
Polymeric Nanomedicine for Tumor-Targeted Combination Therapy
to Elicit Synergistic Genotoxicity against Prostate Cancer
Qingqing Yang,† Yang Yang,† Lian Li, Wei Sun, Xi Zhu, and Yuan Huang*

Key Laboratory of Drug Targeting and Drug Delivery System, Ministry of Education, West China School of Pharmacy, Sichuan
University, No. 17, Block 3, Southern Renmin Road, Chengdu 610041, People’s Republic of China

*S Supporting Information

ABSTRACT: To improve the therapeutic efficacy of anticancer combination therapy, we
designed a nanoplatform based on N-(2-hydroxypropyl) methacrylamide (HPMA)
copolymers that allows covalent bonding of two chemotherapeutics acting via different
anticancer mechanisms and that can enter target cells by receptor-mediated endocytosis.
Doxorubicin (DOX) was covalently conjugated to a nanosized HPMA copolymer using a pH-
sensitive hydrazone bond and 5-fluorouracil (5-Fu) was conjugated to the same backbone
using an enzymatically degradable oligopeptide Gly-Phe-Leu-Gly sequence. Then, the
conjugate was decorated with galectin-3 targeting peptide G3-C12 [P-(G3-C12)-DOX-Fu].
The two drugs showed similar in vitro release profiles, suggesting that they may be able to
work synergistically in the codelivery system. In galectin-3 overexpressed PC-3 human prostate
carcinoma cells, P-(G3-C12)-DOX-Fu surprisingly exhibited comparable cytotoxicity to free
DOX at high concentration by increasing cell internalization and exerting synergistic genotoxic
effects of cell cycle arrest, caspase-3 activation, and DNA damage. In mice bearing PC-3 tumor
xenografts, the use of tumor-targeting ligand substantially enhanced the intracellular delivery
of P-(G3-C12)-DOX-Fu in tumors. The targeted dual drug-loaded conjugate inhibited tumor growth to a greater extent (tumor
inhibition of 81.6%) than did nontargeted P-DOX-Fu (71.2%), P-DOX (63%), DOX·HCl (40.5%), P-Fu (32.0%), or 5-Fu
(14.6%), without inducing any obvious side effects. These results demonstrate the potential of synergistic combination therapy
using targeted nanocarriers for efficient treatment of prostate cancer.
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■ INTRODUCTION

Combination therapy is increasingly used as a primary cancer
treatment regimen to avoid the poor response and resistance
often associated with monotherapy.1,2 However, the traditional
mode of combination therapy by simply applying drug cocktail
often shows limited efficacy because the two drugs do not have
overlapping pharmacokinetics or tissue distribution, and
circulation of free drugs in the body increases the risk of side
effects.3 Advances in nanotechnology have opened up
unprecedented opportunities for combination therapy by
enabling temporally and spatially controlled delivery of
encapsulated drugs.4−9 Loading nanocarrier platforms such as
liposomes5 and nanoparticles6 with multiple therapeutic agents
can enhance overall therapeutic efficacy with lower doses and
better safety. However, most of these approaches are based on
noncovalent drug encapsulation, resulting in poor stability and
batch-to-batch variability in drug loading and release kinetics,
especially when the two drugs possess different physicochem-
ical properties.7

Water-soluble polymer-drug conjugates, such as drug-
conjugated N-(2-hydroxypropyl) methacrylamide (HPMA)
copolymers, have emerged as promising therapeutic nano-
carriers for cancer treatment owing to their unique properties,
such as enhanced drug solubility, improved pharmacokinetic
behavior, and increased tumor accumulation mediated by the

enhanced permeability and retention (EPR) effect.10−12 By
manipulating the ratio and functionality of the monomers, the
loading and release of covalently conjugated drugs from HPMA
copolymers can be precisely controlled.13 Recently, HPMA
copolymer−drug conjugates have shown distinct advantages for
combination therapy in several studies.14−18 Krakovicova et al.
developed HPMA copolymers containing the anti-inflamma-
tory and antiproliferative drug dexamethasone and the
anticancer drug doxorubicin (DOX) on account of that
dexamethasone may act as a chemosensitizer in cancer
chemotherapy.14 Excellent synergistic anticancer activity of
the dual drug-loaded conjugate was observed over single drug
loaded-conjugates against dexamethasone-sensitive B-cell lym-
phoma.15 Lammers et al. conjugated gemcitabine and DOX
onto one HPMA copolymer, and the conjugate containing both
drugs inhibited angiogenesis and induced apoptosis more
remarkably than did the combination of two copolymer
conjugates each bonding a single drug.16 Furthermore, Kopecěk
et al. found that combination of two copolymer−drug
conjugates containing the chemotherapeutic agent docetaxel
and the hedgehog pathway inhibitor cyclopamine could kill
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cancer stem cells and bulk tumor cells more effectively than
either conjugate alone.17 This is because the hedgehog pathway
is not only involved in prostate cancer progression but also
critical in promoting prostate cancer stem cells self-renewal and
growth.19 In a recent study, Kostkova el al. designed
biodegradable high molecular weight (MW) diblock HPMA
copolymers (76 kDa) for codelivery of anticancer antibiotic
mitomycin C and DOX with different mechanisms of action. In
vivo studies confirmed the therapeutic benefit of this
combination strategy based on high MW polymer.18 Because
HPMA polymer-based combination therapy with dual drug in
one polymer chain can provide more accurate dose
optimization and align the biodistribution of the combined
drugs,20,21 this strategy might be superior to the single drug
loaded conjugates or the combination of two individual
polymeric prodrugs.
Despite these advantages, HPMA polymer presents a

substantial drawback: its poor cell membrane affinity means
that it does not internalize efficiently into cells even after
accumulating in tumor tissue.22,23 Alternatively, active targeting
attempts to overcome this dilemma by decorating HPMA
polymers with peptides or other ligands that recognize tumor-
specific receptors.24 Galectin-3 is a member of β-galactoside-
binding proteins and is overexpressed on prostate carcinoma
cells.25 We have shown that covalently attaching galectin-3
target ing peptide G3-C12 (sequence: ANTPCG-
PYTHDCPVKR) to HPMA polymers leads to significantly
greater cell uptake relative to untargeted HPMA polymers and
exhibits excellent potential for targeting prostate tumors in
vivo.26,27

The topoisomerase II inhibitor DOX can induce irreversible
single- and double-stranded DNA breaks during transcription
and replication.28 The thymidylate synthase inhibitor 5-
fluorouracil (5-Fu) was recently reported to selectively destroy
tumor-associated myeloid-derived suppressor cells and thereby
promote T cell-dependent antitumor responses.29 In clinical
use, both drugs are often combined with other chemo-
therapeutics (e.g., cyclophosphamide or mitomycin-C) to
treat breast and pancreatic carcinoma,30,31 but few attempts
have been made to deliver DOX and 5-Fu in a single vehicle to
produce synergistic genotoxicity or to minimize their adverse
effects when used individually.
In the present study, the codelivery of DOX and 5-Fu using

G3-C12 modified HPMA copolymers for prostate cancer
therapy was developed. To maintain the integrity of the
nanocarrier in the blood circulation and induce specific drug
release in the tumor cell, DOX and 5-Fu were conjugated to a
single HPMA polymer chain via a pH-sensitive hydrazone
bond32 and an enzymatically degradable glycylphenylalanylleu-
cylglycine (GFLG) tetrapeptide spacer, respectively.26 The
synchronized release of both drugs in response to enzyme
activity and acidity in the endo/lysosomal compartment of
cancer cells might be achieved. We hypothesized that EPR-
mediated targeting of the nanovehicle could direct both
pendant drugs into the tumor tissue at the same time, while
G3-C12 modification of HPMA copolymers would enhance
their intracellular internalization (Scheme 1). The potency of
this targeted codelivery system was evaluated in galectin-3
overexpressed PC-3 human prostate carcinoma cells and in
mice bearing PC-3 tumor xenografts. It was expected that the
targeted combination therapy would promote synergistic
anticancer efficacy.

■ EXPERIMENTAL SECTION
Materials. 5-Fluorouracil was purchased from Nantong Pharma-

ceutical Co., Ltd. (Jiangsu, China). Doxorubicin hydrochloride (DOX·
HCl) was purchased from Dalian Meilun Biotech Co., Ltd. (Shandong,
China). The galectin-3 binding peptide G3-C12 (sequence:
ANTPCGPYTHDCPVKR) was synthesized by Kaijie Biopharm Co.,
Ltd. (Sichuan, China). Scrambled peptide S-G3-C12 (sequence:
PTHVTCKYCPAGNRPD) was synthesized by GL Biochem Co.,
Ltd. (Shanghai, China). The following reagents were purchased from
Sigma-Aldrich (St. Louis, MO): 3-(4,5-dimethyl- 2-tetrazolyl)-2,5-
diphenyl-2H tetrazolium bromide (MTT), 4′,6-diamidino-2-phenyl-
indole (DAPI), papain, cathepsin B, RNase A, propidium iodide (PI),
and SYBR Green dye. N-(2-Hydroxypropyl) methacrylamide
(HPMA),33 N-methacryloyl-glycylglycyl-hydrazide-doxorubicin (Ma-
GG-NHN=DOX),34 N-methacryloyl-glycylglycyl-pnitrophenyl ester
(MA-GG-ONp),35 N-methacryloyl-glycylphenylalanylleucylglycine
(MA-GFLG−OH),33 and 1,3-dimethylol-5-fluorouracil36 were synthe-
sized according to previous reports. All other reagents and solvents
were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China)
and used as received.

Synthesis of HPMA Copolymer−Drug Conjugates. Con-
jugates containing both doxorubicin and 5-fluorouracil (P-DOX-Fu)
were synthesized in two consecutive steps. First, the copolymer
precursor for loading DOX (P-DOX−OH) was prepared by random
radical precipitation copolymerization in an acetone/dimethyl
sulfoxide (DMSO) mixture (AIBN, 2 wt %; monomer concentration,
12.5 wt %; molar ratio HPMA/MA-GG-NHN=DOX/MA-GFLG−
OH, 82.5:7.5:10; 50 °C; 24 h).37 Then, solvent was removed by rotary
evaporation. The remaining polymerization mixture was dissolved in
methanol, and the polymer precursor was further isolated by
precipitation into diethyl ether. Second, 1,3-dimethylol-5-fluorouracil
and P-DOX−OH were dissolved in acetonitrile/dimethylformamide
(DMF) (5:12, v/v), after which N,N-dicyclohexylcarbodiimide (DCC)

Scheme 1. Schematic Illustration of Tumor Targeting,
Internalization, And Synergistic Genotoxicity by HPMA
Copolymer Conjugates Loaded with Both 5-Fluorouracil
and Doxorubicin and Decorated with G3-C12 Peptide That
Binds Galectin-3a

aThis polymeric nanovehicle is called P-(G3-C12)-DOX-Fu in the
text.
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was added, and the mixture was stirred for 18 h at room temperature.
The copolymer was purified by gel filtration on a Sephadex G-25
column using double distilled water as eluent and was obtained by
freeze-drying.
The final HPMA copolymer conjugates loaded with both DOX and

5-Fu, and decorated with galectin-3 binding peptide G3-C12 [P-(G3-
C12)-DOX-Fu] were synthesized, as shown in Figure 1A. In the first
step, the copolymer precursor containing DOX and active ester (P-
DOX-ONp) was prepared by random radical precipitation copoly-
merization in an acetone/DMSO mixture using AIBN as initiator.
Then, 1,3-dimethylol-5-fluorouracil was conjugated to P-DOX-ONp as
mentioned above (P-DOX-Fu-ONp). Finally, G3-C12 peptide was
attached to P-DOX-Fu-ONp by substituting terminal p-nitrophenyl
group (ONp) of the nondegradable dipeptide glycylglycine. Briefly, P-
DOX-Fu-ONp and G3-C12 were dissolved in DMF (molar ratio
ONp/G3-C12, 1:1). The reaction mixture was stirred at room
temperature for 20 h and then purified by dialysis against distilled
water for 24 h at 4 °C. The resulting solution was finally lyophilized to
obtain P-(G3-C12)-DOX-Fu.
To enable comparison of the activity of dual drug-loaded HPMA

copolymer conjugates with that of single drug-loaded conjugates, we
synthesized HPMA copolymer-doxorubicin conjugates (P-DOX)34

and HPMA copolymer-5-fluorouracil conjugates (P-Fu)38 by radical
copolymerization according to established procedures.
Characterization of HPMA Copolymer−Drug Conjugates.

The molecular weight and polydispersity index (PDI) of the
conjugates were determined based on a HPMA homopolymer
calibration using an AKTA Fast Protein Liquid Chromatography
(FPLC) system [GE Healthcare Life Sciences; Superose 6 10/300GL
analytical column; mobile phase, phosphate buffer (pH 7.4)] equipped
with UV and refractive index detectors. An aliquot of the polymer
precursor (P-DOX-ONp) was hydrolyzed with 0.1 M sodium
hydroxide (NaOH) to enable the determination of the released p-
nitrophenol (ONp) using UV−vis spectroscopy at 400 nm. To
measure the 5-Fu content, HPMA copolymer-drug conjugates were
hydrolyzed in NaOH solution (0.1 M) at 37 °C for 20 min to release
5-Fu, and then the solution was neutralized using hydrochloric acid
(HCl) solution (0.5 M). A method based on high-performance liquid
chromatography (HPLC) was used to assay 5-Fu content (Agilent
Technologies 1200 Series; Dikma Diamonsil C18 column 250 × 4.6
mm, 5 μm; mobile phase, distilled water; wavelength, 267 nm). The
content of DOX was measured by UV−vis spectroscopy using ε488 =
9860 L mol−1 cm−1 (water). The amount of G3-C12 attached to
polymers was determined by amino acid analysis (Commonwealth
Biotech, Richmond, VA). The size distribution [hydrodynamic radius
(Rh)] and zeta potential of nanocarriers in deionized water were
measured on a Malvern Zetasize NanoZS90 instrument (Malvern
Instruments Ltd., Malvern, United Kingdom). The morphology of P-
(G3-C12)-DOX-Fu was observed by a transmission electron
microscopy (FEI Tecnai GF20S-TWIN, Hillsboro, OR).
In Vitro Drug Release. The release of DOX from the polymer

conjugates [P-DOX, P-DOX-Fu, and P-(G3-C12)-DOX-Fu; polymer
concentration equivalent to 0.5 mM DOX] was measured by
incubating the conjugate at 37 °C for 48 h in phosphate buffers at
pH 5.0 or 7.4 (adjusted using 0.1 M phosphate buffer containing 0.05
M NaCl). At predetermined time points, the content of DOX released
from polymer conjugates was determined after its extraction from the
incubation media into chloroform. Briefly, a mixture of polymer
solution (0.1 mL) and buffer (0.2 M Na2CO3/NaHCO3, pH 9.8, 0.3
mL) was extracted with chloroform (0.8 mL).39 The organic layer was
separated and dried under nitrogen. The resulting residue was
dissolved in mobile phase and analyzed by HPLC [mobile phase,
methanol/acetonitrile/0.01 M ammonium dihydrogen phosphate/
glacial acetic acid (50:22:28:0.5, v/v); wavelength, 488 nm]. The
release of 5-Fu from the polymer conjugates [P-Fu, P-DOX-Fu, and P-
(G3-C12)-DOX-Fu] was investigated by incubating the conjugates in
McIlvaine’s buffer [50 mM citrate/0.1 M phosphate; 2 mM ethylene
diamine tetraacetic acid (EDTA), pH 6.0] at 37 °C for 48 h in the
presence of papain (2 μM)40 or cathepsin B (0.5 μM)41 or in
phosphate buffer (0.1 M, pH 7.4). At predetermined time points, a

sample was withdrawn and analyzed by HPLC system. All
determinations were carried out in triplicate.

Cell Culture. PC-3 human prostate carcinoma cells were purchased
from the Chinese Academy of Science Cell Bank for Type Culture
Collection (Shanghai, China) and cultured in Dulbecco’s modified
Eagle’s medium (DMEM)/F12 medium (Gibco) supplemented with
10% fetal bovine serum (Hyclone) and 1% penicillin−streptomycin
(Hyclone) at 37 °C in a 5% CO2 atmosphere. All experiments were
performed on cells in the logarithmic growth phase.

Endocytic Uptake Analysis. For studies of cell uptake by
confocal microscopy, PC-3 cells were grown on sterile coverslips in a
6-well plate (Corning, Inc., Corning, NY) and incubated for 24 h. The
medium was then replaced with medium containing P-DOX, P-DOX-
Fu or P-(G3-C12)-DOX-Fu (equivalent to 5 μg/mL of DOX) in the
presence or absence of free G3-C12 peptide (200 nM). After 2 h of
incubation, cells were washed with phosphate-buffered saline (PBS)
and fixed using 4% paraform solution. Ten minutes before imaging,
DAPI was added to visualize the nuclei. Coverslips were mounted on
the glass slides with a drop of antifade mounting medium and
visualized under a confocal laser scanning microscope (LSM 510 DUE,
Carl Zeiss, Jena, Germany). For flow cytometric analysis, PC-3 cells
were cultured in 12-well plates and incubated for 24 h. Then, the cells
were incubated for 2 h with P-DOX, P-DOX-Fu, or P-(G3-C12)-
DOX-Fu (equivalent to 1, 5, or 10 μg/mL of DOX) in the presence or
absence of free G3-C12 peptide (200 nM). After incubation, cells were
harvested, washed with PBS, and then analyzed by flow cytometry
(Cytomics FC 500, Beckman Coulter Ltd.). Cells (1.0 × 104) were
collected, and their mean fluorescence intensity was recorded. A
scrambled version of G3-C12 (S-G3-C12, PTHVTCKYCPAGNRPD)
was synthesized. The scrambled peptide S-G3-C12 was conjugated to
the dual drug-loaded HPMA polymer conjugates, namely P-(S-G3-
C12)-DOX-Fu. Flow cytometry was used to assess endocytic uptake of
P-DOX, P-DOX-Fu, P-(G3-C12)-DOX-Fu, and P-(S-G3-C12)-DOX-
Fu in the presence or absence of free S-G3-C12 peptide (200 nM)
after 2 h of incubation with PC-3 cells as mentioned above (equivalent
to 5 μg/mL of DOX).

In Vitro Cytotoxicity. Cytotoxicity was assessed using a
tetrazolium dye (MTT) assay based on the reduction of the MTT
formazan crystals by living cells. PC-3 cells were seeded on 96-well
plates at a density of 8 × 103 cells/well, and cultured for 24 h.
Subsequently, cells were incubated with free 5-Fu, DOX or conjugates
at different concentrations (equivalent to 1−70 μg/mL of DOX and
0.62−43.4 μg/mL of 5-Fu). After 12 h of incubation, the medium was
removed and cells were washed with PBS. Then, cells were incubated
with fresh medium for another 24 h at 37 °C. Afterward, the cells were
incubated with MTT dye for 4 h. Then, the medium was removed
before adding DMSO (150 μL) to each well to dissolve the formazan
precipitate, and absorbance was measured at 570 nm using a plate
reader (Varioskan Flash, Thermo, Waltham, MA). Untreated cells
were used as a control, and the viability was expressed as the
percentage of the absorbance of the control. IC50 values (μg/mL) were
calculated using SPSS software (IBM, Chicago). The synergistic,
additive, or antagonistic cytotoxic effects were evaluated using the
combination index (CI), which was based on the Chou−Talalay
method and the following equation: CIx = [(D)1/(Dx)1] + [(D)2/
(Dx)2]. (Dx)1 and (Dx)2 represent the ICx value of drug 1 alone and
drug 2 alone, respectively. (D)1 and (D)2 represent the concentration
of drugs 1 and 2 in the combination system at the ICx value.

For experiments with multicellular tumor spheroids, PC-3 cells were
seeded onto a 96-well plate (Corning, Inc., Corning, NY) precoated
with 2% (w/v) agarose gel (Amresco, Solon, OH) at a density of 3000
cells/well. After incubation for 5 days, uniform and compact spheroids
were selected and treated for 7 days with free 5-Fu, DOX or
conjugates (equivalent to 10 μg/mL of DOX and 6.2 μg/mL of 5-Fu).
The morphology of tumor spheroids was carefully observed by
inverted fluorescence microscopy (XD30-RFL, Zhejiang, China).

Cell Cycle Analysis. PC-3 cells were treated with free drugs or
conjugates (equivalent to 10 μg/mL of DOX and 6.2 μg/mL of 5-Fu)
at 37 °C for 36 h, and then the cells were harvested and washed with
PBS. After being fixed with 70% ethanol at −20 °C overnight, the cells
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were incubated with RNase A (0.1 mg/mL) for 30 min at 37 °C, and
stained with propidium iodide (PI) (0.1 mg/mL) for 30 min in the
dark. Cell cycle distribution was analyzed using flow cytometric
analysis. The proportions of cells in G0/G1, S, or G2/M phases were
depicted as a DNA histogram. Proportions of apoptotic cells, identified
based on their hypodiploid DNA content, were estimated by
quantifying the SubG1 peak in the cell cycle pattern.
Caspase-3 Activity Assay. The activity of caspase-3 was

measured using the Caspase-3 Colorimetric Assay Kit (KeyGEN
BioTECH, Nanjing, China) following the manufacturer’s protocol.
Briefly, PC-3 cells were seeded in 6-well plates and incubated at 37 °C
for 24 h with free drugs or conjugates (equivalent to 10 μg/mL of
DOX and 6.2 μg/mL of 5-Fu). Cells were then harvested (3−5 × 106

cells per sample) and suspended in lysis buffer (150 μL) and incubated
in an ice bath for 40 min. The supernatants were collected by
centrifugation at 10 000g for 3 min at 4 °C and immediately assayed
for total protein using the BCA kit (KeyGEN BioTECH, Nanjing,
China). Cell lysates were then placed in 96-well plates containing
reaction buffer and caspase-3 substrate, and the plates were incubated
for 4 h at 37 °C in the dark. Absorbance at 405 nm was measured
using a plate reader (Varioskan Flash, Thermo, Waltham, MA).
Caspase-3 activity was expressed as the percentage of control samples,
which were treated with fresh culture medium.
Measurement of DNA Damage by Comet Assay. Alkaline

single-cell gel electrophoresis (Comet assay) was used to assess DNA
damage. PC-3 cells were seeded in 12-well plates, treated at 37 °C for
36 h with free drugs or conjugates (equivalent to 15 μg/mL of DOX
and 9.37 μg/mL of 5-Fu), harvested and embedded in 0.6% (w/v)
low-melting-temperature agarose on a frosted glass slide precoated
with a thin layer of 0.8% (w/v) agarose. The slides were then
immersed for 3 h at 4 °C in prechilled lysis solution (2.5 M NaCl, 0.1
M Na2-EDTA, 10 mM Tris base, pH 10) containing 1% Triton X-100.
Finally, DNA released from cells was denatured in alkaline buffer (0.3
M NaCl, 1 mM EDTA) for 30 min at room temperature, and the
lysates were subjected to electrophoresis at 25 V and 300 mA for 30
min. The slides were neutralized and stained with SYBR Green dye for
5 min. The comet images were visualized by inverted fluorescence
microscopy (CFM 500, Carl Zeiss, Jena, Germany).
Animal Xenograft Model. Male BALB/c nude mice (5−8 weeks

old and weighing 20−23 g) were purchased from the Animal Centre of
the Institute of West China Medical Center. All animals received care
in accordance with guidelines of the animal welfare committee at
Sichuan University and the Guide for the Care and Use of Laboratory

Animals (NIH publication no. 86-23, revised 1985). To establish
human prostate cancer xenografts, PC-3 cells (4 × 106 cells/100 μL)
were subcutaneously injected into the right flank of the nude mice.
When tumors had reached a certain volume, the animals were
subjected to various drug treatments as described below.

Internalization of Drugs into Tumor Cells in Vivo. When
xenograft tumor volumes reached 300−400 mm3, mice were divided
into four groups (3 animals per group), each of which received tail
vein injections of either free DOX, P-DOX, P-DOX-Fu, or P-(G3-
C12)-DOX-Fu (equivalent to 8 mg/kg of DOX). After 2 days, mice
were sacrificed, and the tumors were removed and fixed overnight with
4% paraformaldehyde. The tumors were then embedded in Tissue Tek
OCT compound and frozen at −80 °C. Consecutive frozen sections 6
μm thick were prepared using a Cryostat cryotome (Leica, CM 3050,
Germany). Tumor sections were washed with distilled water, stained
with DAPI (2 μg/mL) and visualized on a confocal laser scanning
microscope (LSM 510 DUE, Carl Zeiss, Jena, Germany).

In Vivo Antitumor Efficacy. When PC-3 xenograft tumor
volumes were >100 mm3, mice were randomly divided into 7 groups
(5 animals per group) to receive one of the following treatments:
saline, free 5-Fu, free DOX·HCl, P-Fu, P-DOX, P-DOX-Fu, and P-
(G3-C12)-DOX-Fu. These treatments were performed on days 0 and
6 by tail injection, the DOX dose was 5 mg/kg and the 5-Fu dose was
3.1 mg/kg. Tumor volumes were measured and calculated every 2 days
until day 21 using the formula V = (LW2)/2, where W and L refer to
the shortest and longest diameters, respectively. Animal body weight
was also monitored throughout the experiment. On day 21, mice were
sacrificed, and the major organs, including the heart, liver, spleen, lung,
and kidneys, as well as the tumor, were dissected. A portion of tissue
was fixed in 10% formalin and embedded in paraffin, and the paraffin-
embedded tissues were stained with hematoxylin and eosin (H&E) for
histopathological analysis.

Statistical Analysis. Results are presented as mean ± SD.
Differences between treatment groups were assessed for statistical
significance using Student’s t test. Differences were considered
significant if the associated p was <0.05 and highly significant if the
associated p was <0.01.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of HPMA Polymer-
Drug Conjugates. Drugs can be bound to their polymeric
carriers through stimuli-responsive spacers for tumor site

Figure 1. (A) Synthetic pathway and structure of P-(G3-C12)-DOX-Fu. (B) Size distribution of P-(G3-C12)-DOX-Fu by dynamic light scattering.
(C) Transmission electron micrographs of P-(G3-C12)-DOX-Fu.
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specific drug release.22 An optimal structure of the GFLG
oligopeptide spacer being stable in blood and intracellularly
degradable was sorted out for drug attachment.10 Our previous
efforts to conjugate 5-Fu to HPMA copolymer chain have used
this enzymatically degradable GFLF oligopeptide.26,38 This
conjugate exhibited 10-fold lower IC50 value than free 5-Fu. So
GFLG spacer was chosen for 5-Fu attachment in our dual drug-
loaded conjugates. In the case of DOX, it has been routinely
conjugated to the polymer precursor bearing hydrazide groups
via a pH-sensitive hydrazone bond.34 In comparison with
similar conjugates that bound DOX via a GFLG sequence in
which the drug loading higher than ∼ 8 wt % results in
aggregation in aqueous solutions, this method of DOX
attachment via a hydrazone bond allows for much higher
loading of the carrier while keeping sufficient solubility of the
product.10 Therefore, we selected hydrazone bond as a linkage
between DOX and HPMA copolymer backbone. We
hypothesized that the application of different types of spacers
for different drugs in a single nanocarrier could guarantee the
effective drug release. After endocytosis of drug-loaded
nanocarriers into cancer cells, in response to the mildly acidic
environment (pH 5−6) of endo/lysosome and a high level of
lysosomal proteases, the hydrazone bond and GFLG sequence
could be cleaved to impart separate rates of DOX and 5-Fu
release, thus allowing agents to act synergistically. In this study,
dual drug-loaded HPMA copolymer conjugates decorated with
galectin-3-binding peptide G3-C12 [P-(G3-C12)-DOX-Fu] or
without the targeting peptide (P-DOX-Fu) were successfully
synthesized and characterized for the first time. In parallel, we
also synthesized HPMA copolymer conjugates containing only
doxorubicin (P-DOX) or 5-fluorouracil (P-Fu) using previous
methods; these conjugates served as controls.34,38 As illustrated
in Figure 1A, P-(G3-C12)-DOX-Fu was synthesized by radical
precipitation copolymerization of HPMA, MA-GFLG−OH,

MA-GG-ONp, and polymerizable drug derivative (MA-GG-
NHN=DOX), followed by 5-Fu conjugation and G3-C12
peptide attachment.
Table 1 summarizes key nanocarrier characteristics such as

molecular weight, PDI, zeta potential, hydrodynamic radius
(Rh), G3-C12 content, and drug loading. Molecular weights of
all drug-loaded conjugates fell within the range of 28.6−36.4
kDa with a narrow PDI range <1.62, which were below the
renal threshold.13 The P-(G3-C12)-DOX-Fu formulation
showed a G3-C12 content of 2.7 mol %, DOX content of
7.48 wt % and 5-Fu content of 3.88 wt %. The DOX content in
our final conjugate P-(G3-C12)-DOX-Fu is 7.48 wt %, which
was similar to other HPMA polymer-DOX conjugates.15 To
ensure the solubility of the conjugate, the maximal feed molar
ratio of monomer MA-GFLG−OH was 10%, which was used
for 5-Fu conjugation. We then adjusted 5-Fu content in P-(G3-
C12)-DOX-Fu on this basis. An increase in synergistic
cytotoxicity on PC-3 cells was observed as 5-Fu content
increased (Figure S1, Supporting Information). Due to the
synthetic limitations, no higher drug loading of 5-Fu than 3.88
wt % could be achieved. The spatial structure of DOX in dual
drug-loaded HPMA copolymer conjugates resulted in higher
steric hindrance for 5-Fu conjugation, which may explain why
dual drug-loaded conjugates contained less 5-Fu than P-Fu
conjugate did. The slightly negative surface charge of P-(G3-
C12)-DOX-Fu (−12.1 mV) would contribute to better blood
compatibility.42 Figure 1B,C shows the Rh obtained by dynamic
light scattering (DLS) and transmission electron microscopy
(TEM) images of P-(G3-C12)-DOX-Fu coil with an average
size less than 10 nm.

In Vitro Drug Release. To maximize the efficacy of
combination therapy, we wanted to ensure synergistic effects
between the drugs, which requires careful control of the release
of each drug.

Table 1. Characteristics of Synthesized HPMA Copolymer-Drug Conjugates

conjugate DOX (wt %) 5-Fu (wt %) G3-C12 (mol %) MW (kDa) PDI zeta potential (mV) Rh (nm)

P-Fu 5.73 28.6 1.45 −6.83 4.3
P-DOX 9.47 33.4 1.62 −9.63 4.8
P-DOX-Fu 7.32 4.57 31.7 1.43 −10.4 5.2
P-(G3-C12)-DOX-Fu 7.48 3.88 2.7 36.4 1.57 −12.1 6.8

Figure 2. Release profiles of (A) DOX and (B) 5-Fu from HPMA polymer drug conjugates. (A) DOX release from P-DOX, P-DOX-Fu and P-(G3-
C12)-DOX-Fu after incubation at 37 °C in phosphate buffer at pH 5.0 or 7.4. (B) Release of 5-Fu from P-Fu, P-DOX-Fu and P-(G3-C12)-DOX-Fu
was evaluated by incubating the conjugates at 37 °C in phosphate buffer (0.1 M, pH 7.4) and McIlvaine’s buffer (cathepsin B, pH 6.0).
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In one set of experiments, we analyzed DOX release under
different pH conditions. As expected, hydrazone spacers of all
conjugates were relatively stable at pH 7.4, with less than 21%
of DOX released after 48 h (Figure 2A). To simulate the acidic
environment of the lysosome, we reduced the pH to 5, which
increased release kinetics, such that more than 75% of total
drug was released within 48 h from all conjugates. After 48 h at
pH 5, P-DOX released 94% of DOX, slightly more than the
83% released from P-DOX-Fu or the 76% released from P-(G3-
C12)-DOX-Fu. The lower DOX release from the dual drug-
loaded nanocarriers may reflect steric hindrance due to the
presence of 5-Fu and G3-C12 peptide. Even so, this lower
DOX release rate was still fast enough to provide a high
intracellular DOX concentration.
In another set of experiments, we analyzed 5-Fu release in

the presence of papain (2.0 μM)40 or cathepsin B (0.5 μM)41

to simulate endo/lysosomal conditions. Both proteases can
cleave the GFLG linkages between HPMA copolymer chain
and the conjugated drug.40,41 P-Fu showed 5-Fu release of
approximately 76% at 24 h and 87% at 48 h in the presence of
cathepsin B (Figure 2B). By comparison, P-DOX-Fu had a
slightly lower drug release rate: approximately 62% at 24 h and
74% at 48 h. The likely reason could be that the hydrophobic
interactions of DOX molecules in the hydrophilic P-DOX-Fu
copolymer coil may make the polymer structure more compact,
resulting in greater steric hindrance for enzymatic cleavage of
the conjugated 5-Fu. P-(G3-C12)-DOX-Fu released 5-Fu in the
presence of cathepsin B more slowly compared with P-DOX-
Fu, especially initially (32.2 vs 41.5% at 10 h). Approximately
68% of 5-Fu was released from P-(G3-C12)-DOX-Fu within 48
h. To some extent, the attachment of G3-C12 peptide may
moderately affect the 5-Fu release. Meanwhile, papain was also
used to measure the release of 5-Fu (an enzyme having similar
activity as lysosomal cathepsin B).40 Similar release rates with
cathepsin B were obtained (Figure S2, Supporting Informa-
tion). Control experiments in the absence of lysosomal
proteinases showed that spontaneous 5-Fu release was slow
and sustained from all conjugates, with approximately 30% of
drugs released within 36 h, which may be help to reduce the
premature release of 5-Fu extracellularly. These two sets of

experiments indicate similar release profiles for both 5-Fu and
DOX in an intracellular lysosomal environment. These findings
suggest that the targeted codelivery system might allow the two
drugs to work synergistically.

Endocytic Uptake. To elucidate the targeting ability of G3-
C12-decorated nanovehicle in galectin-3 overexpressed PC-3
cells, confocal microscopy (Figure 3A) and flow cytometry
(Figure 3B) were used to assess endocytic uptake of P-DOX, P-
DOX-Fu, and P-(G3-C12)-DOX-Fu. As shown in Figure 3A, P-
(G3-C12)-DOX-Fu was uptaken by cells to a much greater
extent after 2 h than were P-DOX or P-DOX-Fu. For the
quantitative study, the fluorescent intensity displayed concen-
tration-dependent behavior (Figure 3B), and no significant
difference was observed between P-DOX and P-DOX-Fu at any
of the concentrations tested. Uptake was approximately 3-fold
higher for G3-C12-modified conjugates than for unmodified
conjugates (p < 0.01), suggesting the increased affinity of
conjugates by G3-C12 peptide decoration. To verify the role of
the targeting peptide G3-C12, we performed a competition
experiment in which cells were exposed to nanocarriers in the
presence of free G3-C12 peptide (Figure 3B). While the free
peptide inhibited uptake of P-(G3-C12)-DOX-Fu by 30% (p <
0.05), it did not affect uptake of unmodified P-DOX or P-
DOX-Fu. This confirms the involvement of galectin-3-mediated
endocytosis in uptake of P-(G3-C12)-DOX-Fu.
To exclude nonspecific interaction of G3-C12 peptide and

confirm its targeting ability, we synthesized a scrambled version
of G3-C12 (S-G3-C12). The scrambled peptide S-G3-C12
possessed the same amino acids as the parent peptide G3-C12
but was randomly changed in primary sequence; and it was
conjugated to the dual drug-loaded HPMA copolymer
conjugates, namely P-(S-G3-C12)-DOX-Fu. Flow cytometry
was used to assess endocytic uptake of P-DOX, P-DOX-Fu, P-
(G3-C12)-DOX-Fu, and P-(S-G3-C12)-DOX-Fu (Figure 3C).
P-(S-G3-C12)-DOX-Fu exhibited no significant difference of
fluorescent intensity compared with P-DOX and P-DOX-Fu,
indicating the scrambled peptide S-G3-C12 has no enhancing
effect on cell uptake. Moreover, P-(G3-C12)-DOX-Fu has
approximately 2.7-fold higher cellular uptake than P-(S-G3-
C12)-DOX-Fu. After incubation with various formulations in

Figure 3. (A) Internalization of various conjugates (equivalent to 5 μg/mL of DOX) by PC-3 human prostate carcinoma cells in the presence or
absence of free G3-C12 peptide (200 nM). Cells were incubated with the conjugates for 2 h and analyzed by confocal laser scanning microscopy.
Red fluorescence indicates DOX, while blue fluorescence corresponds to DAPI staining of nuclei. (B) Flow cytometric analyses of PC-3 cells after 2
h of incubation with various concentrations of conjugates in the presence or absence of free G3-C12 peptide (200 nM). (C) Flow cytometric analysis
of PC-3 cells after 2 h of incubation with various conjugates (equivalent to 5 μg/mL of DOX) in the presence or absence of free scrambled peptide
S-G3-C12 (200 nM). Data are presented as the mean ± SD (n = 3, *p < 0.05, #p < 0.01).
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the presence of free S-G3-C12, it did not affect uptake of all
conjugates. These results suggest that the increased affinity of
P-(G3-C12)-DOX-Fu was sequence-dependent rather than
nonspecific interaction.
In Vitro Cytotoxicity. To investigate whether the enhanced

cell uptake by G3-C12-modified dual drug-loaded conjugates
could transform into increased anticancer activity, we compared
the in vitro antitumor efficacy of free drugs and drug-loaded
conjugates in galectin-3 overexpressed PC-3 cells. After 12 h of
incubation, the conjugates or drugs were removed, and cells
were incubated for another 24 h to allow sufficient intracellular
drug release. Finally we assessed cell viability using the MTT
assay. The free drugs and all conjugates reduced cell viability in
a concentration-dependent manner (Figure 4A,B). P-DOX-Fu
was more cytotoxic than 5-Fu or single drug-loaded conjugates
over a wide range of drug concentrations. Moreover, P-(G3-
C12)-DOX-Fu showed greater cytotoxicity than P-DOX-Fu,
and its effects were even comparable to those of free DOX at
concentrations equivalent to >50 μg/mL of DOX.
Table 2 summarizes the IC50 values of free drugs and drug-

loaded conjugates, as well as combination index (CI50) values.
The much lower IC50 for free DOX than for other formulations
makes sense because DOX can easily diffuse across the cell

membrane.43 Conjugation of DOX to the polymeric nano-
vehicle exhibited greater cytotoxicity than did 5-Fu-loaded ones
(IC50 = 40.2 ± 2.38 μg/mL of DOX equiv vs IC50 = 48.4 ±
3.64 μg/mL of 5-Fu equiv). Co-conjugation of DOX and 5-Fu
significantly reduced cell viability (IC50 = 21.2 ± 1.28 μg/mL of
DOX equiv, p < 0.01) relative to single drug-loaded conjugates,
demonstrating the synergistic effect of the combination therapy.
As expected, cytotoxic effects were significantly stronger with P-
(G3-C12)-DOX-Fu (IC50 = 11.7 ± 0.87 μg/mL of DOX equiv)
than with P-DOX-Fu (p < 0.01). This suggests that the G3-C12
peptide substantially boosts the therapeutic potential of the

Figure 4. Cell viability of PC-3 cells after 12 h incubation at 37 °C with various concentrations of either (A) free DOX, P-DOX, P-DOX-Fu or P-
(G3-C12)-DOX-Fu, or (B) free 5-Fu, P-Fu, P-DOX-Fu, or P-(G3-C12)-DOX-Fu. After incubation with the formulations, the medium was replaced
with fresh medium and cells were incubated for another 24 h and finally analyzed by MTT assay. (C) Inhibition of tumor spheroid growth after 7
days of treatment with DOX, P-DOX-Fu or P-(G3-C12)-DOX-Fu (equivalent to 10 μg/mL of DOX and 6.2 μg/mL of 5-Fu).

Table 2. IC50 Values and Combination Index (CI50) of Drug
Formulations against PC-3 Cellsa

treatment IC50 Dox (μg/mL) IC50 5-Fu (μg/mL) Ci50

DOX 4.88 ± 0.58
5-Fu 94.37 ± 5.47
P-DOX 40.2 ± 2.38bd

P-Fu 48.4 ± 3.64bd

P-DOX-Fu 21.2 ± 1.28d 14.36 ± 1.34c 0.82
P-(G3-C12)-DOX-Fu 11.7 ± 0.87 7.96 ± 0.54 0.46

aData are presented as mean ± SD (n = 5). bp < 0.01 vs P-DOX-Fu. cp
< 0.05. dp < 0.01, vs P-(G3-C12)-DOX-Fu).
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combination therapy. The combination index (CI) was
calculated using the Chou−Talalay isobologram equation.44

CI values lower than, equal to, or higher than 1 indicate
synergism, additivity, or antagonism, respectively. As shown in
Table 2, P-DOX-Fu had CI50 values below 1 (CI50 = 0.82),
indicating a synergistic effect. Furthermore, P-(G3-C12)-DOX-
Fu exhibited greater synergistic efficiency (CI50 = 0.46) than
the unmodified conjugates, suggesting that G3-C12-mediated
targeting enhanced cytotoxicity.
Three-dimensional tumor spheroids are widely used as an

ideal in vitro platform for mimicking solid tumors.45 In this
study, the inhibition of multicellular spheroids growth was
evaluated by exposure PC-3 tumor spheroids to different drug
formulations for 7 days. Spheroids exposed to fresh culture
medium continued to grow and eventually became more
compact (Figure S3, Supporting Information) due to cell
proliferation of outer layers in the spheroids. On the contrary,
the various drug formulations inhibited spheroids growth to the
same relative extent as observed in the MTT assay. Treatment
of P-DOX-Fu significantly inhibited spheroid growth for 7 days
and spheroids finally disintegrating on day 7 as compared to

free 5-Fu, P-DOX or P-Fu (Figure 4C and Figure S3,
Supporting Information), suggesting a synergistic therapeutic
effect from dual drug-loaded nanocarriers. The targeted P-(G3-
C12)-DOX-Fu showed the greatest spheroids growth inhib-
ition. On day 4, the spheroids showed loosening and breaking
up from the outer perimeter, and they totally collapsed on day
6 (Figure 4C). This result indicates that G3-C12 decoration of
polymer-drug conjugates can more efficiently inhibit the growth
of PC-3 tumor spheroid.

Induction of Synergistic Genotoxicity. The effectiveness
of many anticancer drugs depends on their ability to damage
DNA, generating lesions that ultimately induce cell death.46

With the aim of investigating whether the combination of DOX
and 5-Fu will produce synergistic genotoxicity, cell cycle
distribution, caspase-3 activity and DNA damage efficacy in PC-
3 cell exposed to different drug formulations were studied.
First, DNA flow cytometric analysis was performed to

examine how the drugs affected cell cycle distribution. Cells
with irreversible DNA damage should undergo apoptosis,
appearing as an increase in the proportion of cells in the SubG1
phase.47 Treating cells with free DOX, free 5-Fu, P-DOX, or P-

Figure 5. (A) Cell cycle distribution of PC-3 cells after treatment with fresh culture medium (control group), DOX, 5-Fu, P-DOX, P-Fu, P-DOX-Fu,
or P-(G3-C12)-DOX-Fu (equivalent to 10 μg/mL of DOX and 6.2 μg/mL of 5-Fu) at 37 °C for 36 h. Cells were then harvested and analyzed by
flow cytometry. (B) Caspase-3 activity in PC-3 cells after treatment with various formulations (equivalent to 10 μg/mL of DOX and 6.2 μg/mL of 5-
Fu) at 37 °C for 24 h. Enzyme activity was determined using a caspase-3 colorimetric assay. (C) Comet assay to assess DNA damage after treatment
with free drugs or conjugates (equivalent to 15 μg/mL of DOX and 9.4 μg/mL of 5-Fu) at 37 °C for 36 h. Single-cell gel electrophoresis assays were
performed under alkaline conditions, and DNA was stained with SYBR Green dye. Data are presented as mean ± SD (n = 3, *p < 0.05, #p < 0.01 vs
control, &p < 0.05, Δp < 0.01, vs P-(G3-C12)-DOX-Fu).
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Fu alone (equivalent to 10 μg/mL of DOX and 6.2 μg/mL of
5-Fu) for 36 h led to similar cell cycle distributions with
treating cells with fresh culture medium (Figure 5A); in no case
did the proportion of cells in SubG1 exceed 6%. In contrast,
treating cells with P-DOX-Fu significantly altered the cell cycle
distribution, reducing the proportion of cells in G1 phase
(32.75%) and increasing the proportion arrested in S phase
(45.95%). This suggests that simultaneous release of DOX and
5-Fu causes S phase arrest, which may explain the cytotoxicity
of P-DOX-Fu. Most notably, the exposure of PC-3 cells to P-
(G3-C12)-DOX-Fu significantly increased the proportion of
apoptotic cells to 16.6% in SubG1 compared to 5.58% in
control group.
Caspases form a family of cysteine proteases that cleave

various cellular substrates to drive apoptosis.48 To explore
whether the activation of caspase (caspase-3) is involved in cell
death induced by dual drug-loaded conjugates, we used a
colorimetric assay to analyze the activation of caspase-3 in PC-3
cells exposed to different drug formulations for 24 h (equivalent
to 10 μg/mL of DOX and 6.2 μg/mL of 5-Fu). All drug
formulations evoked activation of caspase-3, albeit to different
extents (Figure 5B). Treating cells with P-DOX-Fu led to 1.15-
fold higher caspase-3 activity than treating them with P-DOX,
1.41-fold higher than with P-Fu and 1.68-fold higher than with
5-Fu. In addition, P-(G3-C12)-DOX-Fu triggered 1.32-fold
greater caspase-3 activation than P-DOX-Fu, suggesting that
G3-C12-decorated conjugates induced apoptotic cell death
primarily via caspase-dependent pathways. These results further
support the superiority of combination therapy. P-(G3-C12)-
DOX-Fu activated caspase-3 (2.65-fold relative to control) to a

similar extent as free DOX (2.8-fold). This may reflect the
controlled drug release from P-(G3-C12)-DOX-Fu as well as
the fact that free DOX could quickly display its effects after
entering cells via passive diffusion.
Because caspase-3 is the primary activator of apoptotic

internucleosomal DNA fragmentation,49 we verified and
extended the above activation assays using the comet assay.
We treated PC-3 cells with different drug formulations for 36 h
(equivalent to 15 μg/mL of DOX and 9.4 μg/mL of 5-Fu) and
measured the length of the comet tail, which correlates with the
extent of DNA damage.50 A small number of DNA fragments
was observed in cells treated with P-DOX or P-Fu, but they
were barely detectable in cells treated with 5-Fu (Figure 5C).
Significantly more DNA fragments occurred in cells treated
with P-DOX-Fu, showing that codelivery of DOX and 5-Fu
markedly potentiated DNA damage. Even more pronounced
DNA damage was observed with P-(G3-C12)-DOX-Fu, which
was accompanied by a parallel increase in caspase-3 activation
(Figure 5B).
Taken together, these results show that combining DOX and

5-Fu into a single HPMA polymer potentiates cell cycle arrest,
caspase-3 activation and DNA damage, constituting synergistic
genotoxicity. Furthermore, reinforcing the affinity of the
conjugates to tumor cells by attaching the G3-C12 peptide
maximizes cell genotoxicity.

Intracellular Drug Delivery in Tumors. Efficient cancer
cell uptake of chemotherapeutics is essential to achieve effective
chemotherapy responses.51 In previous work, we showed that
decorating HPMA polymers with G3-C12 peptide improves
accumulation of the nanocarriers in xenograft tumors in

Figure 6. Confocal laser scanning micrographs of PC-3 tumors sections dissected 48 h after intravenous injection of free DOX, P-DOX, P-DOX-Fu,
or P-(G3-C12)-DOX-Fu (equivalent to 8 mg/kg DOX). Red fluorescence corresponds to DOX; blue fluorescence signal derived from nuclei stained
by DAPI.
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mice.26,27 To extend these results by showing directly that the
peptide enhances intracellular delivery of P-(G3-C12)-DOX-Fu
in tumors, we injected mice bearing xenograft PC-3 tumors
with free DOX, P-DOX, P-DOX-Fu, or P-(G3-C12)-DOX-Fu
and dissected the tumor tissue 48 h later (Figure 6). We used
confocal microscopy to examine red fluorescence due to DOX
and blue fluorescence due to DAPI staining of nuclei. Mice
treated with P-(G3-C12)-DOX-Fu showed higher red
fluorescence intensity in tumor than mice treated with other
formulations; the fluorescence was widely distributed through-
out the tumor tissue, even a great amount of red signals was
seen to arrive at nucleus. Much less but still abundant red
fluorescence was visible in tumors from animals treated with
the unmodified conjugates P-DOX or P-DOX-Fu, reflecting the
EPR effect. In contrast, red fluorescence was barely detectable
in tumors treated with free DOX alone. These results suggest
that, based on the EPR effect, decorating dual drug-loaded
polymeric nanovehicles with G3-C12 peptide allows them to
enter tumor cells more efficiently, which is consistent with the
observations of in vitro cell uptake experiments.
In Vivo Antitumor Activity. Encouraged by these

observations, we investigated the antitumor therapeutic efficacy
of the various drug formulations in mice bearing PC-3
xenograft tumors. Mice were treated with saline or different
drug formulations on days 0 and 6; the DOX dose was 5 mg/kg
and the 5-Fu dose was 3.1 mg/kg. While tumors grew rapidly in
mice injected with saline, all the drug formulations showed
efficacy in tumor regression to different extents (Figure 7A).
Though better inhibition of tumor growth was achieved by
single drug-loaded conjugates (P-DOX and P-Fu) as compared

to the corresponding free drugs, codelivery of DOX and 5-Fu
(P-DOX-Fu) showed more efficient suppression on tumor
growth (p < 0.05). Moreover, in comparison with nontargeted
P-DOX-Fu, the targeted P-(G3-C12)-DOX-Fu exhibited the
most potent anticancer efficacy. Tumor volume in mice treated
with P-(G3-C12)-DOX-Fu at the end of the trial was only
18.8% of the tumor volume in saline-injected mice, 2.31-fold
and 1.7-fold smaller than that the volume in mice treated with
P-DOX and P-DOX-Fu, respectively. Tumor samples were
collected at the end of the experiment and weighted (Figure
7B,C). Tumors from mice that received any of the chemo-
therapeutic agents weighed significantly less than those from
saline-treated group. Therapeutic activity was highest with P-
(G3-C12)-DOX-Fu treated group (tumor inhibition of 81.6%),
next higher with P-DOX-Fu (71.2%), followed by P-DOX
(63%), then free DOX (40.5%) and P-Fu (32.0%), and finally
5-Fu (14.6%).
To examine the in vivo effects of various drug formulations at

the cellular level, tumors were dissected from mice on day 21
for histological analysis using hematoxylin and eosin (H&E)
staining. Normal tumor cells had large nuclei with a spherical or
spindle shape and abundant chromatin. Necrotic cells, in
contrast, lacked a definite morphology, and the chromatin
became darker and shrunken.52 In the saline-treated control
mice, tumor cells had large nuclei and abundant chromatin,
indicating vigorous tumor growth (Figure 7D). The various
drug formulations caused varying degrees of tumor necrosis,
consistent with the results of in vivo antitumor efficacy. The
unmodified dual drug-loaded conjugates (P-DOX-Fu) created a
larger necrosis area than monotherapy. Treating animals with

Figure 7. In vivo anticancer efficacy of drug formulations. (A) Tumor growth inhibition effects of different formulations on PC-3 xenograft-bearing
mice. On days 0 and 6, mice were intravenously administered saline, free 5-Fu, DOX·HCl, P-Fu, P-DOX, P-DOX-Fu, and P-(G3-C12)-DOX-Fu
(DOX dose at 5 mg/kg, 5-Fu at 3.1 mg/kg). On day 21, mice were sacrificed, (B) PC-3 tumors were photographed, and (C) isolated tumors were
weighed. (D) Histological examination of tumors using hematoxylin and eosin (H&E) staining after treatment. (E) Body weight changes in mice
bearing PC-3 tumors after treatment with different formulations. Data are presented as mean ± SD (n = 5, *p < 0.05, #p < 0.01 vs P-DOX-Fu, &p <
0.05, Δp < 0.01, vs P-(G3-C12)-DOX-Fu).
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P-(G3-C12)-DOX-Fu led to the most severe necrosis in the
tumor, including evident pyknosis of nuclei and condensation
of the cytoplasm. The superior antitumor effect of P-(G3-C12)-
DOX-Fu might be ascribed to the EPR effect of HPMA
polymers, the simultaneous delivery of sufficient amounts of
two drugs to the tumor site, elevated cell uptake into the tumor
tissue as a result of ligand conjugation, and the synergistic effect
of DOX and 5-Fu on tumor regression.
Considering that simultaneous intravenous injection of DOX

and 5-Fu may cause systemic toxicity,53,54 it is necessary to
evaluate the safety of the dual drug-loaded conjugates. As a
preliminary measure of in vivo safety and tolerance, we
examined changes in body weight (Figure 7E). Treatment with
P-DOX-Fu or P-(G3-C12)-DOX-Fu did not lead to any
significant changes in body weight change during the study
period. This indicates the excellent tolerability of these drug
regimens. On the contrary, mice treated with free DOX or 5-Fu
lost 18.5 or 14.6% of body weight, respectively, during the
course of study, indicating serious systemic toxicity. To assess
chronic toxicity levels of various drug formulations, the hearts,
livers, spleens, lungs, and kidneys were dissected on day 21 and
stained with H&E for histological analysis. Obvious accumu-
lation of neutrophils was observed in the hearts of mice treated
with free DOX but not in the hearts from other treatment
groups, indicating that free DOX possessed evident cardiac
toxicity in line with other studies (Figure S4, Supporting
Information).7 In contrast, we failed to detect any acute
pathological changes in mice treated with 5-Fu, P-Fu, or DOX-
loaded HPMA polymer conjugates, demonstrating that
conjugation of DOX to HPMA polymers can reduce the
cardiac toxicity of free DOX. This may be reflect different
pharmacokinetics between free DOX and DOX conjugated to
HPMA polymers.22 Moreover, the histological examination
showed that the drug-loaded conjugates did not cause obvious
changes in other major organs (liver, spleen, lung, or kidney);
these tissues were very similar to those from mice treated with
saline. Together, these data clearly show the low toxicity and
high tolerability of HPMA copolymer-based combination
therapy in vivo.

■ CONCLUSIONS

In this study, we have described the synthesis and character-
ization of G3-C12-modified HPMA copolymer conjugates for
codelivery of DOX and 5-Fu [P-(G3-C12)-DOX-Fu]. DOX
was covalently conjugated to the nanocarrier using a pH-
sensitive hydrazone bond, and 5-Fu was conjugated using an
enzymatically degradable oligopeptide GFLG sequence. G3-
C12 peptide was attached to the conjugates to facilitate
intracellular uptake of both drugs. In galectin-3 overexpressed
PC-3 human prostate carcinoma cells, P-(G3-C12)-DOX-Fu
showed greater cytotoxicity than other drug conjugates and
similar cytotoxicity as free DOX at high concentration. This
higher cytotoxicity was due to more efficient uptake by cells
and to synergistic genotoxicity involving cell cycle arrest,
caspase-3 activation and DNA damage. In vivo experiments
showed that P-(G3-C12)-DOX-Fu caused significantly stronger
tumor growth inhibition (81.6%) than did nontargeted P-DOX-
Fu (71.2%), P-DOX (63%), DOX·HCl (40.5%), P-Fu (32.0%),
or 5-Fu (14.6%). This suggests that codelivery of DOX and 5-
Fu in G3-C12-modified HPMA polymer conjugates would be
promising for prostate cancer treatment due to high therapeutic
efficacy and low systemic toxicity.
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M. M.; Kopecěk, J. Synthesis and Evaluation of a Backbone
Biodegradable Multiblock HPMA Copolymer Nanocarrier for the
Systemic Delivery of Paclitaxel. J. Controlled Release 2013, 166, 66−74.
(41) Etrych, T.; Strohalm, J.; Chytil, P.; Černoch, P.; Starovoytova,
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