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Purpose: To fabricate multifunctional nanocapsule via Pickering emulsion route to facilitate

tumor-targeted delivery.

Methods: Poly(N-isopropylacrylamide-co-acrylic acid) nanoparticles (PNA) stabilized

nanocapsules were fabricated by Pickering emulsion (PE) technology. For controllable drug-

release and enhancing targeted antitumor effects, the nanocapsules were crosslinked with

cystamine and coupled on cell-surface molecule markers (cRGDfK) to achieve on-demand

drug release and targeted delivery.

Results: The fabricated PE and nanocapsules with average particle sizes (250 and 150

nm) were obtained. Encapsulation efficiency of hydrophobic anticancer drug (DOX) was

determined as >90%. Release kinetic profiles for encapsulated nanocapsules displayed

circulation stability and redox-sensitive releasing behavior with the supposed increase

bioavailability. Both cytotoxicity assay, cellular uptake analysis and anticancer efficacy in

B16F10 murine model demonstrated these redox-responsive drug-release and active

targeted delivery.

Conclusion: The results clearly demonstrated nanocapsule via PE route as promising

candidate to provide an effective platform for incorporating hydrophobic drug for targeted

cancer chemotherapy.
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Introduction
The use of nanocapsules has been considered an attractive and promising strategy

for anticancer drug delivery since nanocapsules have the ability to effectively

encapsulate therapeutic drugs, improve solubility, deliver the drug to targeted tissue

or cells, and improve the therapeutic index of various chemotherapeutic.1,2

Classical preparation methods, including emulsion–diffusion, nanoprecipitation,

emulsion–coacervation, polymer-coating layer-by-layer were applied to prepare

nanocapsules.3,4 Among these various approaches, the emulsion–diffusion techni-

que was one of the most prominent methods to prepare emulsion-based micro- or

nano-capsules using small molecule surfactants,5 proteins,6 and colloidal particles

as emulsifiers.2,7 Recently, colloidal particles acting as particulate emulsifiers to

fabricate nanocapsules based on Pickering emulsion (PE) technology have aroused

great interest.2,4,8–12 Compared to conventional emulsion technology, nanocapsules

via PE route provide significant advantages in stabilization, tunable interfacial

permeability, and enhanced controlled-release behavior.7,13,14 Some researches
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suggested that soft nanoparticles due to their interfacial

rheologic properties as emulsifiers had a more important

influence on the stability of the system.8,15 In our previous

work, the deformable nanogels were used to fabricate

nanoscale suprastructures via PE, which was capable of

effective delivery of paclitaxel and prolonged blood circu-

lation in vivo.9 Nevertheless, the controlled release and

targeted delivery of the payload remain a challenge for this

delivery system.1

The nanocapsules with soft nanoparticle shells impart

additional capabilities including controlled release of drug by

responding to environmental stimuli (eg, pH or reduction).14

So, a cross-linking strategy through a disulfide bond under

tumor microenvironment stimuli has been utilized to solve

stability and controlled-release problems.16,17 Several groups

reported that different structures of nanocarriers showed trig-

gered drug-release behavior compared to their reduction-

insensitive system and improved antitumor activity.16,18,19 In

addition, the utilization of special tumor cell-surface molecule

markers can achieve cancer-targeted drug delivery. The αvβ3
integrin which is overexpressed in invasive tumors like mela-

nomas, glioblastomas, breast, and colon was recognized by

peptide analogs containing the RGD (Arg-Gly-Asp) sequence.

So, RGD peptide analogs functionalized therapeutic system

was a promising strategy for tumor-targeting treatment, such

as micelles, liposome, and nanoparticles.16,17,20

Here, poly(N-isopropylacrylamide-co-acrylic acid) nano-

gel (PNA) stabilized nanocapsules were fabricated by PE

technology. For enhancing antitumor effects and controllable

drug release, the nanocapsules were crosslinked with cysta-

mine to achieve circulation stability and reduction-sensitive

drug release. A cyclic peptide c(Arg-Gly-Asp-d-Phe-Lys)

(cRGD) was linked to the surface of reduction, crosslinking

nanocapsules using EDC/NHS chemistry as the coupling tech-

nique (Scheme 1). cRGD coupling on redox-sensitive cross-

linked nanocapsules via PE will be proposed as a nanocarrier

for on-demand drug release and targeted delivery.

Material and methods
Materials
Acrylic acid (Sigma-Aldrich, China) was distilled before use.

N,N’-methylenebisacrylamide and N-Isopropylacrylamide

(J&K Scientific., Ltd., Shanghai, China) were recrystallized

from methanol and n-hexane, respectively. Doxorubicin

hydrochloride (DOX HCl) was purchased from Xianghe

Shunda Fine Chemical Co., Ltd. (Wuhan, China). 1-Ethyl-

3-(3-dimethylaminopropyl) carbodiimide hydrochloride

(EDC.HCl), N-Hydroxysuccinimide (NHS), potassium per-

sulfate, sodium dodecylsulfate, and 5-aminofluorescein were

analytic grade and purchased from J&K Technology, Ltd.

cRGD was synthesized by ABBiochem Co., Ltd. (Shanghai,

China). DMEM and RPMI-1640mediumwere obtained from

HyClone Laboratories, Inc. (Utah, USA). Trypsin was pur-

chased from Gibco-BRL Life Technologies (Carlsbad, CA).

Biosharp (Hefei, China) supplied DAPI and MTT. All other

chemicals were analytical grade and used without further

treatment.

Cell lines and murine tumor model
The mouse melanoma cell line B16F10 and human cervix

adenocarcinoma cell line HeLa were obtained from

Scheme 1 Synthesis of PNA nanogels and fabrication of cRGD-modified reduction-sensitive nanocapsule via Pickering emulsion route for enhanced tumor targeted delivery.
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CCTCC (Wuhan, China), which were cultured in DMEM

and RPMI-1640 media containing 10% FBS, 10 IU/mL of

penicillin and streptomycin at 37°C in a 5% CO2

atmosphere.

C57BL/6 mice (female, 6–8 weeks) were purchased

from the Laboratory Animal Center, Hubei Academy of

Preventive Medicine (Wuhan, China). All animal studies

were approved by the IACUC committees at Hubei

University of technology, the care and use of animals

were followed the guideline for welfare and ethics of

laboratory animals in People’s Republic of China. In this

work, we used the murine B16F10 tumor model, which

was subcutaneously inoculated with 1×106 B16F10 cells

onto murine host. Once tumor volume grew to 200 mm3

(length × width × width ×0.5), host was subject to ther-

apeutic studies.

Preparation of PNA nanogel-stabilized

PEs
PNA nanogels were synthesized using N-isopropylacrylamide

and acrylic acid at a ratio of 10:1 with emulsion polymeriza-

tion described before (Supporting information).21 The aqueous

phases of the nanogels (10 mg·mL−1) were obtained by dis-

solving freeze-dried PNA nanogels into water. The crude

emulsion was prepared after shearing the mixture the aqueous

phase and organic phase (Chloroform) at 13,000 rpm for 10

mins (Fluko FA25 homogenizer). The PEs were further

obtained by ultra-sonicating the preliminary emulsion (400

W, 2:2, 4 mins) using an ultrasonic cell disruptor (JY92-IIN,

Ningbo Scientz Biotechnology Co., Ltd., China) in an ice-

water bath. The 5-aminofluorescein-labeled PNA nanogels

(Supporting information) used to validate the location of

nanogels in O/W emulsion surface. Using the same method,

red fluorescent material (DOX)was encapsulated into the PEs.

Fabrication of cRGD-modified and

redox-sensitive crosslinked nanocapsule

(cRGD-ss-NCPE)
Nanocapsule via Pickering emulsion route (NCPE) was

prepared using the PE solvent evaporation method to

remove chloroform.15 The redox-sensitive crosslinked

nanocapsule was crosslinked by cystamine dihydrochlor-

ide using EDC/NHS chemistry coupling.17 First, 5 mL of

NCPE (pH=3.6–3.8) was activated by adding 3 mg of

NHS and 10 mg of EDC. After the suspension was stirred

for 30 mins, the pH value was adjusted to 6.8–7.2 with

triethylamine. Then, cystamine dihydrochloride was added

and reacted for 24 hrs at room temperature. The cross-

linked cRGD-modified nanocapsule (cRGD-ss-NCPE) was

prepared by mixing 1.69 mg cystamine dihydrochloride

and 5 mg of cRGD peptide at the same time to the above-

activated mixture for a further 24 hrs at room temperature.

Finally, cRGD-ss-NCPE was dialyzed to remove redun-

dant molecules. DOX was chosen as the model anticancer

drug to assess the DOX-loaded NCPE (DOX-NCPE, or

cRGD-DOX-ss-NCPE). For the encapsulation of DOX in

nanocapsule via PE, DOX was dissolved in CHCl3 to form

the oily phase, and the PEs stabilized were prepared by 1%

PNA nanogels. Then, DOX-loaded NCPE (0.5 mg·mL−1)

was received according to the above method.

Characterization
Measurement of size distribution, zeta potential, and

morphology

The average size, polydispersity index (PDI), and zeta

potential of the NCPE and cRGD-ss-NCPE were observed

by dynamic light scattering (DLS, Malvern Instrument,

Malvern, UK). Morphology of nanogels and NCPE were

determined through transmission electron microscopy

(TEM, JEOL JEM-2100F, Japan). The PE with or without

DOX, which were stabilized by 5-aminofluorescein-

labeled PNA were observed by confocal microscopy

(Perkin Elmer, UltraVIEW VoX, USA) for confirming

the PE structure at the excitation (λex=490 nm) and emis-

sion (λem=525 nm) wavelengths.

Stability and reduction-triggered destabilization of

NCPE

The physical stability of the NCPE and crosslinked-NCPE

was inspected by DLS. The samples diluted with extensive

dilution water (1:3,000) and the cell culture medium

(DMEM, 1:100), and measured their sizes. The redox-

sensitive evaluation of reduction crosslinked-NCPE was

monitored in vitro by DLS. The sample solutions were

diluted 10 fold with water and bubbled with N2 for 15

mins, glutathione (GSH) was added to yield the final GSH

concentration (10 mM) in a shaking bed at 37°C. The

change of the sample’s size was monitored at predeter-

mined time intervals. The non-crosslinked NCPE acted as

the control.

The crystal form determination of the DOX

encapsulated in the NCPE

A differential scanning calorimeter (DSC, Perkin-Elmer

Pyris Diamond) was used to observe the change in the

crystal form of DOX with or without being encapsulated
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by NCPE. Differential scanning calorimetry runs were

performed over a temperature range from 25°C to 400°C

at a heating rate of 10°C per minute. Free DOX and blank

NCPE were selected as the controls.

Drug loading efficiency

To investigate the drug loading amount (DL) and the

entrapment efficiency (EE) of DOX-loaded NCPE formu-

lations, 1.0 mL DOX-NCPE or cRGD-DOX-ss-NCPE

were added to ultrafiltration tube (Minipore, 10KMWCO,

4 mL) and then centrifuged (3,000 rpm for 1 hr). The

resulting filtrate was performed by fluorospectrophotome-

try (F4500, Hitachi Co., Japan) with the measured condi-

tion (λ(ex)=498 nm, λ(em)=556 nm). EE (%) and DL (%)

were calculated as follows:

EE %ð Þ ¼ W0 � Cf :Vf

� �
=W0 � 100%

DL %ð Þ ¼ W0 � Cf :Vf

� �
=Ws � 100%

Here,W0 is the feeding amount of DOX andWS is the weight

of the DOX-NCPE after lyophilization, Cf and Vf are the

concentration and volume of free DOX, respectively.

In vitro drug-release behaviors
The drug release from DOX-loaded NCPE formulation in

different situations was evaluated using the dialysis tech-

nique. The aqueous suspensions of 1.0 mL of DOX-ss-

NCPE were placed within dialysis tubes (MWCO of

8,000–14,000), which were immersed into PBS (0.1 mol.

L−1, pH=7.4,) with or without GSH (10 mmol.L−1) and

continuously shaken at 37°C. The dialysate samples were

removed at prescribed time intervals using fluorescence

measurement (λex=480 nm, λem=570 nm). Similarly, the

release of DOX from DOX-NCPE in PBS was also mon-

itored as a control group.

In vitro cytotoxicity assay and cellular

uptake
To explore the biocompatibility of the blank nanocap-

sule and the antitumor ability of DOX-loaded NCPE

formulation in vitro, a MTT assay was performed

using B16F10 cells and HeLa cells. The empty series

NCPE (NCPE, crosslinked NCPE, cRGD-ss-NCPE) and

cRGD solution were diluted to the designed series con-

centration for biocompatibility test. Then, DOX, DOX-

NCPE, DOX-ss-NCPE, cRGD-DOX-ss-NCPE were

diluted to the designed series concentration of DOX

(from 0.01 to 10 μg.mL−1) with culture medium. The

cell viability was performed using the MTT assay after

incubation for 24 hrs with a microplate reader (BioTek

Epoch, USA). The concentration inhibited cell growth

by 50% (IC50) of formulations were calculated using

GraphPad Prism software.

Cellular uptake and intracellular release behaviors of

the DOX-loaded NCPE formulations were investigated by

CLSM using B16F10 cells (ανβ3 integrin-positive cells)

and HeLa cells (ανβ3 integrin negative cells). B16F10 cells

and HeLa cells had been incubated with free DOX, DOX-

ss-NCPE, and cRGD-DOX-ss-NCPE (concentration of

DOX were 1 μg.mL−1). Incubation was carried out at

different time intervals (2 hrs, 6 hrs). Finally, the cells

were fixed with 4% paraformaldehyde and cell nuclei

were stained with DAPI. The images were made using

CLSM.

In vivo anticancer efficacy and tumor

permeability
The tumor-bearingmice (tumor volume about 180–200mm3)

were divided into three groups randomly as follows

(n=5–7 per group): (1) PBS group; (2) DOX solution group

at 10 mg.kg−1; (3) cRGD-DOX-ss-NCPE at 10 mg DOX/kg.

For DOX solution group and cRGD-DOX-ss-NCPE group,

Dox was administered i.v. from day 10 and injected every

other daywith 4 total administrations. Tumor size and weight

were detected every other day. The antitumor efficiency was

evaluated by comparing with the inhibition ratio (IR). IR

(%)=[(WC – WT)/WC] ×100, here WC and WT, respectively

represent the average tumor weights of PBS group and each

therapeutic group. DOX as model drug and probe was loaded

in nanocapsule for the imaging of nanocapsule distribution

and permeability in tumor. DOX solution and cRGD-DOX-

ss-NCPEwere i.v. injected with a single dose of 10 mgDOX/

kg on the tumor-bearing mice. Tumor tissues were collected

6-hr post-injection. To visualize DOX-loaded nanocapsule

distribution and penetration, the tumor was lyophilized and

sectioned. Images were taken by fluorescence microscopy

(Nikon, Tokyo, Japan).

Statistical analysis
Data were shown as mean±SD and obtained from no less

than three separate experiments. The significances of the

differences were analyzed using a two-tailed Student’s

t-test and one-way ANOVA. *p<0.05; **p<0.01 and

***p<0.001 were considered statistically significant in all

cases.
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Results and discussion
Nanocapsule via PE route and

characterization
A series of measurements were employed to verify the for-

mations of the nanocapsule via PE from PNA nanogels. PNA

nanogels displayed an average diameter of about 145.2 nm

and a narrow size distribution (PDI<0.10) with negative zeta

potentials. PE and NCPE stabilized by PNA nanogels were

characterized using DLS. First, PNA, PE, NCPE, and cRGD-

ss-NCPE had average diameter of about 143.2, 230.9, 153.4,

and 151.9 nm, respectively (Figure 1), and uniform particle

size distributions with PDI<0.20 (Table S1). The spherical

poly(N-isopropylacrylamide) (PNIPAM)- based nanogels

were found to have significant deformability of swelling-

shrinkage in response to an external stimulus (eg, tempera-

ture) in our previous studies.9,21,22 PNA nanogels have

a highly deformable ability, where N-isopropylacrylamide

was used as the scaffold of network-like nanogels with

deformability.23 TEM imaging of PNA (Figure 1C) also

validated that PNA had a spherical loose morphology,

which was similar to that of our previous nanogels.9 TEM

images of the PE droplets stabilized by PNA nanogels

(Figure 1E) showed a capsule-like and inherently hollow

morphology, which provided enough space for the drug

entrapment, and the deformable PNA nanogels were

arranged at O/W interface similar to cauliflower. The sizes

of NCPE and cRGD-ss-NCPE decreased by about 100 nm

due to remove the organic phase but little change in size and

PDI were observed after crosslinking by cystamine or cRGD

modification. Figure 1D and F showed that DOX-NCPE and

cRGD-DOX-ss-NCPE displayed a core-shell structure,

which had a compact hydrophobic core and a loose hydro-

philic shell. Disulfide crosslinking provided an opportunity

for triggered drug release due to the existence of abundant

reducing substances such as glutathione in cancer cells,

which has provided for reversible stabilization.24 The zeta

potential of PNA, PE, NCPE, and cRGD-ss-NCPE were

−12.5, −22.5, −19.2, and −17.6 mV, respectively (Table

S1). Zeta potential of nanostuctures were negative due to

existence of free carboxyl groups on the surface. The nega-

tive charges of NCPE and cRGD-ss-NCPE could reduce

clearance by the reticulo-endothelial system (RES) due to

the low absorption of plasma proteins.25

To validate the distribution of the PNA during the

formation process of PE, 5-aminofluorescein was conju-

gated to PNA nanogels via amide (Supporting informa-

tion). Imaging showed that green color presented at the

interfaces of the droplets, possibly ascribed to the 5-ami-

nofluorescein-labeled PNA nanogels around emulsion dro-

plets (Figure 2B). DOX (5 µg.mL−1) as a fluorescent dye

was also encapsulated into the PE. The red fluorescence

was observed in the inner oily droplets and coexisted at the

O/W surface (Figure 3C), and a yellow-green color from

5-aminofluorescein-labeled PNA nanogels surrounding PE

droplets existed (Figure 2D). PE was an emulsion that was

stabilized by solid, nano- or micro-particles in the
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Figure 1 Particle size, size distributions and morphologies of PNA nanogels, Pickering nano-emulsions (PE), and nanocapsule formulations via Pickering emulsion route

(NCPE). (A) Particle size of PNA nanogels (average diameter of 143.2 nm from DLS). (B) Particle size of PE (average diameter of 230.9 nm from DLS). (C) TEM images of

PNA nanogels. (D) TEM images of DOX- NCPE. (E) TEM images of the Pickering emulsions stabilized by PNA nanogels. (F) TEM images cRGD-DOX-ss-NCPE.
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common sense.8 Several groups and our previous work

found that soft particles like PNIPAM-based nanogels

could stabilize and fabricate PE.9,15,26 Here, PNA where

P-Nisopropylacrylamide was used as the scaffold of

nanogels with deformability,26,27 acrylic acid was copoly-

merized to improve hydrophilicity and provide an active

site for crosslink or modification. Our result revealed that

PNIPAM-based PNA nanogels had a highly deformable

A C

DB

E

Figure 3 Comparison of stability of non-crosslinked NCPE (A) and cRGD-ss-NCPE (B) against dilution by water (3000 fold) and DMEM (100 fold). (C and D) the stability

of non-crosslinked NCPE (C) and cRGD-ss-NCPE (D) during storage time respectively. (E) the redox-induced size variation of cRGD-ss-NCPE in the presence or absence

of 10 mM GSH.

A C

DB

Figure 2 Fluorescent and optical images of the Pickering emulsions. (A) Optical image of the Pickering emulsion stabilized by 5-aminofluorescein labeled PNA nanogels. (B
and C) Fluorescent images of the DOX-loaded Pickering emulsions stabilized by 5-aminofluorescein labeled PNA nanogels (5-aminofluorescein-labeled PNA nanogels show

green fluorescent, DOX Show red fluorescent). (D) Fluorescent merged image of the Pickering emulsions containing DOX, stabilized by 5-aminofluorescein-labeled PNA

nanogels. Scale bar = 5 μm.
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ability, could arrange at O/W interfaces perfectly. Then,

TEM imaging (Figure 1E) showed that the PE displayed

capsule-like structures and matched with the fluorescent

imaging (Figure 2) of the PE.

To improve circulation stability of the nanocapsule

and prevent drug leakage in blood circulation, the nano-

capsule was crosslinked by reversible disulfide bond.28

Stability of NCPE and cRGD-ss-NCPE against extensive

dilution and cell medium and storage time was investi-

gated using DLS. In Figure 3, there were no significant

changes in the average size of NCPE and cRGD-ss-

NCPE for 48 weeks at room temperature, which demon-

strated long-term stability of the NCPE formulations

(Figure 3C). However, narrow and stable particle size

distribution of cRGD-ss-NCPE compared to NCPE

could be observed (Figure 3D). The results suggested

that the disulfide bond crosslinking in NCPE could

enhance the stability of this nanocarrier. As showed in

Figure 3A, the size of the NCPE increased from 150 to

500 nm after 3,000 fold dilution with water and particle

size distribution increased after 10-fold dilution with

DMEM. The size and size distribution of nanocapsules

increased due to naocapsules not enough stable and

assembling large size nanocapsules under extensive dilu-

tion or similar humoral environments. In contrast, no size

or size distribution changes were observed for cRGD-ss-

NCPE under the same dilution conditions (Figure 3B).

The results revealed that cRGD-ss-NCPE could retain the

nanocapsule structure and improve circulation stability of

the nanocapsule, which is highly favorable for bio-

application.

The change of cRGD-ss-NCPE size in response to

10 mM GSH was monitored at various time intervals

using DLS to prove the redox-stimulant cleavage of the

disulfide bond in cRGD-ss-NCPE. In Figure 3E, the size

change of cRGD-ss-NCPE was from 141.5 to 597 nm

when in the media with 10 mM GSH. However, there

were no significant changes in cRGD-ss-NCPE in the

media without GSH for 10 hrs. These results indicated

that crosslinking of the nanocapsule with the disulfide

bond could de-crosslink under a reducing microenviron-

ment, which could retain systemic circulation stability and

control drug release in response to reducing stimuli.

The drug loading of nanocapsule via PE

and in vitro releasing behavior
Nanogels based on PNIPAM have been used extensively

for drug delivery, but it was limited to load hydrophilic

drugs and poor control-releasing properties.29 We found

that paclitaxel as a hydrophobic anticancer drug could

be well encapsulated into PE nano-droplets stabilized by

deformable nanogels and showed excellent release pro-

files in our previous research.9 Here, DOX as

a hydrophobic anticancer drug model has demonstrated

the loading capability of the nanocapsule via PE route

as a drug carrier. The results showed that NCPE had

high encapsulation efficiency (EE) of 98±1.7% (w/w)

similar to the report and drug loading capacity of 4.2

±0.2% (w/w) for DOX. After crosslinking disulfide bond

and cRGD modification, the EE and the loading effi-

ciency of cRGD-DOX-ss-NCPE had only slightly

decreased to 97.1±1.9% and 4.0±0.19%. The O/W PE

nano-droplets could provide larger hydrophobic space to

load DOX at the beginning of the nanocapsule process,

so nanocapsule showed high drug encapsulation capa-

city. After removing chloroform, a part of the hydro-

phobic DOX was encapsulated into the nanocapsule and

some transferred into 3D networks of PNA nanogels,

A B

Figure 4 (A) DSC curves of Dox, NCPE and Dox-NCPE. (B) In vitro drug release of Dox-NCPE and cRGD-Dox-ss-NCPE with or without 10 mM GSH. Data are

presented as mean ± SD (n=3).
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which were validated using fluorescent imaging (Figure

2C and D).

Some studies revealed that poorly water-soluble drugs

presented in amorphous conditions and lost crystallinity to

improve drug solubility and bioavailability.30 Here, differ-

ential scanning calorimetry (DSC) was used to observe the

reduction in crystallinity peaks of DOX. Figure 4A depicts

the DSC thermograms of pure DOX powder, NCPE, and

DOX-loaded NCPE. DOX powder exhibited a single

endothermic peak at 231°C. However, the sharp endother-

mic peak of DOX-loaded NCPE disappeared. Similar to

blank NCPE, it was attributed to the existence of the DOX

change from a crystalline to an amorphous form.

Favorable drug delivery systems include efficiency

drug-loading capacity, controllable drug-release behavior

and biodegradability profiles. Burst release or drug leak-

age in circulation due to nanocarrier instability would

reduce therapeutic effects, which is a huge challenge for

drug delivery system in vivo.32 The stimuli-sensitive

nanocarriers could respond to extra- and intracellular

biological signal such as redox potential, pH, light,

temperature.33 The reduction responsive due to its super-

ior extracellular stability and rapid intracellular drug

release hold great potential.34,35 The release of DOX

from DOX-NCPE and DOX-ss-NCPE in vitro was mon-

itored at 37°C in PBS (0.1 M, pH=7.4) with or without

GSH (10 mM) to validate circulation stability and redox-

sensitive intracellular delivery of nanocapsule. In the

presence of GSH (Figure 4B), DOX-ss-NCPE released

quickly with about 50.0% cumulative release within 10

hrs, then released slowly with nearly 60.0% cumulative

release up to 48 hrs, which was similar to the release

profiles of DOX-NCPE in PBS without 10 mM GSH. As

a comparison, DOX-ss-NCPE in the absence of GSH

only released with less than 10% cumulative release

over a period of 10 hrs The remarkable decrease sug-

gested that nanocapsule crosslinked with disulfide bond

could prevent DOX leakage at a normal environment

A B

DC

Figure 5 A and B, Cell cytotoxicity of blank NCPE (NCPE, crosslinked NCPE and cRGD-ss-NCPE) and free cRGD solution after 24 hours incubation using B16F10 cells

(A) and HeLa cells (C and D) Cell cytotoxicity of Dox-loaded NCPE (Dox-NCPE, Dox-ss-NCPE and cRGD-Dox-ss-NCPE) and free Dox after 24 hours incubation using

B16F10cells (C) and HeLa cells (D).
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in vivo and trigger elective release under a reducing

microenvironment.

In vitro cytotoxicity assay and cellular

uptake
The biocompatibility of NCPE and the cytotoxicity of

DOX-loaded NCPE formulation were performed using

the MTT assay. In Figure 5A and B, blank NCPE, cRGD-

ss-NCPE and cRGD did not exhibit significant cytotoxi-

city to B16F10 cells or HeLa cells (Cell Survival ≥80%)

up to a tested concentration of 1,000 µg·mL−1, which

indicated that NCPE as a nanocarrier has low toxicity

and excellent biocompatibility.

As shown in Figure 5C and D, the cytotoxicity of

DOX-loaded NCPE formulation at various DOX concen-

trations (0.01–10 μg·mL−1) was investigated using

B16F10 cells and HeLa cells. Both DOX and DOX-

loaded NCPE had a dose-dependent increased cytotoxicity.

The viability of B16F10 cells incubated with DOX-cRGD-

ss-NCPE exhibited a similar cytotoxicity with DOX,

which revealed the NCPE formulations did not influence

the cytotoxicity of DOX. Then, DOX-cRGD-ss-NCPE

exhibited a high antitumor effect in αvβ3 overexpressing

B16F10 cells with IC50 of 0.20 μg·mL−1, which was 1.5-

and 1.6-fold lower than that of the DOX-NCPE (0.30

μg·mL−1) and DOX-ss-NCPE (0.32 μg·mL−1) control

groups, respectively. Furthermore, the IC50 value of DOX-

cRGD-ss-NCPE (2.2 μg·mL−1) in αvβ3 negative HeLa cell,
which was 2.5- and 1.05-fold higher than the values of

DOX (0.87 μg·mL−1) and DOX-ss-NCPE (2.1 μg·mL−1).

The increased cytotoxicity of DOX-cRGD-ss-NCPE for

αvβ3 overexpressing B16F10 cells owed to cRGD peptide-

mediated cellular uptake. These results confirmed that

active-targeting was critical for cRGD-ss-NCPE as

a drug nanocarrier to achieve high antitumor activity.

CLSM was employed to research the cellular uptake

behavior of various DOX-loaded NCPE formulation in

ανβ3 integrin-positive cells (B16F10) and ανβ3 integrin-

negative cells (HeLa). As showed in Figure 6A, DOX-

ss-NCPE and DOX-cRGD-ss-NCPE showed signifi-

cantly higher fluorescence than DOX; the DOX fluor-

escence intensity was enhanced when DOX was loaded

into cRGD-ss-NCPE compared with DOX-ss-NCPE in

B16F10 after incubations of 2 and 6 hrs (Figure 6B).

However, the fluorescence of DOX was not signifi-

cantly increased in αvβ3 integrin-negative HeLa cells

(Figure 6C and D). cRGD-ss-NCPE as a drug carrier

could enhance cRGD peptide-mediated cellular uptake

and facilitate the release of DOX responding to intra-

cellular reducing microenvironments. The above results

indicated that cRGD-ss-NCPE as promising candidates

to provide an effective platform for incorporating

hydrophobic drug for targeted cancer chemotherapy.

In vivo anti-tumor efficacy
Here, DOX was chosen as the hydrophobic anticancer

model to prove the potential of the nanocapsule to improve

antitumor efficacy. DOX (10.0 mg.kg−1) had significant

tumor growth inhibition efficacy in the melanoma

B16F10 subcutaneous model from day 10 to 22 in Figure

7A (p<0.001 compared with PBS group, n=5).

Interestingly, cRGD-DOX-ss-NCPE group showed

improved tumor growth inhibition efficacy than DOX

HCL solution group from day 20 (p<0.01, n=5), and

cRGD-DOX-ss-NCPE group achieved the highest anti-

tumor efficacy among all groups. The result indicated the

tumor-targeted nanocapsule could enhance the antitumor

efficacy of DOX. The IRs based on the tumor weight

(Figure 7B) were consistent with tumor volume measure-

ment (Figure 7A).

DOX fluorescence intensity increased markedly in

cRGD-DOX-ss-NCPE group compared with DOX HCL

solution group (Figure 7D). The targeted and reduction-

responded nanocapsules fabricated by PE should control

drug releasing in suit and enhance the delivery of drug into

the tumor. No significant loss of body weight (Figure 7C)

demonstrated minor toxicity and low systemic toxicity for

the treatment. It showed that nanocapsule displayed

a potential for targeted cancer chemotherapy in

nanomedicine.

Conclusion
In summary, the cRGD modified and reduction-sensitive

nanocapsule was fabricated via PE route through assem-

bling highly deformable and amphipathic PNA nanogels at

O/W interfaces, which showed favorable stability, high

EE, low cytotoxicity, and controlled release property.

Fabricated nanocapsules with average particle size

(150 nm) were obtained. EE of hydrophobic anticancer

drug (DOX) was determined as >90%. Release kinetic

profiles for encapsulated nanocapsules displayed circula-

tion stability and redox-sensitive releasing behavior
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without burst release when NCPE was crosslinked by

reduction-cleavage of the disulfide bonds using cystamine

dihydrochloride. Notably, cytotoxicity assay, cellular

uptake analysis and anticancer efficacy in B16F10 murine

model revealed efficiently target αvβ3 overexpressing

tumor cell and control release in intracellular microenvir-

onments. Therefore, cRGD-modified redox-sensitive nano-

capsule via PE route as promising candidates provides an

effective platform for incorporating hydrophobic drug for

targeted cancer chemotherapy.
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Supplementary materials

Supporting information
1. Synthesis and Characterization of Poly

(N-isopropylacrylamide-co-acrylic acid)

nanogel (PNA)
Synthesis of PNA nanogels. The synthesis was carried via a

modified surfactant-free emulsion polymerization method

according to the published procedures1. At first, 1.415 g (2.5

mmol) of NIPAM, 0.09 g (0.25 mmol) of allylamine (AA),

0.085 g (2.75×10‒2 mmol) of N, N'-methylene-bis-acrylamide

(MBA) and 79.3mg (0.055mmol) of SDS dissolved in 200ml

of ultrapure water in a 250 ml three-necked flask. Afterward,

the solution was sealed and bubbled under nitrogen for 20 min

to remove the dissolved oxygen in the condition of 70 ºC with

magnetic stirring at 1000 rpm. Polymerization was initiated by

the rapid addition of KPS (63.15 mg, 0.047 mmol) and the

reaction was kept at 70 ºC for 5 h under nitrogen. The solution

was cooled to room temperature under continuous stirring and

was dialyzed (MWCO= 14,000) for 1 week to remove SDS

and unreacted monomers. After dialysis, the nanogels were

freeze-dried and stored in a desiccator at room temperature.

Characterization of PNA nanogels. The average size,

polydispersity index (PDI) and zeta potential of the PNA

was determined through dynamic light scattering (DLS,

Malvern Instrument, Malvern, UK). The morphology was

observed through transmission electron microscopy (TEM,

JEOL JEM-2100F, Japan).

2. Synthesis of Fluoresceinamine-labeled

PNA nanogels
Firstly, 10 ml of the nanogels reconstitution fluid (10

mg.mL-1) was actived by 6 mg of NHS and 20 mg of

EDC for 30 min. Before acylation reaction, the pH value

was adjusted to 6.8-7.2 using Triethylamine (TEA) and

then 1 mg of 5-aminofluorescein was added and stirred

another 4 h.The resultant was further purified by dialysis

(the cutoff molecular weight is 14,000 Da) lasting 1 day

with ultrapure water in order to remove the residual

small molecules. Because of the light decomposition

property of 5-aminofluorescein, the whole reactions

should be carried out lucifugally.

3. Characterization of PNA, NCPE and DOX-loaded

NCPE formulations

The average size, polydispersity index (PDI) and zeta

potential of the NCPE and cRGD-ss-NCPE were detected

by dynamic light scattering (DLS, Malvern Instrument,

Malvern, UK), the samples were diluted 100-folds by

water. The results were showed in Table S1.

1. Chen H, Zhu H, Hu J, et al. Highly compressed assembly of deform-
able nanogels into nanoscale suprastructures and their application in
nanomedicine. Acs Nano.. 2011;5(4):2671–2680.
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Table S1 Size and zeta potential of PNA, NCPE and DOX-loaded

NCPE formulations determined by DLS

Sample Size(nm) PDI Zeta(mV)

PNA 145.2±5.3 0.068±0.04 ‒12.5±1.6

PE 249.2±3.5 0.067±0.04 ‒22.5±0.6

NCPE 153.4±4.5 0.067±0.05 ‒19.2±0.7

cRGD-ss-NCPE 151.9±5.2 0.124±0.01 ‒17.6±0.7

DOX-NCPE 142.6±1.5 0.118±0.07 ‒20.3±1.9

cRGD-DOX-ss-NCPE 139.2±1.5 0.08±0.03 ‒18.6±2.8
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