For conjugation with Cy3, Piml (9.8 nmol), the azide derivati~ of Cy3 
(20 nmol), tris[ (1-benzyl-1-H-1,2,3-triazol-4-yl)methyl] amine (50 mnol) and 
TACH (5.0nmol) wen: added to 0.15ml of deionized water/dimethyl sulfoxide 
(v/v= 3:1), and the mixture was stirred fur 6h at 27 oc. The conjugation with 
.AI.aa Fluor 488 was carried out similarly, except that the reaction mixture was 

'=! 
m 

Plm1 

q 
n 

Plm2 

incubated with DE-52 anion-excllange resin in 20mM 'Iiis-HO buffer (pH 72) 
for 12 h at ambient temperature thn:e times after the CuAAC reaction to n:movt: 

unreacted label mola:ules. Deionized water ( 1.0 ml) and soybean oil (5.0 )Jl) 
wen: added to the reaction mixture and ultrasonicated fur 30 min. The emulsion 
solution was dialyzed against a 0.55-DlM solution of EDTA in deionixd water 

overnight and concentrated by Amicon illtra-4 Centrifugal Filter Units 
(molecular weight cutoff: lOOkDa, Merck Millipore, Billerica, MA, USA). For 
conjugation with dSGFP2, Plml (9.8 nmol), the azide derivative of dSGFP2 
(20 nrnol), tris[ ( 1-benzyl-1-H-1,2,3-triazol-4-yl)methyl] amine (50 nmol) and 
TACH {5.0 runol) were added to 0.15 ml of 20 D1M 'Iiis-HQ buffer (pH 7.0) 
containing 25% v/v dimethyl sulfoxide and 20% v/v glycerol, and the mixture 
was stirred for 6 h at ambient temperature. The reaction mixture was dialyzed 
against a 0.55-lllM solution of EDTA in deionized water overnight. Deionized 
water ( 1.0 ml) and soybean oil (5.0 )Ill wen: added to the dialyzed reaction 
mixture and ultrasonicated fur 30 min. The emulsion solution was concentrated 
by centrifuging the solution at 2000 g fur 15 min and collecting the emulsion 
phase in the upper part of the solution. The emulsion fraction was added to 
0.5 m1 of water and centrifuged again. This concentration process was repeated 
thn:e timeL The CuAAC :read:ioni ofPim2 (16 mnol, 2.9 runol equiv. of alkyne) 
and the azide derivatives (5.7 nmol) and preparation of emulsions were also 
carried out similarly. For the encapsulation of Nile n:d in the emulsions, soybean 
oil was mixed with an equal volume of acetone containing 5.62mgml-1 of Nile 
red, and this mixture was used for emulsion formation. 

RESULTS AND DISCUSSION 
Synthesis of the polymers 
Sclteme 1 shows the synthc:tic pathways for PI and P2. PI and P2 
were obtained via the anioni~ ring-opening polymerization of CPl 
and CP2, respectively, using tetramethylanunonium hydroxide (10% 
methanol solution) as the initiator.29 CPI was obtained from 
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F .. re 3 1H NMR (400MHz> spectra of (a) Plml and (b) Plm2 and 13(; NMR UOOMHZ) spectra of {c) Plml and (d) Plm2 in (CD3l2SO at ambient 
temperature. 

3-chloropropyldichl.orom.et:hylsilanc, and CP2 was obtained from 
dkhlorodimethylsilane and 3-cbloropropyldichloromethylsilane via 
hydrolysis arul cyclization reactions. 

1H and 13c NMR and IR spectroscopy amfumed the strudllre ofPl 
and P2. The resu1l8 of the anionic ring-opening polymerization of CPl 
and CP2 are summarized in ThbJe I. PI and P2 were soluble in common 
organic soMm.m such as ~ cblorofurm, dichloromethane 
and wluene. The funnation of <Pl., CP2, P1 and P2 was oonfirmed by 
s:ize..crdusion dmmatography and NMR. spect:roscopy. The moJecular 
weights of PI and Pl were much larger than those of CPl and CP2, 
respectively, indicating that polymerization was sua:essful The size.. 
aclusion chromatography profiles of Pl and P2 irulicated that the 
obtained polymem were unimodal and that the low-molecular weight 
species, such as cyclic dimeD or 1rimen, were IIW8Ily rmwvcd by 
~on in methanoL The 1H and 1'c NMR spectra of CPIIPl 
and CP1JP2 are shown in Figura 1 and 2, respectivdy. The 1H and 
13C NMR. 5pCdra of Pl and P2 were nearly .similar to those of CPl and 
CP2, n:sped:M:ly, in whim each signal was mnsi5tmtly a85igncd. The 
iDtegnltcd ratio of each 1H NMR lli3nal. was awistart with the structure 

of CPl, CP2, PI and P2 as de.tcribed in Figures 1 arul 2. These resulb 
strongly support that no side-reactions oocurred during anionic ~ 
opening pol:ymeri2ation. 

·50 -40 -30 ·20 -10 0 10 20 30 40 50 

Temperatu:e I 't 

f"IIUnt 4 DSC 1races of (B) Plml and {b) Plm2 on a second heating scan at 
a heatil"@: rate af 10 "C min - 1 under a N2 flow rate of lOml min-1• 

Quatemhation reaction of the peadent: a a.toms of the polymen 
According to Schc:me 2, the pendent chlorides of Pl and P2 were 
functionalized by a quatcmized reaction with the imiduole 
derivative. 

1H and 13C NMR and IR spectroscopy confirmed the structure of 
Plml and Pim2. 1H NMR. confirmed that the conversion of the 
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Scheme 3 The CuAAC reaction of Plml and Plm2 with azide-functionalized fluorescent molecules. 

Flt;we 5 Transmission (taft) and fluorasc«~ce (right) microsoopy images ( x 400) of (e) Cy3-, (b) AIQX.I Fluor 488- and (c) cfSGFP2-functionalized 
emulsions. A full color ver.~ion af this figure is available at Polymer Joumsl online. 

pendent chlorides to the imidazole d~ was sufficiently quanti
tative. The 1H NMR signal of Pl at 3.51 p.p.m. fur the -O:ha 
protons disappeared and was replaced by a new signal at 4.33 p.p.m. 
for Plml, typical of ~r imidazole protons (Figure 3a. signal d). 
Similarly, the 1H NMR signal of P2 at 3.50p.p.m. disa~ 
and was replaced by a new s:ignal at 4.16p.p.m. for Plm2 
(Figure 3c. si.gnaJ. i). The degn:e of quatemi2ation in the Plml and 

Plm2 was estimated by integrating the ratio of the 1H NMR signals 
between 6 = 4.33 and 3.51 p.p.m. and between 6 = 4.16 and 
3.50p.p.m., resp~. The unreacted propyl signals of P2 were 
detected at 51.6, 26.4 and l4.5p.p.m. in the 13C NMR spocttum. 
(Fig1.lra 3b and d). Table 1 shows the molecular weights of the 
polymers estimated from the degree of quatemization of the poly
men. The degn:e of quatemization in Plml was significantly lower 
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FJ&ure 6 Transmission (left) and 11uoi'6Scence (right) micrOStopy images ( x 400) of emulsion encapsulating Nile red. A full color version of this figure is 
available at Polymer Joumsl online. 

than that of Plml. As PI is a homopolymer of (3-dlloropropyl) 
siloxane units. quaternization can oo::ur at every unit of Pl. There
fore. the positive charges of the imidazolium salts would be 
introduced in high density. The electrostatic repulsion caused by 
positive charges would cause the polymer to adopt an extended 
structure and expose the reac1ive groups, thereby fadlitating further 
quatmlization reaction and finally resulting in a high degree of 
quatemization. lD contrast, quatemization can occur at only half of 
the units ofPl. which is a random copolymer of(3-chloropropyl)si
loxane and dimethylsiloxane units. lD this case, the positive charges of 
the imidazolium. salts would be introduced in lower density, whic:b. 
would be insufficient for polymer to adopt an atended structure. A$ 
a result, the reactive groups would largely remain un.c:sposcd. 
resulting in a low DnaJ. quatemization degree. 

Plml was soluble in polar solvents such a.s methanol, d.im.ethyt
formamide. dimethyl sulfoxide and H20. However, Plm2 was toluble 
not only in polar but also in organic solvents such as chloroform and 
dic.hloromethane. These resultll are consistent with the higher degree 
of quatemization in Plml than in P.lm2. 

Thermal cbuacttrizatioo. of polymers 
r, of Plml and Plm2 were determined by DSC and are summarized 
in 'Dible 1. Figure 4 depicta the DSC thermograms for Plmt and 
Plm2 on a second heating scan under a nitrogen atmosphere at a 
heating rate of l0°Cmin-1• The r1 ofPiml was determined to be 
17 oc. Howevc:r. the T1 of Plm2 was not observed in the DSC 
thermogram. The T1 of Plm2 is likely not much different from that of 
Plml because Plm2 is as viscous as Plml at ambient temperature. h 
Plm2 is hygroscopic, its glass transition could be hidden under the 
endothermic changes obsemd at --o °C because of the solid-liquid 
traDSitian of water in the polymers. It has been reported that the rt! of 
a polymer strongly affects its drug releue rate. 30 The drug diffiuiv.ity 
of the polymer in the rubbery state is much higher thm that in the 
glassy state. There!ore, Plml and Plm2 should be satisfactory in drug 
release upon administration because of their r, being Iowu than 
body tcmpc:ratw:e. Further, meltiDg temperatures were not observed 
in the DSC the:rmograms of Plml and Plm2. These renilis suggest 
that Plmt and Pim2 are nonaymlline polymera. This fi:ature would 
be favored over drug encapsulation beaute oDly the amorphous 
phase in the nanoparticle is lilcely to accommodate drug molecuies.31 

The CuAAC readion mcl formation of emuWons WliDg the 
polymen 
The Cw\AC I'Cildion was perfurmed with the polymers and label 
molecules (2.0 mol equiv. per polymer). TACH. the Cu (I) complex, 
was used as a catalyn at a final concentntion of 33.3 f1M. 

Dis[ (1-benzyi-1-H-1,2,3-triazol-4-yl.)methyl) amine, a tris-triazole 
ligand that facilitates the CuAAC reaction, was added at 10 equiv. 
of the Cu (I) complex: concentration. Scheme 3 shows the synthetic 
pathways of the labeled polymers using Pim.l and Plm2. As a control 
experiment, the reaction wu carried out without TACH. 

The polymers. consisting of a polysilanne chain (hydrophobiA:) 
and imidu:olium salts (hydrophilic), were assumed to form emulsions 
in water. The o/w emulsions with soybean oil were prepared by 
sonication with the polymers as an emulsifier in water, and wu:eacted 
label molecules and Cu (I) were removed by c:xtensive dialysis against 
0.55 mM EDIA. The diameters of the resulting emulsions were 
,.., ISO nm. The (;()W}ent attachment of the ligand to the polymer is 
not easily confir:med by detecting the formation of the triazole ring as 
the product of the click reaction because the signals of .imidazole 
overlap with those of the triazole ring in ultnrviolet and IR spectra, 
and the product was not obtained in a sufficient amount for NMR 
spectroscopy. Hence, conjugation of the fluole$CCilt labels onto the 
surface of the emulsions was eumi.ned by a fluore,socnce microscope. 
The microscopy images of the emulsions formed by Plm2 are shown 
in Figure 5. Similar images were also obtained for the emulsions 
formed by Plml {data not shown). When Cy3 and cl5GFP2 were 
used as label molecules. fluoresc:enc:e was observed on the surfAce of 
emulsions (Figura Sa and c). In contrast, the emulsions e:dlibitcd no 
fluorescence in the control e~periment in which the polymers and 
azide-func1ionalized fluoresc:en:t labels reacted in the absence of the 
Cu (I) catalyst (TACH) (data not shown), suggesting that the 
fluorescent labels were not physically adsorbed to the polymers. From 
thae results. it an be deduced that the fiuore~CeDce obtemd on the 
surface of the emulsions was caused by the covalently coupled label 
molecules. 23 When Alexa Fluor 488 was conju~d, fluorescence was 
obsetved on the surface of emulsions im:spmive of the presc:nce of 
TACH. We hypotbe:tizcd that the positive charges ofimidu:olium salts 
in the polymer attracted Alc:u. Fluor 488. bearing multiple negative 
charges. Th avoid such an interac1ion, unreacted label molecules were 
removed by anion-exchange resin after the CuAAC reaction. & a 
result, the emulsions fmmcd by resin-treated polymers conjugated 
with Alexa Fluor 488 sucus.sfully exhibited fluorescence (Figure Sb) 
but no tluole.'ICCllce was exhibited in the comrol experiment (data not 
shown). In addition. aggregation occurred when cl5GFP2 was 
conjugated, possibly because of the hydrophobic interaction ~en 
the polymer and protein. .Aggregation wu succciSfuD:y cin:umveuted 
by adding glyc:erol in the final. coru:entration of 20% v/v. 

Tbe drug CTM"'l!p'nlrrtitm abili1y af the emulsion was ewluatcd using Nile 
red as a model drug. Nile red is a dvatoduomic dye that exhibits slro1J8 
fluomcmce in a nonpalar solYent. When ~ oil oon1aini:ng Nile red 
was emulsified by Plm2. the muJtant cmulsiom c:dUbital ~ 



characteristic of Nile red in a nonpolar environment, indicating that Nile 
red was encapsulated inside the emulsions {Figure 6). Future wmk will be 
fuwsed on elucidating the drug-c.:arrying Olpacity, 5labili.ty, targeting to 
cells and drug release properties of this emulsion 

Previously, an alkyne-functionalized poly-(dimethylsilaxane)-poly 
(2-methylaxazoline) block copolymer was synthesized to form a 'click
able' polymersome.18 In this polymer, an alkyne group was introduced at 
each end. In rontrast:. the polymers developed in the current study were 
highly functionalized with alkyne groups. This feature should be 
advantageous in funning emulsions carrying targeting and labeling 
molecules in high density, which would lead to effi:ct:ive drug delivery 
to target cells and sensitive in vivo detection For such alkyne 
functionalization in high density, polyacrylate has been used as a 
hydrophilic block to conjugate alkyne derivatives to polymer side 
chains by carbodiimide coupling. 21 In the current study, alkyne
functionalized amphiphilic polymers can be obtained in a simpler way 
by simultaneously introducing alkyne functionality and hydrophilicity 
using a quatc:rnization reaction, which would be advantageous fur large
scale preparation of drug carriers. In addition, imidazoliwn-based 
polymerized ionic liquids have been shown to possess high binding 
ability for DNA 25 Therefore, the polymers developed in the curn:nt 
study containing quaternized imidazoliwn salts would be versatile as 
carriers fur not only drug delivery but also DNA delivery. 

CONCLUSION 
The synthesis of poly(dimethylsiloxane) derivatives with quatemized 
irnidazolium salts having an alkyne group (Piml and Plm2) was 

achieved. The introduction of the alkyne group enabled coupling with 
azide-functionalized fluorescent dyes and green fluorescent proteins 
using a copper-based catalyst. Fluorescence-labeled o/w emulsions 
were successfully formed using the labeled polymers. Therefore, Plml 
and Plm2 would be useful fur drug delivery by conjugating 
cell-specific targeting molecules by the click reaction. 
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