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To achieve effective intracellular anticancer drug release for boosted antitumor efficacy, the acidity-responsive
nanovehicles for doxorubicin (DOX) delivery were fabricated by tailor-made co-assembly of amphiphilic
PEGylated chitosanygix and hydrophobic poly(lactic-co-glycolic acid) (PLGA) segments at pH 8.5. The attained
DOX-loaded PEGylated chitosanygk/PLGA nanoparticles (DOX-PCyoxPNs) were characterized to have a spherical
shape composed of drug-encapsulated chitosanygk/PLGA-constituted solid core surrounded by hydrophilic PEG
shells. Compared to non-pH-sensitive DOX-loaded PLGA nanoparticles (DOX-PNs), the DOX-PCyoxPNs displayed
outstanding colloidal stability under serum-containing condition and tended to swell in weak acidic milieu upon
increased protonation of chitosanygk within hybrid cores, thus accelerating drug release. The in vitro cellular
uptake and cytotoxicity studies revealed that the DOX-PCy(kPNs after being endocytosed by prostate TRAMP-C1
cancer cells rapidly liberated drug, thus promoting drug accumulation in nuclei to enhance anticancer potency.
Moreover, the hydrated PEG shells of DOX-PCykPNs remarkably reduced their uptake by macrophage-like
RAW264.7 cells. Importantly, in vivo animal findings showed that the DOX-PCyokxPNs exhibited the capability
of inhibiting TRAMP-C1 tumor growth superior to free hydrophobic DOX molecules and DOX-PNs, demon-
strating the great potential in cancer chemotherapy.

1. Introduction well controlled drug release in response to external stimuli and were

selectively accumulated within tumor sites through the innate enhanced

Over the past several decades, chemotherapy has been extensively
utilized in the cancer treatment [1-8]. The anticancer drugs such as
doxorubicin (DOX) that can suppress the biosynthesis of RNA and DNA
have been regularly employed in the clinic for many years [9,10]. Un-
fortunately, DOX shows several drawbacks when used directly in vivo
including short blood circulation time, lack of tumor targeting, life-
threating cardiotoxicity, and multi-drug resistance of cancer cells
[11,12]. To address the above issues, a varied of polymeric nano-
particles such as polymeric micelles [1-3], polymersomes [4,5] and
nanogels [6,7] have been developed as DOX vehicles. These studies
showed that the functionalized DOX-carrying polymeric nanoparticles

permeability and retention (EPR) effect of tumor tissues and/or active
tumor targeting, thus promoting intratumoral drug concentration to
boost antitumor efficacy [1-7]. However, the preparation of afore-
mentioned drug delivery systems involved the synthesis of complicated
materials and use of non-biodegradable materials, thus largely limiting
their practical clinical applications. In order to further realize the clin-
ical uses of polymeric nanoparticles-based drug delivery systems in
cancer treatment, poly (D,L-lactic-co-glycolic acid) (PLGA), a biocom-
patible and biodegradable polymer, approved by the United States Food
and Drug Administration for clinical use, has been widely employed as
major component of drug carriers [13-18]. As reported by many
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literatures [13-18], the PLGA-constituted nanoparticles effectively
delivered various chemotherapeutic agents (especially hydrophobic
drugs) to the tumor sites. Also, the PLGA-based nanoparticles could be
degraded by hydrolysis of ester bond linkages in the polymer backbone.
Lactic acid and glycolic acid, which are biocompatible and rapidly
eliminated from the body via the renal system, are the end products of
degradation [17]. Nevertheless, some drawbacks of PLGA nanoparticles
including rapid opsonization by cells of mononuclear phagocytic system
(MPS), premature drug release, severe inter-particle aggregation under
physiological condition and lack of tumor acidity-responsive drug
liberation profoundly limited their clinical translation [16,19,20].

Chitosan, a cationic polysaccharide generated from deacetylation of
natural chitin, has been often used to modify the PLGA nanoparticles
due to its biocompatibility, biodegradability, mucoadhesive and pH-
responsive properties [19-25]. Although the in vivo biodegradability
mechanism of chitosan has not been clearly understood, some studies
pointed out the degradation of chitosan and its micro/nanoparticles by
lysozyme, which is available in human body especially in the lungs [26].
It has been demonstrated that chitosan and its derivatives endowed
PLGA nanoparticles with reduced premature drug leakage, pH-
dependent drug release performance and enhanced cellular uptake
[20,23-25]. As reported by Lu et al. [24], the chitosan-coated PLGA
nanoparticles serving as paclitaxel (PTX) vehicles not only appreciably
declined the initial burst liberation of PTX but also accelerated drug
release with pH decrease from 7.4 to 5.0. Compared to free PTX, the
PTX-loaded chitosan-modified PLGA nanoparticles were internalized by
MDA-MB-231 cells in more efficient manner due to their positively-
charged surfaces, thereby displaying higher cytotoxicity. Furthermore,
Bhattarai's group developed the chitosan-modified PLGA nanoparticles
to deliver diclofenac sodium (DS) [25], a nonsteroidal anti-
inflammatory drug. They found that the coating of chitosan on the
surfaces of DS-encapsulated PLGA nanoparticles remarkably accelerated
DS release from nanoparticles in acidic aqueous solutions owing to the
promoted protonation and water-solubility of chitosan. As described
above, some disadvantages of PLGA nanoparticles could be conquered
by chitosan surface coating, however, the positively-charged nano-
particles were apt to adsorb opsonins and negatively-charged serum
proteins during blood circulation to cause their rapid body elimination
and tissue toxicity, thus being not beneficial to accumulate within tu-
mors [27-29]. Therefore, the decoration of PLGA nanoparticles with
chitosan alone still faced great challenges in tumor-targeted drug
delivery.

To the best of our knowledge, it has been recently demonstrated that
the surface coating of PLGA nanoparticles with both chitosan and hy-
drophilic poly(ethylene glycol) (PEG) can significantly prolong their
blood circulation time by inhibiting the phagocytic effects [19,29,30].
For example, Sahoo and co-workers found that, through the blending of
chitosan and PEG segments with PTX-encapsulated PLGA nanoparticles,
the obtained dual chitosan/PEG-coated PLGA nanoparticles loaded with
PTX showed remarkably prolonged blood circulation time and reduced
macrophage uptake [19]. Also, the PEG and chitosan coating of PTX-
encapsulated PLGA nanoparticles considerably promoted their cellular
uptake and cytotoxicity in various cancer cell lines. In a similar strategy,
Liu's group designed the PLGA-based nanoparticles coated with both
chitosan oligosaccharide and PEG-poly(D,L-lactic acid) (PDLLA) for
tumor targeted delivery of PTX [29]. With the synergistic effect of chi-
tosan oligosaccharide and PEG-PDLLA, the PTX-loaded hybrid nano-
particles not only potently retarded macrophage uptake to prolong the
blood circulation time, but also enhanced the selective accumulation
and interstitial penetration capacity in tumor region, thus showing
outstanding antitumor efficacy against MDA-MB-231 tumor in vivo.
Besides, in order to improve liver cancer treatment, the PEG/lactobionic
acid (LA)-modified chitosan was covered on the surfaces of PLGA
nanoparticles for encapsulation and targeted release of arsenic trioxide
(As203) [30]. Despite of the progress in tumor-targeted drug delivery
and antitumor effect of these PLGA nanoparticles equipped with dual
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surface coating of chitosan and PEG, the approaches of producing these
hybrid nanoparticles frequently involved the use of non-biodegradable
surfactants (stabilizers) such as poly(vinyl alcohol) and poloxamer,
complicated materials, massive organic solvents or multi-step proced-
ures such as double emulsion method, being not favorable to large-scale
manufacture and clinical application.

In order to overcome the aforementioned hurdles, in this work, a
surfactant-free and one-step nanoprecipitation method was adopted to
develop the pH-responsive PEGylated chitosan-decorated PLGA nano-
particles for efficient intracellular delivery of hydrophobic DOX
(Figure Scheme 1). To the best of our knowledge, the study regarding the
functionalized decoration of PLGA nanoparticles with PEGylated chi-
tosan by a single-step procedure has never been reported. The amphi-
philic PEGylated chitosangox was synthesized by conjugation of
chitosanygx (MW 20 KDa) with methoxy PEG carboxylic acid and used as
stabilizer. Through the co-assembly of amphiphilic PEGylated chito-
sanggx adducts, hydrophobic PLGA segments and DOX molecules in
aqueous solutions at pH 8.5, the DOX-encapsulated hybrid PEGylated
chitosanygx/PLGA nanoparticles were fabricated and characterized by
variable angle dynamic/static light scattering (DLS/SLS), transmission
electron microscopy (TEM) and zeta potential measurements. Also, the
effects of chain length of chitosan from PEGylated chitosan adducts on
the colloidal structure of the hybrid nanoparticles and their colloidal
stability in serum-containing aqueous solutions as well as acidity-
responsive structural transformation were investigated. In addition to
the in vitro DOX release performance, the in vitro cellular uptake of
DOX-loaded hybrid nanoparticles by prostate TRAMP-C1 cancer cells
and macrophage-like RAW264.7 cells and their cytotoxicity were
explored. To evaluate the antitumor efficacy of DOX-carrying hybrid
nanoparticles, the studies of in vivo tumor growth were further
conduced in this work.

2. Experimental section
2.1. Materials

DOX (in the hydrochloride salt form) was purchased from Carbo-
synth Ltd. (UK). PLGA (50/50) (Inherent viscosity: 0.15 dL/g) was ac-
quired from Green Square (Taiwan). Chitosansy oligosaccharide (MW
5.0 kDa, 81% degree of deacetylation) and chitosanggx (MW 20.0 kDa,
90% degree of deacetylation) were obtained from Glentham Life Science
Ltd. (UK). Methoxy poly(ethylene glycol) (mPEG) (MW 5.0 kDa), 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dul-
becco's modified Eagle medium (DMEM), RPMI-1640 medium, D50
(99.9 atom % D), and CDCl3 (99.8 atom % D) were purchased from
Sigma-Aldrich (USA). N-(3-Dimethylaminopropyl)-N’-ethyl-
carbodiimide hydrochloride (EDC, 95%) was attained from Matrix Sci-
entific (USA). Pyrene (98%), N-hydroxysuccinimide (NHS, 98%) and
succinic anhydride (99%) were acquired from Alfa Aesar (USA). Fetal
bovine serum (FBS) was purchased from Hyclone (USA). Hoechst 33342
was purchased from Invitrogen. Deionized water was produced from
Milli-Q Synthesis (18 M, Millipore). All other chemicals were reagent
grade and used as received. TRAMP-C1 cells (murine prostate cancer cell
line), CT-26 cells (murine colon adenocarcinoma cell line) and
RAW264.7 cells were acquired from Food Industry Research and
Development Institute (Hsinchu City, Taiwan).

2.2. Synthesis and characterization of PEGylated chitosan adducts

Through the ring-opening reaction of succinic anhydride with mPEG,
the mPEG-COOH utilized in the work was prepared as described in our
previous work [31]. The PEGylated chitosanyox was synthesized by the
EDC/NHS-mediated amindation of chitosanygy and mPEG-COOH
(Scheme 2). Briefly, chitosangox (300 mg) was dissolved in 1.0 vol%
acetic acid aqueous solution. The mPEG-COOH (720 mg), NHS (331 mg)
and EDC (552 mg) were dissolved in deionized water (12 mL). Next, the
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chitosan-containing solution was added dropwise into the above solu-
tion under stirring. The solution was stirred at 25 °C for 48 h, followed
by dialysis (Cellu Sep MWCO 6000-8000) against deionized water to
eliminate NHS and EDC. The product was collected by lyophilization.
For comparison, the PEGylated chitosansy was prepared by the same
way. The chemical structure of PEGylated chitosan was characterized by
Fourier transform infrared (FT-IR) spectroscopy (FT-720, HORIBA,
Japan) using KBr pellet for the sample preparation, and proton nuclear
magnetic resonance (lH NMR) spectroscopy (Agilent DD2 600 MHz
NMR spectrometer) using D20 as the solvent. Because the fluorescence
intensity ratios (I3/I;) of the third vibrionic band at 381.5 nm to the first
at 371.5 nm of the fluorescence emission spectra of pyrene are sensitive
to the hydrophobic microenvironment of the polymeric assemblies
[31-33], the hydrophobic property of PEGylated chitosan in aqueous
solutions of various pH was studied by fluorescence measurement using
pyrene as a fluorescence probe. Aliquots (20.0 pL) of pyrene in acetone
(3.0 x 1073 M) was evaporated in vials, and the aqueous solutions of
PEGylated chitosan at the prescribed pH (1.0 mL) were added to obtain
the PEGylated chitosan solutions with a constant pyrene concentration
of ca 6.0 x 10~/ M. The fluorescence emission spectra of pyrene in the
PEGylated chitosan solutions were attained with a Hitachi F-2700
fluorescence spectrometer. The excitation of 336 nm was adopted and
the emission wavelength ranging from 350 to 500 nm was recorded. The
fluorescence intensity ratios (I3/I;) of pyrene in the PEGylated chitosan
solutions were determined.

2.3. Preparation of PEGylated chitosan/PLGA nanoparticles (PCPNs)

The PCy0xPNs (0.38) ([PEGylated chitosanygi]/[PLGA] = 0.38/1 (w/
w)) were prepared by single-step nanoprecipitation method. Briefly,
PEGylated chitosanygy (1.5 mg) and PLGA (4.0 mg) were completely
dissolved in DMSO (0.4 mL), followed by dropwise addition into pH 8.5
phosphate buffer (ionic strength 0.01 M, 1.6 mL) under stirring. The
solution was gently stirred at room temperature for 1 h and then dia-
lyzed (Cellu Sep MWCO 12000-14,000) with pH 8.5 phosphate buffer at
4 °C to attain the PCyokPNs. After freeze-drying, the yield of PCyoxPNs
was determined to be 96.8%. For comparison, the PCsPNs composed of
PEGylated chitosansk and PLGA, and PLGA nanoparticles (PNs) without
PEGylated chitosan decoration were obtained in a similar manner.

2.4. Preparation of DOX-loaded PCPNs (DOX-PCPNs)

To acquire hydrophobic DOX in free base form, DOX hydrochloride
was dissolved in DMSO containing excess triethylamine (3.0-fold excess
in molar concentration with respect to DOX) with stirring in dark
overnight. The DOX-PCyxPNs (0.38) were prepared as follows. PEGy-
lated chitosanygk (1.5 mg), PLGA (4.0 mg) and DOX (0.2 mg) dissolved
in DMSO (0.4 mL) were added dropwise into pH 8.5 phosphate buffer
(1.6 mL). The solution was stirred at room temperature for 1 h, followed
by dialysis (Cellu Sep MWCO 12000-14,000) against pH 8.5 phosphate
buffer at 4 °C for 24 h to eliminate unloaded DOX and DMSO. For
comparison, DOX-PCyoxPNs (0.13), DOX-PCsxPNs (0.38) and DOX-PNs
were fabricated in a similar approach.

2.5. Structural characterization

The mean hydrodynamic diameter (Dy,) and particle size distribution
of pristine PCPNs, PNs, DOX-PCPNs and DOX-PNs in aqueous solutions
were measured by a Brookhaven BI-200SM goniometer equipped with a
BI-9000 AT digital correlator using a solid-state laser (35 mW, A = 637
nm) detected at a scattering angle of 90°. The zeta potential of the
nanoparticles in aqueous solutions was determined by a Litesizer 500
(Anton Paar, USA). The data shown herein were an average of at least
triplicate measurements. Moreover, in order to explore the structural
characteristics of the PCyoxPNs, 'H NMR measurement of the freeze-
dried PCyokPNs dispersed in D2O was conducted with Agilent DD2
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600 MHz NMR spectrometer. To get insight into the morphology of
DOX-PCy0xPNs in aqueous solution at pH 7.4 and 5.5, respectively, in
addition to the angular dependence of the autocorrelation functions, the
ratio of the root-mean-square radius of gyration (Rg) to the mean hy-
drodynamic radius (Ry) of DOX-PCyoPNs was obtained by angular
dependent dynamic and static light scattering (DLS/SLS) measurements
using the aforementioned instrument. The Ry of DOX-PCyqPNs was
quantitatively determined using the Berry plot of the scattering intensity
(13 versus the square of the scattering vector (q%) from the angle-
dependent measurements of the light scattering intensity. On the other
hand, TEM images of pristine PCyxPNs and DOX-PCyoxPNs negatively
stained with uranyl acetate (2.0 wt%) were gained from a JEOL JEM-
1400 CXII microscope. The fluorescence spectra of free DOX, DOX-
PCy0xPNs and pristine PCygxPNs in phosphate buffered saline (PBS) were
obtained using a Hitachi F-2700 fluorescence spectrometer.

2.6. DOX loading efficiency and content

To quantify DOX encapsulated within nanoparticles, a small portion
of the purified aqueous solutions of DOX-carrying nanoparticles was
withdrawn and then diluted with DMSO to a volume ratio of DMSO/
phosphate buffer = 9/1 for drug extraction. The absorbance of DOX at
480 nm was measured using a UV/Vis spectrophotometer (U2900,
Hitachi, Japan). The calibration curve employed for drug loading
analysis was established by absorbance of DOX with various concen-
trations in DMSO/phosphate buffer (9/1 (v/v)) solutions. The drug
loading efficiency (DLE) and drug loading content (DLC) were obtained
by the following equations:

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

DLC (%) = (weight of loaded DOX/total weight of the DOX
— loaded nanoparticles) x 100%

2.7. Invitro DOX release profiles

To explore in vitro DOX release of DOX-PNs and DOX-PCyPNs, the
aqueous solutions (1.0 mL) of the DOX-carrying nanoparticles was dia-
lyzed (Cellu Sep MWCO 12000-14,000) with PBS (pH 7.4, 20 mL) and
acetate buffer (pH 5.5, 20 mL) at 37 °C, respectively. At the prescribed
time intervals, 0.5 mL of the dialysate was taken for analysis and
replaced with an equal volume of fresh buffer. To quantify the amount of
DOX release, the DOX fluorescence in the range from 350 to 650 nm was
determined by fluorescence measurement using a Hitachi F-2700 fluo-
rescence spectrometer. The concentration of DOX was attained by the
appropriate calibration curve of DOX with different concentrations in
aqueous solution of either pH 5.5 or 7.4.

2.8. Invitro cellular uptake

The flow cytometer (Guava easyCyte HT, Merk Millipore) was uti-
lized to assess cellular uptake of free hydrophobic DOX, DOX-PCyokPNs
and DOX-PNs (DOX concentration = 2.5 pM) by TRAMP-C1 cells at
37 °C. After 4 h incubation, the treated TRAMP-C1 cells (2 x 10° cells/
well) were detached with trypsin-EDTA solution and then dispersed in
PBS (0.7 mL), giving a cell suspension containing a minimum of 1 x 10*
cells. TRAMP-C1 cells (2 x 10° cells/well) seeded onto 22 mm round
glass coverslips in 6-well plates were incubated with free hydrophobic
DOX, DOX-PNs and DOX-PC50kPNs (0.38) (DOX concentration = 1.25
uM), respectively, at 37 °C for 4 h. After being washed twice with HBSS
and immobilized with 4% formaldehyde, cell nuclei were stained with
Hoechst 33342. The cellular images were attained using a confocal laser
scanning microscope (CLSM) (Olympus, FluoView FV3000, Japan)
equipped with a Hoechst set (Ex. 405 nm) and a DOX set (Ex. 488 nm).
On the other hand, RAW264.7 cells (2 x 10° cells/well) seeded onto 22
mm round glass coverslips in 6-well plates were incubated with DOX-
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PNs and DOX-PCyokPNs (0.38) (DOX concentration 1.25 pM),
respectively, at 37 °C for 30 min and 1 h. The phagocytosis of DOX-PNs
and DOX-PCy0xPNs (0.38) by RAW264.7 cells was observed by CLSM
based on the aforementioned method.

2.9. Invitro cytotoxicity

TRAMP-C1 cells seeded in a 96-well plate at a density of 1 x 10*
cells/well in DMEM (100 pL) containing 10% FBS and 1% penicillin
were incubated at 37 °C for 24 h. The medium was then replaced with
100 pL of fresh medium containing either free DOX, DOX-PNs or DOX-
PCy0xPNs (0.38) at various DOX concentrations or pristine PCyoxPNs
(0.38), and cells were incubated at 37 °C for 24 h. Afterward, 100 pL
MTT (0.25 mg/mL) was added into each well and then incubated at
37 °C for 3 h. Subsequently, the culture medium was discarded, followed
by addition of DMSO to dissolve the precipitate and the absorbance of
the resulting solution at 570 nm was measured using a BioTek 800TS
microplate reader. Furthermore, the cytotoxicity of free DOX and
different DOX-loaded nanoparticles against CT-26 cells was evaluated
by the aforementioned manner. The data shown herein represent an
average of at least triplicate measurements.

2.10. In vivo tumor growth inhibition

Male C57BL/6J mice (6-8 weeks old), acquired from National Lab-
oratory Animal Center (Taiwan), were cared in accordance with the
Guidance Suggestions for the Care and Use of Laboratory Animals,
approved by the Administrative Committee on Animal Research in the
Chung Shan Medical University (Taiwan) (IACUC Approval No: 2514).
To build tumor model, 8 x 10® TRAMP-C1 cells were subcutaneously
injected into the right thigh of mice. Tumor volume (V) was calculated
as follows: V = L x W2/2, where L and W are the tumor dimensions at
the longest and the shortest points, respectively. After tumor volume had
enlarged to 80-100 mm?, the mice were randomly divided into 4 groups
(3 in each group) and separately intravenous (i.v.) injected with PBS,
free DOX, DOX-PNs and DOX-PCy(kPNs (0.38) at a DOX dosage of 0.51
mg/kg. Each group was treated with a total of two doses at days 0 and 3.
Tumor volume and body weight of mice were measured every 2 days.
Tumor growth in the various treatment modalities was monitored until
14 days post-injection. The tumor volumes of various groups were
normalized against the original volumes to evaluate the antitumor ef-
ficacy. The tumors were then isolated from the euthanized mice and
weighted. The ratio of tumor weight to body weight (tumor/body
weight) employed as a quantitative measure of therapeutic efficacy was
calculated by the following formulas.

Whamor

body.

Tumor / body weight =

Wiumor and Whpogy represent the weight of tumor and mice after the
experiment, respectively.

After the end of treatment, all the tumor-bearing mice were sacri-
ficed by CO euthanasia. The mice tissues, including heart, liver, spleen,
lung, kidney and xenograft tumor, were excised, fixed with 10%
formalin and then embedded with paraffin wax. The embedded tissues
were sectioned in to 5 pm for performing hematoxylin and eosin (H&E)
staining, Ki67 immunohistochemical staining and apoptotic cells stain-
ing. For apoptosis detection, the TUNEL detection kit (Roche, Penzberg,
Germany) was adopted. The automated TissueFAXS PLUS system was
used to acquire section images (TISSUE GNOSTICS, Vienna, Austria).

2.11. Statistical analysis

All data are reported as the mean =+ standard deviation (SD). Data
analyses for two groups were carried out using Student's t-test. Statistical
significance is indicated as (n.s.) P > 0.05, (*) P < 0.05 and (**) P <
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0.01.
3. Results and discussion
3.1. Synthesis and characterization of PEGylated chitosan

Based on our previous work [31], through the ring-open reaction of
succinic anhydride with the hydroxyl end of mPEG segments, the mPEG-
COOH employed in this study was attained and characterized by FT-IR
and 'H NMR spectroscopy (Figs. S1 and S2). After the grafting reac-
tion of mPEG-COOH with chitosanygx by EDC/NHS-mediated amidation,
the PEGylated chitosangok was obtained. For comparison, the PEGylated
chitosansi was also synthesized. The characteristic bands of mPEG and
chitosanygk segments were observed in FT-IR spectrum of PEGylated
chitosanygi (Fig. S1). Also, the 'H NMR spectrum of PEGylated chito-
sangok (Fig. 1a) showed the appearance of the feature proton signals of
mPEG-COOH at § 3.7 and 3.4 ppm, respectively, and of chitosan at §
3.5-4.0 and 2.0 ppm, respectively. These results demonstrate the suc-
cessful PEGylation of chitosanygk. Based on the signal integral ratio of
the methoxy protons of mPEG-COOH at § 3.4 ppm and the N-acetyl
protons of chitosan at § 2.1 ppm, the degree of substitution of chitosan
with mPEG-COOH defined as the number of mPEG segments per 100
glucosamine units was estimated to be ca. 12.9. In view of the water-
insoluble nature of pH-responsive chitosanygx (pKa 6.5) in basic
aqueous solution and the hydrophilic property of mPEG segments, it was
assumed that the resulting PEGylated chitosanygx could exhibit an
amphiphilic character in response to external pH change. Notably, as
shown in Fig. 2a, the I3/I; value of pyrene in aqueous solutions of
PEGylated chitosanygyx was appreciably increased from 0.66 to 0.75 with
solution pH being adjusted from 5.5 to 8.5. Also, in addition to the
formation of colloidal particles (ca. 200 nm in Dy) in the PEGylated
chitosanygy solution at pH 8.5 attained by DLS characterization (Fig. S3),
a significant conversion in zeta potential of PEGylated chitosanygy from
+20 to 0 mV with the same pH stimulation was observed (Fig. 2b). The
findings evidently proved our postulation that the PEGylated chito-
sangokx adducts turned from hydrophilic to amphiphilic property upon
the pH rise owing to the increased hydrophobicity of non-protonated
chitosanygy segments, thus being prone to self-assemble into polymeric
assemblies with hydrophobic chitosanygk-rich microdomains, where the
nonpolar pyrene resides. In contrast, the PEGylated chitosanygy chains at
pH 5.5 were highly hydrated state due to the considerable protonation of
chitosanygi segments. Distinct from the PEGylated chitosanygk adducts
possessing amphiphilic feature at pH 8.5, the PEGylated chitosansy
chains undergoing appreciable deprotonation of chitosansy segments in
response to pH increase from 5.5 to 8.5 still retained quite hydrated as
reflected by their reduced zeta potential and the unvaried I3/I; value
(ca. 0.66) of pyrene in their solution (Fig. 2a and b). This signifies that,
compared to the PEGylated chitosansy, the PEGylated chitosangok with
relatively longer chitosan segments in basic aqueous solution (pH 8.5)
are apt to associate into polymeric assemblies upon strong hydrophobic
attraction driven by zipper-like hydrogen bonds between non-
protonated chitosanygx segments. A similar result that the water solu-
bility of chitosan segments was remarkably decreased by the increased
molecular weight of chitosan was also reported by You's group [34].

3.2. Preparation and characterization of hybrid PEGylated chitosan/
PLGA nanoparticles

Different from some chitosan/PEG-decorated PLGA nanoparticles
attained by the multiple-step procedures involving use of surfactants
[19,30], in this study, taking advantage of the increased hydrophobicity
of amphiphilic PEGylated chitosanygx in basic aqueous phase as
described above, the PCy0PNs were fabricated by the surfactant-free
one-step co-assembly of PEGylated chitosanygx and hydrophobic PLGA
segments ([PEGylated chitosan]/[PLGA] = 0.38/1 (w/w)) in aqueous
solution of pH 8.5. For comparison, at the same weight ratio of
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Fig. 2. (a) Fluorescence spectra of pyrene in aqueous solutions of PEGylated chitosan at pH 5.5 and 8.5. (b) Zeta potential profiles of PEGylated chitosan in aqueous

solutions at pH 8.5 and 5.5.

PEGylated chitosan and PLGA, the PCs5,PNs (0.38) were also prepared in
a similar manner. As presented in Fig. 3a and Table 1, the PCyokPNs
(0.38) and PCsxPNs (0.38) exhibited a mono-modal size distribution in
pH 7.4 PBS and mean Dy, of ca. 167.0 and 120.2 nm, respectively, being
appreciably larger than that (ca. 57.3 nm) of PNs without PEGylated
chitosan decoration. The enlarged particle size of PEGylated chitosan-
decorated PLGA nanoparticles could be ascribed to the presence of the
additional coating layer and formation of hybrid chitosan/PLGA core
structure. Moreover, the zeta potential values of PCyxPNs (0.38) and
PCskPNs (0.38) in aqueous solution of pH 7.4 determined to be ca. —3.3
and —4.9 mV were prominently lower in comparison with that (ca.
—32.8 mV) of PNs (Fig. 3b). Such a significantly declined zeta potential
for PEGylated chitosan-decorated PLGA nanoparticles was presumed to
that the outer PEGylated chitosan layer could largely shield the negative
charges from carboxylic acid end groups on the surfaces of PLGA-rich
core. To get insight into the structural characteristic of PCykPNs
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(0.38) in aqueous solution, the H NMR measurement was performed. As
shown in Fig. 1, compared with the fully detectable feature proton sig-
nals of PLGA in CDCl3 and PEGylated chitosanyox in D20, the consid-
erably lowered signal intensity of the methyl protons of PLGA at § 1.4
ppm and the N-acetyl protons of PEGylated chitosanygk at § 2.1 ppm was
observed in the 'H NMR spectrum of PCyoPNs (0.38) dispersed in D,0.
Moreover, the feature proton signals at § 3.7 and 3.4 ppm of mPEG
segments from PCy0xPNs (0.38) maintained obviously detectable. The
findings suggest that the chitosanygy chains from PEGylated chitosanygy
and PLGA segments are involved mostly in the formation of hybrid
hydrophobic core of PCykPNs during co-association at pH 8.5, thereby
leading to the corresponding protons undetectable by 'H NMR, while
the hydrophilic mPEG segments of PEGylated chitosanygy prefer to dwell
at the surfaces of PCyoxPNs to preserve the segmental flexibility. Based
on the above results, it can be concluded that the resulting PCyoxPNs
exhibit a chitosanygx/PLGA-constituted hybrid hydrophobic core
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Table 1
DLS data and drug loading characteristics of various nanoparticles.

Sample Dy, (nm) PDI DLE (%) DLC (wt%)
PNs 57.3 + 2.1 0.17 + 0.02 - -
PCy0kPNs (0.38) 167.0 + 3.6 0.30 + 0.02 - -

PCskPNs (0.38) 120.2 + 2.5 0.25 £+ 0.01 - -
DOX-PNs 70.0 + 2.9 0.18 + 0.01 79.3 +1.5 3.8+0.1
DOX-PCy0xPNs (0.38) 148.3 + 3.8 0.21 + 0.01 74.8 +1.3 2.6 +£0.1
DOX-PCy0xPNs (0.13) 162.0 + 5.2 0.22 + 0.04 74.4 + 3.0 3.2+0.1

stabilized by the outer hydrophilic mPEG segments (Scheme 1).

In view of the pH-responsive property of PEGylated chitosany, it
was expected that the PCyoxPNs (0.38) could show the structural
transformation in response to pH change. As presented in Fig. 3a, with
the solution pH being adjusted from 7.4 to 5.5, the appreciable increase
in particle size of PCyoPNs (0.38) from 164 to 193 nm was attained.
Also, the zeta potential of PCy0xPNs (0.38) was significantly shifted from
—3.3to +14.5 mV in response to pH reduction (Fig. 3b), signifying the
extending of the positively-charged chitosanygx segments partially de-
tached from hydrophobic cores toward external aqueous phase. Ac-
cording to these results, such an acidity-triggered enlargement of
PC20xPNs (0.38) could be attributed to that the increased protonation of
chitosan segments at pH 5.5 facilitates the development of ionic osmotic
pressure gradient induced by the positively-charged glucosamine resi-
dues located within hybrid chitosan/PLGA core, thereby enhancing
water influx into the hybrid nanoparticles to allow nanoparticle swollen
(Scheme 1). By contrast, for PNs, their particle size and zeta potential
were not obviously changed in the medium pH range 5.0-7.4 due to the
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lack of acidity-responsive components (Fig. 3a and b). Note that no
significant variation in the particle size of PC5xPNs (0.38) in response to
pH reduction was attained (Fig. 3a). Due to the weak hydrophobicity of
PEGylated chitosangy at pH 8.5 as revealed in Fig. 2a, it was reasonable
to assume that most of chitosansy segments from PEGylated chitosansy
were only attached on the surfaces of PCsxPNs (0.38) instead of the inner
PLGA core (Scheme S1), therefore probably decreasing water inflow and
nanoparticle swelling despite of the increased protonation of chitosansy
segments under acidic conditions. Besides, the zeta potential of PC5,PNs
only slightly changed (from —4.2 to —2.6 mV) in comparison with that
of PCy0x PNs under the same pH stimulation (Fig. 3b), being attributed to
the substantial shielding of positive charges from short chitosansy seg-
ments by outer mPEG chains.

The particle size of PNs dispersed in 0.15 M PBS at 37 °C was
considerably increased from 60 to 140 nm during 24 h while no sig-
nificant variation in the particle size of PCy0xPNs (0.38) and PCsxPNs
(0.38) was observed in the same time interval (Fig. 3c). Such an
appreciable aggregation of PLGA nanoparticles in aqueous solutions of
salt concentration beyond 10 mM was also observed elsewhere [35,36].
Notably, compared to the remarkably enlarged particle size (over 5000
nm) of PNs suspended in 10% FBS-containing PBS within 1 h, the
PCy0kPNs (0.38) still maintained unchanged particle size (ca. 150.5 nm)
within 24 h under the same condition (Fig. 3d). These findings evidently
suggest that the PCyoPNs (0.38) exhibit outstanding colloidal stability
by steric repulsion property of hydrophilic mPEG shells, while the PNs
without hydrophilic surfaces were prone to hydrophobically aggregate
into huge particles in aqueous solution, especially in FBS-containing
milieu, due to the suppression of the stabilizing electrostatic repulsion
in the presence of salt [35,36]. It is noteworthy that, in 10% FBS-
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containing PBS, the PCsxPNs (0.38) only showed well dispersion within transition of PCyxPNs, the PCooxPNs instead of PCsPNs were utilized as
1 h, but tended to aggregate into large particles over 24 h as reflected by vehicles of hydrophobic DOX in the subsequent study.

their increased particle size (Fig. 3d). Compared to PCyoxPNs (0.38), the

PCsiPNs had tendency of adsorbing serum proteins in a non-specific

manner, thus leading to inter-particle aggregation. Similarly, Zheng 3.3. Preparation and characterization of DOX-loaded hybrid

et al. reported that the microcapsule surface modified by the PEGylated nanoparticles

short chitosan displayed a more remarkable IgG adsorption than the

PEGylated long chitosan modified surfaces [37]. For improved tumor- Through one-step co-association of PLGA segments, amphiphilic
targeted drug delivery, the ideal nanoparticle-based drug delivery car- PEGylated chitosanagr adducts and hydrophobic DOX molecules in
riers should prevent the inter-particle aggregation in serum-containing aqueous solution of pH 8.5, the DOX-PCxoxPNs (0.38) were obtained.
milieu to prolong their blood circulation time by reducing their up- Note that the DOX-PC21PNs (0.38) at pH 7.4 had appreciably lower
take by the mononuclear phagocyte system. In this end, based on the DOX fluorescence intensity in comparison with free DOX molecules at
superior aqueous colloidal stability and pH-responsive structural the same DOX concentration (Fig. S4). This is attributed to the high local

concentration of DOX molecules encapsulated within polymeric
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Fig. 4. (a) DLS particle size distribution profiles of DOX-PNs and DOX-PCyoPNs (0.38) dispersed in PBS containing 10% FBS or not at 37 °C for 1 h. (b) Angle-
dependent correlation function for Ry, and Berry plot for R of DOX-PCyPNs (0.38) in pH 7.4 PBS. (c) TEM images of (i) pristine PCy0xPNs (0.38) at pH 7.4 and

DOX-PCa0PNs (0.38) at (ii) pH 7.4 and (iii) pH 5.5.

assemblies that unavoidably causes considerable fluorescence quench-
ing of DOX [38,39]. As revealed in Table 1 and Fig. 4a, the DOX-
PC20xPNs (0.38) exhibited a nano-scaled particle size (ca. 148.3 nm) and
moderate size distribution (PDI 0.21). For DOX-PC5oPNs (0.38), a linear
relationship between the relaxation frequency (I') and the square of the
scattering vector (q?) was also observed in the angle-dependent DLS
examination, clearly illustrating their spherical colloidal form (Fig. 4b).
Based on the Berry plot of I.Y? versus q? from angle-dependent SLS
measurement, the Rg value of DOX-PCy0xPNs was attained to be ca. 58
nm. In view of the particle form factors innately associated with Rg and
Ry, the Rg/Ry, ratio is susceptible to assembly topology and thus useful
for its structural validation [40,41]. Notably, the gained Rg/Ry, ratio (ca.
0.78) of DOX-PC20xPNs (0.38) is essentially comparable to the theoret-
ical value (0.77) of solid sphere-like particles [40,41], signifying their
spherical core-shell architecture composed of the DOX-encapsulated
hybrid PLGA/chitosan core surrounded by hydrophilic mPEG-rich
shells. The TEM images also confirm the spherical shape of DOX-
PC20xPNs (0.38) and drug-free PCy0xPNs (0.38) (Fig. 4c). Note that the
smaller particle size of PCyoxPNs (0.38) and DOX-PCyoxPNs (0.38)
observed by TEM compared to those measured by DLS was attributed to
their structural transition from dried (TEM) to swollen (DLS) state
[42,43]. Furthermore, different from the remarkably enlarged particle
size (ca. 1000 nm) of DOX-PNs in FBS-containing PBS over 1 h due to
their rapid hydrophobic aggregation in the absence of hydrophilic sur-
faces (Fig. 4a), a slightly reduced particle size of DOX-PCy0xPNs (0.38)
was observed under the same condition, evidently demonstrating that
their hydrophilic and flexible mPEG segments could avoid inter-particle
aggregation in serum-containing environment. Also, it is worth
mentioning that the DOX-PCyoxPNs (0.38) dispersed in PBS containing
10% FBS still maintained virtually unvaried particle size within 24 h
(Fig. S5). Besides, after being treated with large-volume dilution with
PBS, the DOX-PCy0PNs (0.38) retained unchanged particle size
(Fig. S6), illustrating their robust colloidal structure. Based on the above
data, it was anticipated that the DOX-PCyokPNs (0.38) could preserve

572

structural integrity during blood circulation to prevent inter-particle
agglomeration and particle dissolution.

Importantly, when the solution pH was adjusted from 7.4 to 5.5, in
addition to the conversion in zeta potential of DOX-PCyoPNs (0.38)
from nearly neutral (—1.9 mV) to positive values (+8.1 mV) (Fig. 5a),
their particle size was appreciably increased from 148 to 204 nm
(Fig. 5b). Such an acidity-induced size enlargement of DOX-PCyqPNs
(0.38) was also found in their TEM images (Fig. 4c). It is worthy to notice
that the Rg/Ry, value of DOX-PCo0iPNs (0.38) was increased from 0.78 to
0.88 with pH reduction from 7.4 to 5.5 (Fig. 5c¢), thereby confirming
structural change of the nanoparticles from compact and nondraining to
loose and swollen state [44,45]. In agreement with the observed pH-
responsive structural transition of drug-free PCyoxPNs (0.38) (Fig. 3a
and b), the above findings suggest that the enhanced protonation of
chitosan segments of DOX-PCyoxPNs (0.38) in weak acidic aqueous
phase leads to their swelling (Fig. 5d). By contrast, for DOX-PNs, their
zeta potential retained virtually invariant with the same pH stimulation
owing to the lack of pH-responsive component; however a largely
increased particle size was observed, being indicative of their severe
aggregation (Fig. 5a and b). Notably, while the DOX-PCy(kPNs (0.38)
became positively charged on their surfaces in response to the pH
reduction to 5.5, the same pH stimulation only rendered the surfaces of
DOX-PCy0xPNs (0.13) mildly negatively charged (Fig. 5a). Obviously,
the surface positive charges of DOX-PCyoxPNs under acidic condition
were remarkably increased with rising weight ratio of PEGylated chi-
tosanygx and PLGA. As shown in Figs. 3b and 5a, after DOX was
encapsulated into PNs, the zeta potential was shifted from —33 to —25
mV. This suggests that DOX molecules could be encapsulated in the
hybrid nanoparticles by associating with PLGA segments via hydro-
phobic interaction as well as electrostatic attraction between their
amine moieties and carboxylic end groups from PLGA segments. As
presented in Table 1, the DOX-PCyokPNs (0.38) and DOX-PCyoxPNs
(0.13) showed a satisfied drug loading capacity comparable to DOX-PNs.
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3.4. In vitro DOX releases

For getting insight into the effects of pH-responsive structural
transformation of DOX-PCy0xPNs (0.38) on drug release, the in vitro
DOX release performance at different pH was explored. Considering the
weak base property of DOX molecules (pKa 8.6), the release behavior of
free DOX molecules in aqueous solutions of different pH values as crit-
ical control was explored. In Fig. S7, the rapid outflow of free DOX
species (over 80%) across the dialysis tube at pH 7.4 and 5.5 over a
period of 6 h was attained, indicating that the slight water solubility
difference of free DOX molecules at pH 5.5 and 7.4 did not affect their
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diffusion behavior. Similar findings have also been reported elsewhere
[46,47]. As shown in Fig. 6a, while the cumulative release of DOX from
DOX-PCy0xPNs was limited to only 30% at pH 7.4 within 2 h, a promi-
nently increased drug release at pH 5.0 was attained (beyond 50%).
Over a period of 24 h, the cumulative DOX release performed at pH 5.5
(ca. 85%) was considerably higher than that (ca. 55%) in the milieu of
pH 7.4. Similar pH-responsive DOX release behavior was also observed
for DOX-PCyxPNs (0.13) (Fig. S8). Such an acidity-triggered rapid DOX
release could be ascribed to the following two reasons: First, the
increased protonation of chitosan in weak acid environment elicited
significant swelling of DOX-PCyoiPNs. Second, under acidic condition,
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Fig. 6. Cumulative DOX release profiles of (a) DOX-PCy0xPNs (0.38) and (b) DOX-PNs in aqueous solutions of pH 7.4 and 5.5 at 37 °C.

573



S.-J. Huang et al.

the enhanced repulsion force as well as the declined hydrogen bonding
among the positively-charged chitosan segments and protonated DOX
molecules [48] accelerated DOX outflow from swollen hybrid nano-
particles (Scheme 1). By contrast, for DOX-PNs, similar DOX release
profiles at pH 7.4 and 5.5 were observed (Fig. 6b), being attributed to
the lack of their pH-dependent structure change. Because the drug
release of DOX-PCy0xPNs (0.38) was considerably boosted at pH 5.5
compared to that of DOX-PNs, it is anticipated that the DOX-PCy(kPNs
could realize rapid drug liberation in acidic endosomes and lysosomes of
cancer cells, thus facilitating the target of DOX to cell nuclei.

3.5. Invitro cellular uptake

The cellular uptake of DOX-PCy0xPNs by TRAMP-C1 cells was eval-
uated by flow cytometry and CLSM. As shown in the flow cytometric
profiles (Fig. 7a), with 4 h incubation, the enhanced DOX fluorescence
intensity of TRAMP-C1 cells incubated with either DOX-PCyoPNs (0.38)
or DOX-PNs was comparable with that of cells treated with free DOX,
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indicating the effective cellular uptake of hydrophobic DOX delivered by
these nanoparticles. Furthermore, the CLSM images (Fig. 7b) showed
that visible DOX fluorescence signals were primarily observed within
nucleus and cytoplasm of TRAMP-C1 cells incubated with DOX-
PCo0xPNs (0.38) at 37 °C for 1 h, whereas no significant DOX fluores-
cence was obtained from TRAMP-C1 cells incubated with the counter-
parts at 4 °C for 1 h. The preliminary findings illustrate that the DOX-
PCo0xPNs (0.38) could be internalized by TRAMP-C1 cells via the
energy-consuming endocytosis pathway. Similar results regarding that
the cellular uptake of the nanoparticles relied mainly on the energy-
dependent endocytosis rather than the passive diffusion were also
attained elsewhere [49,50]. As presented in the CLSM images (Fig. 7c), a
prominent DOX fluorescence was found in the nucleus area of TRAMP-
C1 cells incubated with DOX-PCyoxPNs (0.38) at 37 °C for 4 h, being
comparable to that of cells treated with free hydrophobic DOX. In
agreement with the in vitro release study, DOX molecules were quickly
liberated from endocytosed DOX-PCyoxPNs (0.38) within acidic endo-
somes and lysosomes most probably because of remarkable acid-

Fig. 7. (a) Flow cytometric histogram pro-
files of TRAMP-C1 cells incubated with free
hydrophobic DOX, DOX-PNs and DOX-
PCy0kPNs (0.38), respectively, at 37 °C for 4
h (DOX concentration = 2.5 pM). (b) CLSM
images of TRAMP-C1 cells incubated with
DOX-PCyPNs (0.38) at 4 and 37 °C,
respectively, for 1 h (DOX concentration =
1.25 pM). (¢) CLSM images of TRAMP-C1
cells treated with free hydrophobic DOX,
DOX-PNs and DOX-PC,pPNs (0.38),
respectively, at 37 °C for 4 h (DOX concen-
tration = 1.25 pM). Cell nuclei were stained
with Hoechst 33342. Scale bars are 20 pm.
(d) CLSM images of RAW264.7 cells incu-
bated with DOX-PNs and DOX-PCyPNs
(0.38), respectively, at 37 °C for 1 h (DOX
concentration = 1.25 pM). Cell nuclei were
stained with Hoechst 33342. Scale bars are
20 pm.
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triggered nanoparticle swelling, thus leading to deposition in a large
measure in the cell nucleus (Scheme 1). A similar finding regarding the
promoted delivery of hydrophobic DOX toward cell nucleus by smart
nanovehicles composed of pH-responsive supramolecular peptide-
amphiphiles was also reported by Gu's group [51]. Compared to sig-
nificant nucleus accumulation of DOX transported by DOX-PCyoxPNs
(0.38), DOX delivered by DOX-PNs was found remarkably in the cyto-
plasm and partly in cell nuclei due to the inefficient DOX release from
non-pH-responsive DOX-PNs within acidic organelles. On the other
hand, to preliminarily explore the anti-MPS clearance capability of DOX-
PCy0xPNs (0.38), the phagocytosis of the hybrid nanoparticles by
RAW264.7 cells was investigated. As shown in Figs. S9 and 7d,
RAW264.7 cells incubated with DOX-PCy0PNs for 30 min and 1 h
showed considerably lower DOX fluorescence intensity relative to cells
treated with DOX-PNs, indicating that the PEG-rich surfaces of DOX-
PCo0xPNs effectively declined their phagocytosis by monocyte/
macrophage-like RAW 264.7 cells. Such a reduced phagocytosis of
nanoparticles decorated with PEGylated surfaces by macrophages was
also observed elsewhere [29,52]. The above data further illustrate that
the DOX-PCy0xPNs show great promise in anti-MPS clearance and
improved EPR effect.

3.6. In vitro cytotoxicity

The in vitro cytotoxicity of DOX-PCyokPNs (0.38) against TRAMP-C1
cells was assessed by MTT assay. As shown in Fig. 8a, TRAMP-C1 cells
incubated with drug-free PCyoxPNs (0.38) in the concentration range
27-427 pg/mL for 24 h maintained high viability (over 85%), suggesting
that the pristine PCooxPNs (0.38) composed of biocompatible PLGA
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segments and PEGylated chitosanygi adducts were virtually harmless to
TRAMP-C1 cells. Notably, the viability of TRAMP-C1 cells treated with
free DOX molecules, DOX-PNs and DOX-PCy(PNs (0.38), respectively,
was significantly decreased with increased DOX concentration (Fig. 8b),
signifying the anticancer activity of DOX molecules. Importantly, the
drug dose required for 50% cellular growth inhibition (ICsg) of DOX-
PCy0xPNs (0.38) was attained to be ca. 1.28 pM, being considerably
lower than that (ca. 3.04 pM) of DOX-PNs. In another cell model, mouse
colon CT-26 cancer cells, in addition to few cytotoxicity of drug-free
PCy0xPNs (0.38) (Fig. 8c), the remarkably lower ICsq (ca. 3.23 pM) of
DOX-PCy0xPNs (0.38) in comparison with that (ca. 10.34 pM) of DOX-
PNs was also obtained in Fig. 8d. Such a promoted anticancer potency
of DOX-PCo0kPNs (0.38) relative to DOX-PNs could be ascribed to the
following reasons. First, the acidity-induced rapid DOX release from
DOX-PCyxPNs (0.38) within acidic endosomes/lysosomes could boost
deposition of DOX inside nuclei, thus augmenting the cytotoxicity.
Second, the internalization of DOX-PCyoxPNs (0.38) by cancer cells was
efficiently promoted in comparison to that of DOX-PNs due to their
nearly neutrally surfaces and well-dispersed colloidal structure in
serum-containing milieu. In view of these findings, the acidity-sensitive
hybrid PCyxPNs developed in this work may serve as a carrier to ach-
ieve effective intracellular delivery of hydrophobic DOX for improved
cancer chemotherapy.

3.7. In vivo tumor growth inhibition
To assess the in vivo antitumor potency of various DOX-loaded

nanoparticle formulations, the tumor size of the TRAMP-C1 tumor-
bearing mice was monitored post i.v. injection. The tumor volumes (V)
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Fig. 8. Cell viability of TRAMP-C1 cells incubated with (a) PC5kPNs (0.38) and (b) free hydrophobic DOX, DOX-PNs and DOX-PC,okPNs (0.38), respectively, at
37 °C for 24 h. Cell viability of CT-26 cells incubated with (c) PCyoxPNs (0.38) and (d) free hydrophobic DOX, DOX-PNs and DOX-PC,oxPNs (0.38), respectively, at

37 °C for 24 h. *P < 0.05, **P < 0.01.
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were normalized against their original volumes (V,) to attain the rela-
tive tumor volumes (V/V,). As presented in Fig. 9a, 14 days after
treatment, a remarkable 10-14-fold increase in the relative tumor vol-
ume of mice treated with free hydrophobic DOX was observed, being
only slightly lower than that of the mice treated with PBS. Apparently,
the failure of free hydrophobic DOX to hinder tumor growth is mainly
resulted from the poor tumor accumulation of DOX. By contrast, during
14 days of treatment, the administration of DOX-loaded nanoparticles
led to appreciable inhibition of tumor growth, particularly for DOX-
PCy0kPNs (0.38). Corresponding to the results of the in vivo tumor
growth inhibition, tumors harvested from the euthanized mice treated
with DOX-PCy0xPNs (0.38) were the smallest among the tumors
receiving other treatments (Fig. 9b). Also, the average tumor/body
weight ratio (0.025) of DOX-PCy0xPNs (0.38) was prominently lower

576

than that (0.063) of DOX-PNs and that (0.11) of free hydrophobic DOX
(Fig. 9c). These findings strongly demonstrate that the DOX-PCyqPNs
(0.38) exhibited the highest antitumor efficacy by the reduced macro-
phage uptake to improve EPR effect and effective intracellular DOX
delivery (Scheme 1). Furthermore, no considerable variation in the body
weights of the treated mice in all groups was obtained (Fig. 9d), signi-
fying that the formulations utilized in this work did not provoke serious
acute toxicity.

As revealed in the images of H&E-stained tumor sections (Fig. 9e),
the tumor sections from the drug-treated mice exhibited appreciable
apoptotic regions along with cell shrinkage, nuclear debris and deep
karyoplasmic staining, particularly in those from DOX-PCyoxPNs (0.38)
group, as compared with those from PBS-treated mice. No considerable
tissue architecture abnormality was observed in major organs, including
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heart, liver, spleen, lung and kidney, of mice from all groups (Fig. S10).
A marked decrease in the expression level of Ki67, a proliferation
marker, was observed in the tumor sections from DOX-PCyoxPNs (0.38)
group as compared to other groups, suggesting an anti-proliferative ef-
fect of DOX-PCyxPNs (0.38) on xenograft tumors. Notably, apoptotic
assay with TUNEL staining further verified that the DOX-PCykPNs
(0.38) elicited high levels of intratumoral cell death. These findings
strongly suggest that the DOX-PCyoxPNs (0.38) developed herein not
only reveal no adverse reaction to normal tissues, but also effectively
promote the anti-tumor efficacy. Although further studies on the dose-
effect relationship, the indicators of heart, liver, and kidney-related to
animal experiments, in vivo DOX distribution and pharmacokinetic as a
DOX delivery system are required, the pH-responsive DOX-PCy(kPNs
(0.38) showed superiority in inhibiting tumor growth by promoting
intracellular DOX delivery.

4. Conclusions

In this study, the pH-responsive hybrid nanoparticles from co-
assembly of amphiphilic PEGylated chitosanygx and PLGA segments
employed as hydrophobic DOX carriers were fabricated by a surfactant-
free and one-step nanoprecipitation method. The obtained hybrid
nanoparticles were characterized to have a hydrophobic hybrid chito-
sangok/PLGA core surrounded by hydrophilic mPEG shells. The DOX-
PCy0xPNs not only maintained outstanding colloidal stability in serum-
containing aqueous phase but also accelerated drug liberation in
response to pH change from 7.4 to 5.5 upon acid-activated swelling of
nanoparticles due to the increased protonation of chitosan segments.
Importantly, the results of in vitro cellular uptake and cytotoxicity
studies showed that, compared to non-pH-sensitive DOX-PNs, the pH-
responsive DOX-PCyoxPNs after being endocytosed by TRAMP-C1 cells
rapidly released drug, thus facilitating drug deposition in nuclei to
augment anticancer potency. Furthermore, the PEG-rich surfaces of
DOX-PCyokPNs effectively declined their phagocytosis by monocyte/
macrophage-like RAW 264.7 cells. The preliminary in vivo findings
showed that the DOX-PCy0xPNs not only appreciably suppressed
TRAMP-C1 tumor growth compared to free hydrophobic DOX and DOX-
PN, but also revealed no adverse reaction to normal tissues. Overall, the
developed pH-responsive DOX-PCy0xPNs display great promise to boost
cancer chemotherapy.
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