IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Zwitterionic Nanoparticles Constructed with Well-Defined
Reduction-Responsive Shell and pH-Sensitive Core for
“Spatiotemporally Pinpointed” Drug Delivery

Pingsheng Huan B3 Jinjian Liu,§’;t Weiwei Wang,

Chen Li," Junhui Zhou,” Xue Wang,Jr

Liandong Deng," Deling Kong,l Jianfeng Liu,*” and Anjie Dong*’T

"Department of Polymer Science and Technology, Key Laboratory of Systems Bioengineering of the Ministry of Education,
Collaborative Innovation Center of Chemical Science and Engineering (Tianjin), School of Chemical Engineering and Technology,

Tianjin University, Tianjin 300072, China

§Tianjin Key Laboratory of Molecular Nuclear Medicine, Institute of Radiation Medicine, and Lnstitute of Biomedical Engineering,
Chinese Academy of Medical Science & Peking Union Medical College, Tianjin 300192, China

© Supporting Information

ABSTRACT: Enabling nanocarriers to complete the sophis-
ticated journey from the initial injection site to the targeted
tumor cells and achieve “spatiotemporally pinpointed” drug
release intracellularly is a challenging task in anticancer drug
delivery. Herein, versatile shell-cross-linked nanoparticles
(SCNPs) were prepared by one-step assembly of triblock
zwitterionic copolymers, polycarboxybetaine methacrylate-
block-poly(N-(2-(2-pyridyl disulde) ethyl methacrylamide-
block-poly(2-(diisopropylamino) ethyl methacrylate) (PCB-b-
PDS-b-PDPA, termed as PCSSD), which was well-defined via
reversible additive fragment transfer (RAFT) polymerization,
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followed by functionalization with Arg-Gly-Asp (RGD). Thus, the RGD-PCSSD SCNPs cooperatively combine the ultra pH-
sensitive PDPA core for efficient drug loading and pH-responsive drug release, the disulfide-cross-linked PDS shell that prevents
premature drug release, the zwitterionic PCB corona to stabilize the SCNPs and prolong its systemic circulation, the RGD ligand
for active tumor targeting and receptor-mediated endocytosis. Doxorubicin (DOX) was loaded as a model medicine (termed as
RGD-PCSSD/DOX SCNPs). The dual-sensitivity studies showed that the pH-sensitivity of PDPA core could be adjusted by the
shell-cross-linking density, accompanied by better control over premature drug release. Furthermore, results obtained by flow
cytometry and fluorescence microscopy analysis demonstrated that once the RGD-PCSS,;,\D/DOX SCNPs were internalized into
tumor cells via receptor-mediated endocytosis, boost drug release was observed with considerable cytotoxicity in vitro. The
results of ex vivo imaging studies further confirmed the successful drug delivery from the injection site to the tumor tissue. In
summary, the well-constructed RGD-PCSS,,D/DOX SCNPs with cooperative multifunctionality showed great potential as novel

nanocarriers for tumor targeted anticancer drug delivery.
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1. INTRODUCTION

The development of polymeric nanoparticles (NPs) assembled
from amphiphilic copolymers for anticancer drug delivery is a
burgeoning research area, chiefly because of its enhanced
therapeutic benefits for cancer therapy.' > However, this
technique is facing tremendous challenges, because the drug-
loaded NPs are subjected to multistages of systemic circulation,
extravasation, accumulation, distribution, endocytosis, intra-
cellular release, and drug action while circulating from the
injection sites to the targeted tumor cells.* As a result, an
effective NPs-based drug delivery system should be designed to
exert its limitless versatility to maximize the drug delivery
efficiency and therapeutic effect in view of all above stages.” In
addition to fine control over the physicochemical properties,
including composition, size, shape and surface chemistry to
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facilitate the accumulation of NPs at the tumor site, controlled-
responsive drug release is also of g)aramount importance for
improving the treatment efficiency.’”® As reported, traditional
polymeric NPs usually show a “burst release” of up to 20—30%
of the encapsulated drugs within the first few hours after
injection, followed by diffusion-controlled release lasting for
several days. This inevitably leads to drug loss in the systemic
circulation and drug associated side effects due to unspecific
drug actions.'*™"?

Hence, to endow the polymeric NPs with better controlled-
release properties, the incorporation of cross-linking structures
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into NPs has emerged as a feasible strategy to minimize
premature drug release.”*~'° Among various methods, the
utilization of reversible disulfide-containing cross-linking is of
particular interest, as it can be cleaved intracellularly by
glutathione (GSH), which is a kind of reductases that can be
found at 2—20 uM in the body fluids and normal extracellular
matrices, and 2—10 mM in the cytosol and nuclei of tumor
cells."®'” Shell-cross-linked NPs (SCNPs) have demonstrated
great potential to inhibit premature drug leakage and facilitate
drug release within tumor cells by disrupting the cross-linked
structure, however, the drug release pattern of most SCNPs still
follows a slow diffusion-controlled mechanism from the
nonsensitive hydrophobic cores, leading to low drug bioavail-
ability and insufficient cancer cell killing, resulting in potential
multidrug resistance.'®"”

On the other hand, to enhance the pinpointed intracellular
drug release of polymeric NPs, different mechanisms have been
incorporated according to the specific microenvironments of
tumor cells, which are typically characterized by acidic pH
within the endo/lysosomes, abundant enzymes in the
lysosomes, and high redox potential in the cytosol and
nuclei.***! Thereinto, taking advantage of the pH gradient,
which varies from the physiological pH (7.4, for example, in the
systemic circulation) to 6.5—7.2 in tumor tissue, 5.5—6.5 in
endosomes, and 4.0—35.0 in lysosomes, two main strategies have
been developed: (1) the use of polymers with protonable
groups that undergo conformational and/or solubility changes
in response to the pH variations; (2) and the design of
polymers with acid-sensitive bonds, which results in dis-
assembly of the NPs to promote cargo release once these bonds
are cleaved.”*”** Among various reported pH-sensitive
polymers, poly(2-(diisopropylamino) ethyl methacrylate)-
(PDPA) possessed ultra pH-sensitivity which varies from
hydrophobic to hydrophilic via protonation in the endo/
lysosomes for triggering drug release at pH <6.5. However, the
problem with the reported PDPA is that more than 20% of
loaded drugs were released prematurely in the physiological
condition.***®

Herein, the synergetic combination of disulfide cross-linked
shell and pH-sensitive PDPA core was expected to be a well
strategy to optimize the delivery pattern to be “spatiotempor-
ally pinpointed”. As shown in Schemel, we demonstrate the
versatile SCNPs with well-defined structure for tumor targeted
drug delivery. By the well-structured fabrication of triblock
amphiphilic zwitterionic copolymer RGD-PCB-b-PDS-b-PDPA
(termed as RGD-PCSSD), the SCNPs were cooperatively
equipped with pH-sensitive PDPA core for loading anticancer
drugs and acid-responsive drug release, disulfide-cross-linked
PDS shell for preventing premature drug leakage, zwitterionic
PCB corona for stabilizing the SCNPs to obtain prolonged
systemic circulation,” and RGD ligand for active tumor
targeting.”® These novel SCNPs are expected to be stable
with less drug leakage in neutral environment and accumulate
predominately in tumor tissue. Upon internalized into cells via
receptor-mediated endocytosis, the cross-linked shell would be
cleaved by GSH, which presents in abundance within tumor
cells. The core would subsequently be disassembled because of
the acidic pH (4.0—6.0) to accomplish the “spatiotemporally
pinpointed” drug release.

In this study, the reducase and pH dual-sensitive SCNPs
were prepared from a well-defined triblock copolymer which
was synthesized via reversible addition—fragmentation chain
transfer (RAFT) polymerization of carboxybetaine methacry-

Scheme 1. Illustration of the pH and Redox Dual-Sensitivity
of the PCSSD/DOX SCNPs; Tumor Targeted Accumulation
and Receptor-Mediated Endocytosis; Dual-Sensitivity
Cooperatively Triggered Intracellular Drug Release
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late (CB), N-(2-(2-pyridyl disulde) ethyl methacrylamide (DS),
and 2-(diisopropylamino) ethyl methacrylate (DPA). To
endow the SCNPs with tumor targeting ability, we con;ugated
RGD to the PCB segment via amidation reaction.”” The
physicochemical characteristics of the prepared SCNPs,
including particle size, micromorphology and drug loading
properties were investigated in detail. The pH and redox dual-
sensitivity along with their cooperativity were studied system-
atically by employing the particle size, micromorphology and
fluorescence spectra measurement, respectively. The serum
stability, storage stability and protein adsorption properties
were evaluated. The cellular uptake and intracellular drug
release were confirmed by flow cytometry and fluorescence
microscope. The in vitro antitumor properties were evaluated
by cytotoxicity assay. The in vivo drug distribution and tumor
accumulation studies were performed using HepG2 tumor
bearing Balb/c nude mice.

2. EXPERIMENTAL SECTION

2.1. Materials. 2-(Dimethylamino) ethyl methacrylate (DMA), 2-
(diisopropylamino) ethyl methacrylate (DPA), tert-butyl a-bromoiso-
butyrate and pyrene were purchased from Sigma-Aldrich. N-(3-
(Dimethylamino)propyl)-N'-ethylcarbodiimide hydrochloride (EDC-
HCI), trifluoroacetic acid (TFA), 2,2,2-trifluoroethanol (TFE), N-
Hydroxysuccinimide (NHS), and mercaptoethanol were obtained
from Alfa Aesar (Lancashire, UK). Methacryloyl chloride, cysteamine
hydrochloride, 2,2’-dithiodipyridine, and dithiothreitol (DTT) were
purchased from Aladdin (Shanghai, China). The inhibitors in the DPA
monomer was stripped off by passing through a short column packed
with neutral alumina. Doxorubicin hydrochloride (DOX-HCI) was
purchased from Zhejiang Hisun Pharmaceutical Co. Ltd. Acetonitrile,
2,2-azobis(isobutyronitrile) (AIBN) was obtained from Alfa Aesar
(Lancashire, UK). Anhydrous ethyl ether and dimethylformamide
were all analytical grade and used as received from Jiangtian company
(Tianjin, China). Arg-Gly-Asp (RGD), 3-(4,5-dimethylthiazol-2-y1)-2,
S-diphenyl tetrazolium bromide (MTT), bovine serum albumin
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Scheme 2. Synthesis Route of the RGD-PCSSD Copolymers
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(BSA), fibrinogen (FBG), and 10% fetal bovine serum (FBS) was
purchased from Sigma-Aldrich (St. Louis, USA).

2.2. Measurement. Nuclear magnetic resonance instrument
("HNMR) (Varian Unity-Plus INOVA 500) was employed to
characterize the structure and composition of the monomer and
polymers. The polydispersity index (M,,/M,) of the copolymers were
determined by gel permeation chromatography (GPC), which was
equipped with PLgel Oranginc GPC Column (10 um Mixed-B, Org
300 X 7.8 mm) with RI2000 detector. DMF with LiBr (1 g/L) was
used as the eluting solvent at a flow rate of 1 mL/min, and polystyrene
was used as the standard for calibration. Particle size, size distribution
(PDI) of NPs were determined by Zetasizer 3000HS (Malvern
Instrument, Inc. Worcestershire, UK) at a wavelength of 633 nm with
a constant angle of 173° at room temperature. The micromorphology
of blank and DOX-loaded NPs was observed by transmission electron
microscopy (TEM, Hitachi H600). The solution of NPs was dropped
on the 400-mesh carbon coated grids and excessed sample was
removed by filter paper. Then, the sample loaded carbon coated grids
were dried at room temperature. The specimens were viewed under
the microscope at an accelerating voltage of 100—200.0 kV. The
fluorescence spectra were measured by fluorescence spectrophotom-
eter (Varina, FLR Eclipse, Australia).

2.3. Synthesis and Characterization of PCSSD and RGD-
PCSSD Copolymers. The synthesis route for the RGD-PCSSD
copolymers is shown in Scheme 2. First, the chain transfer agent S-1-
dodecyl-S-(a, a'-dimethyl-a”-acetic acid) trithiocarbonate (CTAm)
and 2-fert-butoxy-N-(2-(methacryloyloxy) ethyl)-N,N-dimethyl-2-ox-
oethanaminium (CB-tBu) monomer were synthesized as reported.”**’
The active disulfide bond containing N-[2-(2-pyridyl disulde) ethyl]
methacrylamide (DS) monomer was synthesued according to Takeo
Yamaguchi’s method with some modifications.*® Briefly, the amino-
functionalized pyridyl disulfide molecule 2-(2-pyridyldisulde) ethyl-
ammonium chloride was synthesized as reported.>' Then, the pyridyl
disulfide monomer (DS) was synthesized from 2-(2-pyridyldisulde)
ethylammonium chloride via amidation reaction. The synthesized 2-
(2-pyridyldisulde) ethylammonium chloride (4.45 g, 20 mM) was
dispersed in 50 mL anhydrous DCM and solution was added with

triethylamine (8.34 mL, 60 mM). After stirring the mixture at 0 °C for
20 mim, methacryloyl chloride (2.33 mL, 24 mM) solution in 30 mL
of anhydrous DCM was added dropwise to the 2-(2-pyridyldisulde)
ethylammonium chloride dispersion with stirring in an ice bath for 30
min. Then, the reaction progressed for another 24 h at room
temperature. The mixture was filtered to remove insoluble substances
and then was evaporated at 30 °C. Finally, the product was purified on
a silica gel column with an eluting solvent of 20:80 ethyl acetate-
hexane. The eluted fraction was monitored by TLC, and the fractions
containing the product were combined and evaporated at 30 °C to
obtain the product as yellow oil. The successful synthesis of DS was
then confirmed by "THNMR and UV—visible spectrophotometer (TU-
1900, China).

Subsequently, the RGD-PCSSD copolymers were obtained with a
three-step method. First, the PCB (tBu)-b-PDS-b-PDPA (PC(tBu)-
SSD) triblock copolymer was synthesized by continuous RAFT
polymerization, using AIBN as the initiator and CTAm as the chain
transfer agent in DMF, which was conducted at 70 °C for 24 h under
no oxygen conditions, and then the solution of PC(tBu)SSD
copolymers was dialyzed against deioned water and obtained by
freeze-drying. In order to endow the PCSSD SCNPs with tumor
targeting ability, RGD was conjugated via EDC/NHS chemistry.””
Briefly, PC(tBu)SSD copolymer was dissolved in 3 mL DMSO and
incubated with EDC (§ equiv.) and NHS (10 equiv.) for 30 min, and
then the excess amount EDC was quenched by mercaptoethanol.
Then, RGD (1.0 equiv) dissolved in 200 uL DMSO was added
dropwise and the reaction was continued for another 24 h at RT. The
resulting RGD-PC(tBu)SSD solution was dialyzed against pure water
for 2 days, and then was lyophilized to obtain the powder of RGD-
PC(tBu)SSD copolymer. Finally, the obtained RGD-PC(tBu)SSD
copolymers was dissolved in TFA to hydrolyze the tBu ester groups
for 2 h. The resulting RGD-PCSSD copolymers were precipitated into
ethyl ether, redispersed in a small amount of TFEA, and precipitated in
ethyl ether repeatedly. After vacuum-dry, the copolymers were used for
preparing the NP formulation. The PCSSD copolymers were obtained
by the same method without the conjugation of RGD. The
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composition of copolymers was characterized by "THNMR and UV—vis
spectrophotometer.

2.4. Preparation and Characterization of PCSSD SCNPs and
PCSSD/DOX SCNPs. In order to prepare the disulfide bond shell
cross-linked NPs, the active disulfide bond on PCSSD copolymers
should be converted into sulfydryl. Consequently, the transition of
pyridyl disulfide to sulfydryl was conducted with the existence of DTT
(12 equiv.) and the extent of the transition was conveniently
monitored by the absorption peak that corresponds to the 2-
thiopyridone byproduct.*

Subsequently, the PCSSD/DOX SCNPs was prepared via dialysis
method. Briefly, 20 mg of PCSSD copolymer and 2 mg of
deprotonated DOX were codissolved in 6 mL of DMSO, and then
appropriate amount of DTT was added. After being incubated for 30
min, the mixed solution was dialyzed against PBS (0.01M, pH 7.4) for
24 h using a dialysis bag (MWCO: 3500 Da). Then, the solution was
subjected to ultrasound for 10 min to form the SCNPs. Finally, the
obtained SCNPs solution was filtrated and then subjected to
centrifugation at 16000 g using high speed centrifuge followed by
washing with deionized water for three times to completely remove
the trace amount of organic solvents and by products during the
formation of sulfydryl. Blank PCSSD SCNPs NPs were prepared
similarly without the addition of DOX.

The DOX-loading content, defined as the weight percentage of
DOX in the freeze-dried SCNPs was quantified by UV-visible
spectrophotometer. A calibration curve was constructed using different
concentrations of DOX (1—50 yg/mL) in DMSO. DLC and DLE
were calculated from the following equations:

DLC(%) = (weight of loaded DOX/weight of DOX loaded NPs)
X 100% (1)

DLE(%) = (weight of loaded DOX/weight of DOX in feed)
X 100% )

The particle size, size distribution (PDI), morphology of PCSSD
SCNPs and PCSSD/DOX SCNPs were measured by Zetasizer and
TEM. The serum stability of PCSSD/DOX SCNPs and RGD-
PCSSD/DOX SCNPs were studied by mixing solution of the SCNPs
with DMEM culture medium containing 10% fetal bovine serum
(FBS) at pH 7.4 and the change of particle size was monitored by
Zetasizer. The storage stability of PCSSD/DOX SCNPs was
conducted by measuring the particle size at pretended time intervals
within 2 month.

In addition, the protein adsorption properties of the PCSSD/DOX
SCNPs and RGD-PCSSD/DOX SCNPs were evaluated by taking
bovine serum albumin (BSA) and fibrinogen (FBG) as the model
proteins.*> The PCSSD/DOX SCNPs and RGD-PCSSD/DOX
SCNPs were incubated with BSA or FBG solution in PBS at 7.4,
with the concentration of NPs and proteins at 0.18 and 0.25 mg m/L,
respectively. After incubation for 24 h at 37 °C, S mL of each sample
was withdrawn and centrifuged at 10000 g for 20 min at 20 °C to
precipitate the protein adsorbed aggregation. The protein concen-
tration of supernatant was determined using UV—visible spectropho-
tometer (TU-1900, China). The adsorbed proteins on the aggregate
were then calculated against a standard calibration curve.

2.5. Characterization of Cooperativity of pH and Redox
Dual-Sensitivity of PCSSD SCNPs. First, the pH and redox dual-
sensitivity of PCSSD SCNPs was estimated under conditions
simulating environment in vivo by measuring the change of particle
size and morphology using Zetasizer and TEM. Briefly, the PCSSD
SCNPs suspension (1.0 mg/mL) was divided into four groups, which
were adjusted into three different conditions: (i) Na,HPO,—citric acid
buffer solution (10 mM) with pH varied from 7.4 to S5.0; (ii)
Na,HPO,—citric acid buffer solution (pH 7.4, 10 mM) containing 20
uM GSH; (iii) Na,HPO,—citric acid buffer solution (pH 7.4, 10 mM)
containing 10 mM GSH; (iv) Na,HPO,—citric acid buffer solution (10
mM) with pH varied from 7.4 to 5.0 containing 10 mM GSH.

Subsequently, the cooperativity of pH and redox dual-sensitivity of
SCNPs was verified by not only measuring the pH variation induced

change of particle size and morphology, but also taking pyrene (6 X
1077 mol/L) as the fluorescence probe to monitor the hydration
situation of the hydrophobic core all the SCNPs (1 mg/mL, 10 mM
PBS) in real time, respectively. The pH values was adjusted by adding
1 N HCl solution dropwise, which was detected with a pH-meter (PH-
3C, INESA Scientific Instrument Co., Ltd.). Each sample was
equilibrated for 2 h to assess the pH induced change of particle size
and fluorescence spectrum.

2.6. In Vitro Drug Release. 2.6.1. Influence of Cross-Linking
Density on the Controlled-Release Behavior. First, the influence of
cross-linking density on the controlled drug release behavior of
PCSSD/DOX SCNPs was investigated. To obtain the drug release
profile, 5 mL PCD/DOX NPs, PCSS;D/DOX SCNPs and PCSS,,D/
DOX SCNPs (1 mg/mL) were sealed in a dialysis bag (MWCO:
3500) and incubated in 40 mL of buffer solutions at 37 °C under
oscillation with the pH value maintaining at 7.4 and 5.0, respectively.
At scheduled time intervals, S mL of release medium was withdrawn
for testing and replaced with an equal volume of fresh medium. The
amount of drug released was detected by UV—visible spectropho-
tometry.

2.6.2. pH and Redox Dual-Sensitivity Triggered Drug Release
Behavior. Second, the pH and redox dual-sensitivity cooperatively
triggered drug release of PCSSD/DOX SCNPs was verified. The drug
release research was carried out in PBS of different pH values of 7.4,
6.5, and 5.0 containing 10 mM GSH. To obtain the drug release
profile, we sealed S mL of PCSSD/DOX SCNPs (1 mg/mL) in a
dialysis bag (MWCO: 3500) and incubated in 40 mL of release
medium at 37 °C under oscillation. At scheduled time intervals, S mL
of release medium was withdrawn for testing and replaced with an
equal volume of fresh medium.

2.7. Cellular Uptake and Intracellular Drug Release Studies.
2.7.1. Cell Culture. HepG2 cells were maintained in Hyclone Ham’s/
F12 medium. All media were supplemented with 10% heat-inactivated
fetal bovine serum (FBS), penicillin (100 U/mL), and streptomycin
(100 U/mL). All cell lines were maintained at 37 °C and 5% CO, in a
humidified atmosphere.

2.7.2. Cellular Uptake Studies. HepG2 cells were seeded in 24 well
plates at a density of 2 X 10° cells per well in 0.5 mL of DMEM
medium and incubated at 37 °C in 5% CO, humidified atmosphere for
24 h. The original medium was discarded and washed twice with PBS.
Fresh DMEM medium containing free DOX, PCD/DOX NPs,
PCSSD/DOX SCNPs, and RGD-PCSSD/DOX SCNPs was then
added. The cells were incubated for 4 h at 37 °C, and then washed
three times with cold PBS and harvested by trypsin treatment. The
harvested cells were suspended in PBS and centrifuged at 1000 g for 5
min at 4 °C. The supernatants were discarded and the cell pellets were
washed with PBS to remove the background fluorescence in the
medium. After two cycles of washing and centrifugation, cells were
resuspended with 200 pL of PBS for analyses using FACS Calibur flow
cytometer (BD Biosciences, USA) with argon laser excitation at 488
nm (Becton Dickinson) and fluorescence (FL3) was detected. Cells
treated with PBS were used as control.

2.7.3. Intracellular Drug Release Studies. HepG2 cells were seeded
in 24-well plates with 2 X 10* cells per well in 0.5 mL of DMEM
culture medium and incubated under standard cell culture conditions.
Then, cells were washed twice with PBS and fresh medium was added
with free DOX, PCD/DOX NPs, PCSSD/DOX SCNPs and RGD-
PCSSD/DOX SCNPs. After 4 h incubation, cells were washed twice
with ice-cold PBS and fixed with fresh 4% paraformaldehyde for 15
min at room temperature. The intracellular release behaviors of RGD-
PCSSD/DOX SCNPs were further conducted after incubation for 6
and 8 h. The cells were counterstained 4,6-diamidino-2-phenylindole
(DAPI) for the cell nucleus with an excitation of 405 nm sequentially
following the standard protocol of the manufacturer before imaged on
fluorescence microscopy (Leica AF 6500), and the fluorescence of
DOX were observed under an excitation of 543 nm.

2.8. In Vitro Antitumor Efficiency Study. The cytotoxicity of
blank and DOX loaded PCD NPs, PCSSD SCNPs, and RGD-PCSSD
NPs against HeLa and HepG 2 cells was evaluated by MTT assay.
HeLa and HepG 2 cells were seeded in 96-well plates at 5000 cells per
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well in 100 yuL of DMEM culture medium and incubated under
standard cell culture conditions. The culture medium was replaced
with 100 yL of fresh medium containing the NPs and SCNPs at pH
7.4. After treatment for 48 h, the medium was replaced by 100 uL
fresh DMEM medium followed by addition of 25 uL of MTT stock
solution (5 mg/mL in PBS). After incubation for an additional 2 h,
100 pL of the extraction buffer (20% SDS in 50% DMF, pH 4.7) was
added to the wells and incubated overnight at 37 °C. The absorbance
of the solution was measured at 570 nm using a microplate reader. The
results were expressed as a percentage of the absorbance of the blank
control.

2.9. In Vivo Drug Distribution and Tumor Accumulation
Studies. The Balb/c nude mice (female, 6—8 weeks old) bearing
HepG2 tumor model was used for drug accumulation studies. When
the mean volume of tumor reached 200 mm?, free DOX, PCD/DOX
NPs, PCSSD/DOX SCNPs and RGD-PCSSD/DOX SCNPs were
administrated intravenously into the tail vein at an equivalent dose of §
mg/kg. At scheduled time intervals, the mice were sacrificed, and then
the major organs and tumor were harvested. These obtained organs
were examined by the Kodak IS in vivo FX imaging system.

To further quantify the drug accumulation amount in tumor tissues,
the excised tumor tissues were washed with cold saline and dried by
filter paper and then weighed. The obtained tumors were
homogenized in borate buffer solution (10 mM, pH 9.0). In terms
of the PCSS,;)D/DOX SCNPs and RGD-PCSS,,D/DOX SCNPs
groups, 20 mM of DTT was added to the borate buffer solution.
Subsequently, 300 uL tissue homogenate was taken out and extracted
with S00 uL chloroform/isopropanol (6:1, v/v) by vortex for three
times. After centrifugation (12000 g, 15 min), the organic phase was
separated and dried by vacuum drying oven. The residue was dissolved
in 0.5 mL of mobile phase and followed by filtered with ultrafiltration
membrane (220 nm). Eventually, the filtrate was collected for HPLC
analysis. The amount of DOX was determined by HPLC (Lab Alliance
Model 201) with a Hypersil ODS-2 (250 mm X 4.6 mm, S ym) C18
column and the detection wavelength was set at 480 nm. The mobile
phase was composed of acetonitrile and water (50:50, v/v) with pH
2.74 adjusted by HCIO,. The injection volume was 20 uL and the flow
rate of mobile phase was 1.0 mL/min. To obtain the standard curve
for DOX, the samples were prepared by adding free DOX to the
tumor tissue homogenate from untreated mice. The linear detection
range was 0.1—-30 ug/mL.

All animals were obtained from the Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China) and housed individually in
plastic cages in a controlled environment with free access to food and
water. All animal experiments were performed in accordance with the
People’s Republic of China national standard (GB/T 16886.6—1997).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of PCSSD and
RGD-PCSSD Copolymers. The PCSSD copolymers were
synthesized via RAFT polymerization followed by selective
hydrolysis of the tert-butyl groups of CB-tBu units. As shown in
Scheme 2, the chain transfer agent CTAm and CB-tBu
monomer were synthesized according to previous report and
characterized with 'HNMR (shown in Figure S1 in the
Supporting Information).”®*° The DS monomer with active
disulfide bond was synthesized according to Takeo Yamaguchi’s
method with some modifications.® Then, the PC(tBu)SSD
copolymer was synthesized by RAFT polymerization, using
AIBN as the initiator and CTAm as the chain transfer agent in
DMEF under no oxygen conditions. Subsequently, the hydrolysis
of the tBu ester groups was rapidly accomplished in TFA within
2 h to obtain the final PCSSD copolymers.

The chemical structures and compositions of PCSSD
copolymers were determined by '"HNMR and GPC character-
ization. The details of obtained polymers are listed in Table 1.
As shown in Figure 1B, all characteristic signals of CTAm, PCB

Table 1. Chemical Structure and Composition of PCSSD
Copolymers

composition (/unit)

samples CB° DS® DPA? M, (Da)” M, /Mt
PCD 25 0 25 10312 1.44
PCSSD 25 5 25 11583 1.36
PCSS,,D 25 10 25 12856 1.57

“Calculated by "THNMR spectra. ’Determined by GPC.

a f .
A H\'),\n,u\/\ LD

Figure 1. '"H NMR spectra of (A) DS monomer, (B) PCB(tBu)SSD,
and (C) PCSSD copolymers.

(tBu), PDS and PDPA segments could be seen clearly. After
hydrolysis reaction, the characteristic resonance of —C(CHj),
in the CB-tBu unit at 1.48 ppm disappeared, indicating that
PCB (tBu)SSD copolymers were successfully converted to
PCSSD copolymers. There were ten repeated methylene
(—CH,-) on the CTAm molecular. Therefore, the repeating
units of PCB, PDS and PDPA could be calculated by
comparing the integral areas of characteristic peaks of the
DPA unit at 1.02 ppm (—-N—CH—(CH,),), DS unit at 8.48
ppm (—CH=N-) and the CB unit at 345 ppm (—N-—
(CHs;),) with the known CTAm unit (—CH,—) at 1.22 ppm.
The composition and molecular weights calculated by "HNMR
agreed well with the feeding ratio. In addition, the PCSSD
copolymers were also analyzed by UV—vis spectrum, since the
pyridyl disulfide had characteristic absorption at 281 nm and
RGD had characteristic absorption at 260 nm. As shown clearly
in Figure S2 in the Supporting Information, the obtained RGD-
PCSSD copolymer had the same ultraviolet absorption in
comparation with the DS monomer and RGD, indicating the
successful incorporation of active pyridyl disulfide and RGD.>*
Furthermore, GPC was employed to determine the molecular
weight distribution (M,,/M,) of the obtained PCD and PCSSD
polymers and the results were summarized in Table 1. The
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Table 2. Characterization of PCSSD NPs and PCSSD/DOX SCNPs

blank NPs DOX-loaded NPs
sample size (nm)“ PDI* size (nm)® PDI? DLC (%) DLE (%)®
PCD 135 + 3.5 0.11 + 0.05 143 + 34 0.15 + 0.02 55+03 55+ 03
PCSS:D 142 + 3.8 0.12 + 0.02 183 £ 2.7 0.12 + 0.01 5.6 £02 56 + 0.2
PCSS,,D 153 + 3.2 0.13 + 0.04 160 + 5.2 0.13 + 0.02 54+ 04 54+ 04
“Determined by Zetasizer. *Determined by UV—vis spectra. The feeding ratio of DOX was 10%.
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Figure 2. (A) Size distribution and morphology of PCSS;;D SCNPs; (B) PCSS,;,D/DOX SCNPs.
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action; (D) morphology of PCSS;,D SCNPs: (a) pH 7.4, (b) pH 5.0, and (c) pH 7.4 with GSH (10 mM); (d) pH 5.0 with GSH (10 mM).

results showed narrow distribution of all the obtained PCD
polymers, indicating the well-controlled polymerization process
and effective purification methods (shown in Figure S3 in the

Supporting Information).
3.2. Preparation and Characterization of PCSSD and

PCSSD/DOX SCNPs. In order to form the disulfide bond
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cross-linked shell, the active disulfide bond on PCSSD
copolymers should be converted into sulfydryl. Consequently,
the transition of pyridyl disulfide to sulfydryl was conducted
with the existence of DTT (1.2 equiv) and the extent of the
transition was monitored by UV absorbance spectra of the 2-
thiopyridone byproduct, which was substantially different from
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that of PCSSD copolymers and DS monomer.** As shown in
Figure S4 in the Supporting Information, after the solution was
incubated with DTT for S min, the UV absorbance spectra of
the PCSSD copolymer solution changed dramatically. How-
ever, after incubation for 10 min, the absorbance spectra of the
PCSSD copolymer solution remained unchanged, indicating
that the pyridyl disulfide bond was converted to sulfydryl
completely.

Then, the PCSSD and PCSSD/DOX SCNPs were prepared
via dialysis method followed by ultrasound treatment to
facilitate the formation of cross-linked shell. The particle size,
PDI and micromorphology of the SCNPs were examined by
Zetasizer and TEM. Then, the DLC and DLE were determined
by UV—vis spectra. The results are listed in Table 2. As can be
seen clearly in Figure 2, the size distribution was narrow and
the particles were all spherical in shape with obvious core—shell
structure. Importantly, the particle size of all DOX loaded NPs
were less than 200 nm, which were expected to accumulate into
the tumor tissues effectively taking advantage of the EPR
effect.”®** In addition, all the prepared DOX-loaded NPs
represented excellent serum stability within 72 h, which was
mainly due to the fact that the hydrophilic PCB block with
anionic and cationic groups at the microscopic range could
form hydration layer via electrostatic interactions.>>>3°
Importantly, the storage stability of DOX-loaded NPs was
significantly enhanced via shell-cross-linking (shown in Figure
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SS in the Supporting Information). In addition, the shell cross-
linking had no obvious influence on the drug loading capacity.

As shown in Figure S6 in the Supporting Information, the
conjugation of RGD had no obvious influence on the serum
stability and protein adsorption property of the PCSS,,D
SCNPs, indicating that the RGD-functionalization had
negligible influence on the nonfouling property of PCB
segment. Significantly, the NPs with considerable serum
stability and low protein adsorption property would be
expegged to exhibit prolonged systemic circulation time in
vivo.

3.3. Cooperativity of pH and Redox Dual-Sensitivity
of PCSSD SCNPs and PCSSD/DOX SCNPs. The pH and
redox dual sensitivity of PCSS;;D SCNPs were studied by
Zetasizer and TEM measurements. Since the diisopropyl
groups of DPA units were completely deprotonated at pH
7.4, the PCSS (D copolymer could assemble a micelle structure
with a compact core of hydrophobic PDPA segments in
aqueous solution at pH 7.4. Figure 3Da explained the small
particle size with well-defined core—shell structure of the
PCSS oD SCNPs. As shown in Figure 3A and D¢, upon adding
GSH (10 mM) at pH 7.4, which mimicked the concentration of
GSH inside tumor cells, integrated particles with very slight
expansion were observed as a function of time, which was
mainly due to the extension of the hydrophilic segments with
the shedding of the cross-linked interlayer. In addition, the
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concentration of GSH outside tumor cells had negligible
influence on the PCSS,;D SCNPs (shown in Figure S7 in the
Supporting Information). As shown in Figure 3B, integrated
particles with very slight expansion (from 163.4 to 183.7 nm)
was also observed with the pH of the solution varied from 7.4
to 6.0, whereas a significant increase in the particle size and PDI
(from 354 to 183.7 nm; 0.183 to 0.35) was observed upon
further lowering the pH to 5.0. However, it had been reported
that the ultra pH-sensitive PDPA block revealed a sharp
transition from hydrophobic to hydrophilic at pH 6.5 within a
narrow interval of less than 0.25,>® indicating that drug release
would partially occurred in the tumor matrix (pH 6.5—6.8).
Herein, it was inferred that, by the shell cross-linked design, the
protonation of the PDPA core was significantly restricted and
the integral structure of the nanoparticles was remained outside
of tumor cells. Meanwhile, the premature drug release during
the systemic circulation and in the tumor matrix could be
reduced.

Subsequently, to verify the above inference, we studied the
cooperativity of cross-linked shell and pH-sensitive core of the
PCSSD SCNPs by measuring the change of particle size and
morphology under different pH conditions with different cross-
linking density. As illustrated in Figure 4A, there was an
obvious increase in the particle size for the PCD NPs without
cross-linked shell when the pH was decreased to 6.5, which was
mainly due to the partial protonation of the PDPA blocks
affording the electrostatic repulsion among positively charged
amine groups and consequently hindering the dense packing of
the hydrophobic core of the NPs. Upon further decreasing the
pH to 5.0, the PCD NPs were hardly detected because the
PDPA blocks became completely protonated and the PCD
copolymers were dissolved completely. Consequently, the
morphology of PCD NPs at pH 5.0 was detected by TEM
measurements which represented as random polymeric
aggregates. However, for the PCSS;D SCNPs and PCSS,,D
SCNPs, delayed and weakened change of particle size was
observed at pH 6.3 and S.7 respectively, which was lower than
that of PCD NPs (shown in Figure 4B—D). Therefore, it was
verified the above inference that the cross-linked shell had
significant restriction on the partially protonated core of
PCSSD SCNPs against expansion and disruption, which
increased with the increase of cross-linking density. In other
words, the pK,* value could be teamed as the balanced point
between the core expansion force induced by protonation and
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the shell cross-linking induced restrictive effect (shown in
Figure 4D).

Meanwhile, pyrene was employed as the fluorescence probe
to monitor the real-time hydration situation of the hydrophobic
core, due to its highly sensitivity to the change of polarity.*
The fluorescence emission spectrum was shown in Figure S8 in
the Supporting Information. The change in fluorescence
intensity at characteristic peak 393 nm and intensity ratio of
Li73/I35; was clearly pH-dependent (shown in Figure S). As can
be seen, the variation trend of fluorescence intensity and
intensity ratio of I3;3/I35; was consistent well with the change of
particle size. Dramatic decrease of fluorescence intensity and
increase of intensity ratio of I;;3/I;5; was observed upon the
pK.* was reached, corresponding to the significant change of
the surrounding polarity encountered with pyrene. Upon
further lowering the pH, the PDPA blocks were totally
positively charged and hence became hydrophilic and swelling,
which resulted in the further decrease of fluorescence intensity
and increase of intensity ratio of I;3/I;;. Therefore, it was
further verified the cooperativity of cross-linked shell and ultra
pH-sensitive core.

Eventually, when GSH (10 mM) was added to the solution,
the PCSS;;D SCNPs was turned into a highly “tumefied”
nanocage at pH 6.5, since the partially protonated PCSS,,D
SCNPs core was able to expand upon unpacking the tight
enclosure of the cross-linked shell (Figure 3C). Upon further
lowering the pH to 5.0, disassembly of the PCSS,;)D SCNPs
was detected by zetasizer, which indicated that the disulfide
cross-linking was destroyed and the polymer chains were
completely dissolved. In addition, drying the solution led to the
formation of random polymeric aggregates (Figure 3Dd).
Namely, once the PCSSD SCNPs located inside the tumor cells
encountering with higher concentrated GSH and lower pH,
rapid dissociation of SCNPs could be induced by shell de-cross-
linking accompanying with disassembly of PDPA core, which
would facilitate boost intracellular drug release. As to the
PCSS ;D SCNPs, the cross-linked density provided a suitable
pK.* value for “spatiotemporally pinpointed” intracellular drug
delivery.

3.4. In Vitro and Intracellular Drug Release. Under-
standably, disulfide bond cross-linked shell has demonstrated
great potential for tuning encapsulation stability and specific
drug release. However, the influence of cross-linking degree on
the drug release behavior and its mechanism has not been
studied systematically in peer works."*'¥'®*° In this study, the
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drug release of PCSSD SCNPs with different cross-linking
density was conducted. As shown in Figure 6, the release rate

100 © PCD/DOXNPs pH5.0
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Figure 6. In vitro drug release of PCSSD/DOX SCNPs with different
cross-linking density at different pH.

was clearly density-dependent. The higher the cross-linking
density was, the lower the drug release rate was. At pH 7.4,
about 20% of loaded drugs were released within 12 h for PCD/
DOX NPs. However, it was reduced to 14% and 8% for the

PCSS;D/DOX SCNPs and PCSS,,D/DOX SCNPs within the
same time, respectively. Significantly, at pH 6.5, the drug release
was also confined efficiently to less than 20% within 12h for
PCSS,,D/DOX SCNPs, while approximately 30% was released
for PCD/DOX NPs. The above results indicated that
PCSS,;D/DOX SCNPs with cross-linked shell could reduce
drug losing before the NPs were internalized by tumor cells,
which was consistent with the influence of cross-linked shell on
the structure of SCNPs. Despite that, the drug release of
PCSS,,D/DOX SCNPs was still retarded at pH 5.0, when fast
drug release was expected. However, the most obvious and
spectacular microenvironments of cancer cells were not only
the intrinsic pH gradient, which varied from 7.4 in the systemic
circulation to 4.0—6.0 in the endo/lysosomal compartments,
but also the concentration of GSH which varied from 2 to 20
uM in the body fluids and normal extracellular matrices to 2—
10 mM in the cytosol within tumor cells.’® Hence, the
PCSS,;D/DOX SCNPs with better controlled released
behavior were employed in the following pH and redox dual-
sensitivity triggered drug release studies, which were inves-
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Figure 7. (A) In vitro drug release of PCSS;,D/DOX SCNPs at 37 °C in PBS at different pH and redox conditions. (B) Quantitive measurement of
the mean fluorescence intensity after incubated with free DOX, PCD/DOX NPs, PCSS,,D/DOX SCNPs and RGD-PCSS,;,D/DOX SCNPs for 4 h
via flow cytometry (blank cells as the control, *p < 0.05, **p < 0.01 in comparasion with RGD-PCSS,;,D/DOX SCNPs). (C) Fluorescence
microscopy images of HepG2 cells after incubated with free DOX, PCSS;D/DOX SCNPs, and RGD-PCSS,D/DOX SCNPs for 4 h. (D)
Fluorescence microscopy images of HepG2 cells after incubated with RGD-PCSS,,D/DOX SCNPs for 4, 6, and 8 h, respectively. For each panel,
images from left to right show cell nuclei stained by DAPI (blue), DOX fluorescence in cells (red) and overlays of two images.
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Figure 8. (A) Viability of HepG2 and (B) HeLa cells after incubation with PCD NPs, PCSS;,D SCNPs and RGD-PCSS,,D SCNPs for 48 h; (C)
viability of HepG2 and (D) HeLa cells after incubation with free DOX, PCD/DOX NPs, PCSS,;,D/DOX SCNPs and RGD-PCSS,;,D/DOX SCNPs
for 48 h. (*p < 0.0S in comparation with PCD-2/DOX NPs). Error bars represent the standard deviation (n = 6).

tigated systematically under conditions that simulated the
gradient in vivo.

As shown in Figure 7A, evident acceleration of DOX release
was observed upon either adjusting the pH to 5.0 or adding 10
mM GSH, however, the most rapid release was detected when
dual stimulation were applied synchronously. Upon dual-
stimulation, the loaded DOX was released completely within 5
h, which was similar to the PCD/DOX NPs at pH 5.0,
indicating that the defense of the cross-linked shell was
removed in the intracellular environment of tumor cells. The
dual-stimuli triggered DOX release behavior could be well-
explained by the above results of structural transitions of
PCSS,;D SCNPs and fluorescence spectra of PCSS,,D/DOX
SCNPs induced by the coordinated dual-sensitivity (shown in
Figures 3 and 6).

Subsequently, the cellular uptake was evaluated by flow
cytometry. As shown in Figure 7B, the fluorescence intensity of
RGD-PCSS,;,D/DOX SCNPs treated group was significantly
higher than that of PCD/DOX NPs and PCSS,;,D/DOX
SCNPs (p < 0.01). The lower level of DOX delivered by PCD/
DOX NPs and PCSS,;,D/DOX SCNPs was mainly attributed
to the nonfouling property of the PCB segments on the surface
of the SCNPs, which hindered the endocytosis of NPs.**?**!
Significantly, the conjugation of RGD ligand enhanced the
endocytosis of the PCSS;(D/DOX SCNPs, since the RGD
targeting ligand could specifically bind to the a,f; integrin
receptor highly expressed at the surface of malignant
cells.****~** Therefore, without affecting the nonfouling
property of PCB segments, the conjugation of RGD ligand
could efficiently overcome the dilemma of PCB in endocytosis
to provide enhanced specific tumor cell internalization of the
NPs. As shown in Figure 7C, the result of fluorescence
microscopy observation was consistent with the result of
cellular uptake studies.
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To further evaluate the intracellular drug release, RGD-
PCSS,;D/DOX SCNPs were incubated with HepG2 cells for
another 6 and 8 h, followed by observation using fluorescence
microscopy (shown in Figure 7D). Obviously, DOX
fluorescence was mainly located around the cell nucleus in
cytoplasm after incubation for 4 h. More importantly, certain
increase of fluorescence intensity of DOX was observed in cell
nucleus with prolonging the incubation time to 6 and 8 h, as
DOX is known to exert drug effects via intercalation with DNA
and inhibition of macromolecular biosynthesis.**~*’ The rapid
release of DOX from the RGD-PCSS;,D SCNPs intracellularly
was consistent with the result of drug release obtained in PBS,
indicating that DOX can be released effectively within tumor
cells triggered by acid microenvironment in endo/lysosomal
compartment and GSH in the cytoplasm, and then be delivered
into cell nucleus.

3.5. In Vitro Cytotoxicity Assay. Further anticancer
evaluation verified the importance of the pH and reduction
dual-sensitivity cotriggered rapid release of DOX. As shown in
Figure 8A, B, The blank NPs and SCNPs showed very low
cytotoxicity even at fairly high concentrations up to S mg/mL,
indicating the well cell compatibility of the prepared materials.
In addition, the cytotoxicity of RGD-PCSS,,D/DOX SCNPs
was significantly higher than PCD/DOX NPs and PCSS,,D/
DOX SCNPs, which was mainly due to the fact that the
nonfouling PCB segment hindered the endocytosis of NPs.
This result was in consistent with the cellular uptake studies. As
summarized in Table 3, the ICs, values were 3.45 and 2.82 ug/
mL for RGD-PCSS;,D/DOX SCNPs on HepG2 and Hela
cells, respectively. In terms of PCSS;,D/DOX SCNPs, the IC;,
values were 15.83 and 11.91 ug/mL correspondingly.

3.6. In Vivo Drug Distribution and Tumor Accumu-
lation Studies. In the above studies, all the prepared NPs and
SCNPs exhibited excellent serum stability and especially low
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Table 3. IC,, Value of Free DOX and NPs Formulations

ICso(pg/mL)
sample HepG2 cell HeLa cell
free DOX 0.99 115
PCD/DOX NPs 14.12 9.34
PCSS,,D/DOX SCNPs 15.83 1191
RGD-PCSS;,D/DOX SCNPs 3.4S 2.82

protein adsorption properties, which would be expected to
realize prolonged blood circulation time in vivo.>”***
However, the drug-loaded NPs must complete a sophisticated
journey from the injection site to the tumor tissue where they
have to overcome tremendous challenges.* Namely, protein
adsorption of the NPs in the blood is much more sophisticated
than that from model protein, as plasma is full of multiple
proteins, whose adsorption is regarded as a selective and
competitive process.>”>" To evaluate the accumulation of DOX
in tumor tissue, we injected free DOX, PCD/DOX NPs,
PCSS;\D/DOX SCNPs, and RGD-PCSS;(D/DOX SCNPs
intravenously into nude mice bearing HepG2 tumor xenografts.
The intrinsic fluorescence of DOX enabled direct tracking of
the distribution of DOX loaded NPs during the ex vivo imaging
of organs of interest. As shown in Figure 94, it could be seen
clearly that both NPs formulations enhanced the accumulation
of DOX in the tumor tissue in comparison with free DOX,
which was in consistent with the previous report that NPs with
similar small sizes (30—200 nm) accumulated preferentially in
tumors through the enhanced permeability and retention
(EPR) effect and at the reticuloendothelial sites such as
liver.*>° In addition, as shown in Figure 9B, significantly

stronger fluorescence of DOX was detected in the tumor tissue
with the administration of all the NPs formulations after
injected for S h. Subsequently, the quantitative analyzation of
DOX concentration in tumor tissues is shown in Figure 9C.
The concentration of DOX in tumor tissues with admin-
istration of RGD-PCSS,;,D/DOX SCNPs showed a 1.16, 1.23,
and 1.73 times higher level than PCSS,,D/DOX SCNPs, PCD/
DOX NPs and free DOX after administrations for S5 h,
respectively. Particularly, the proportion was increased to 1.46,
1.75, and 2.87 fold post-injection for 24 h. Normally, NPs with
zwitterionic polymer surfaces are expected to accumulate
equally into tumor interstitials through the EPR effect, however,
the PCSS;,D/DOX SCNPs showed higher DOX accumulation
amount in comparation with the non-cross-linked PCD/DOX
NPs, which are supportive of reduced drug release from shell
cross-linked NPs in blood circulation. In addition, the enhanced
accumulation of RGD-PCSS,;D/DOX SCNPs could be
attributed to the functionalization of RGD, which was able to
specifically bind to the a,f; integrin receptor highly expressed
on the surface of proliferating neovascular endothelial cells and
malignant cells in tumor and subsequently promote the
internalization into tumor cells.**" As reported, NPs that
could not be internalized by tumor cells were easily eliminated
from the tumor site because of the high interstitial fluid
pressure (IFP).>>>®> Consequently, this result could be
explained as the cooperation of the PCB for prolonged
systemic circulation, RGD for active tumor targeting and
cellular uptake, cross-linked shell for reduced premature drug
release, which facilitated the improvement of tumor accumu-
lation and retention of DOX.
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in comparation with PCD/DOX NPs, ¢ = in comparation with PCSS;,D/DOX SCNPs). (The data were
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4. CONCLUSION

In this study, multifunctional SCNPs were fabricated via one-
step assembly of well-defined triblock zwitterionic PCSSD
copolymers, which were synthesized via reversible additive
fragment transfer (RAFT) polymerization and followed by
functionalization with RGD. The RGD-PCSSD SCNPs were
able to cooperatively combine the functions of ultra pH-
sensitive PDPA core for efficient loading and pH-triggered
release of anticancer drugs, disulfide-cross-linked PDS shell for
preventing premature drug release, zwitterionic PCB corona for
stabilizing the SCNPs and acquiring prolonged systemic
circulation, and RGD ligand for active tumor targeting and
receptor-mediated endocytosis. The results of in vitro and in
vivo evaluation showed that the cooperativity was accomplished
as to enable the RGD-PCSSD/DOX SCNPs to complete the
sophisticated journey from the initial injection site to the tumor
tissue and “spatiotemporally pinpointed” drug release intra-
cellularly. Consequently, this well-constructed multifunctional
RGD-PCSSD/DOX SCNPs, which represented the coopera-
tive design view, showed great potential for the development of
novel nanocarriers in tumor targeted drug delivery.
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