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ABSTRACT: Codelivery of multiple drugs with one kind of drug
carriers provided a promising strategy to suppress the drug
resistance and achieve the synergistic therapeutic effect in cancer
treatment. In this paper, we successfully developed both
methotrexate (MTX) and mitomycin C (MMC) loaded PEGylated
chitosan nanoparticles (CS-NPs) as drug delivery systems, in which
MTX, as a folic acid analogue, was also employed as a tumor-
targeting ligand. The new drug delivery systems can coordinate the
early phase targeting effect with the late-phase anticancer effect.
The (MTX+MMC)-PEG-CS-NPs possessed nanoscaled particle
size, narrow particle size distribution, and appropriate multiple drug
loading content and simultaneously sustained drug release. In vitro
cell viability tests indicated that the (MTX+MMC)-PEG-CS-NPs
exhibited concentration- and time-dependent cytotoxicity. More-
over, in vitro cellular uptake suggested that the (MTX+MMC)-PEG-CS-NPs could be efficiently taken up by cancer cells by FA
receptor-mediated endocytosis. On the other hand, the (MTX+MMC)-PEG-CS-NPs can codelivery MTX and MMC to not only
achieve the high accumulation at the tumor site but also more efficiently suppress the tumor cells growth than the delivery of
either drug alone, indicating a synergistic effect. In fact, the codelivery of two anticancer drugs with distinct functions and
different anticancer mechanisms was key to opening the door to their targeted drug delivery and synergistic anticancer effect.
Therefore, the (MTX+MMC)-PEG-CS-NPs as targeted drug codelivery systems might have important potential in clinical
implications for combination cancer chemotherapy.
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■ INTRODUCTION

Existing chemotherapy is conceived as one of the primary
options to treat cancer, which is also a leading cause of death
worldwide.1 However, there still exist some intractable
problems. For example, the undesirable side effects, low
bioavailability, or development of drug resistance limited its
application. Even worse, it was difficult to remove tumor tissue
completely in most cases.2

To overcome these drawbacks, nanoscaled drug delivery
systems (NDDS) have been regarded as one of the most
promising approaches to deal with cancer via the enhanced
permeation and retention (EPR) effect.3 Over the past few
decades, various NDDS including liposomes, polymeric NPs,
inorganic NPs, micelles, dendrimers, and carbon nanotubes
have attracted a lot of attention for drug delivery, and these
studies have demonstrated these NDDS can significantly

improve the therapeutic efficiency of various chemotherapeutic
drugs while reducing their toxicity.4,5

Another promising application of NDDS may be the
codelivery of different drugs.6−8 Synergistic codelivery of
multiple drugs, with combined pharmacological activities
originating from different physicochemical characteristics,
provided a promising strategy to overcome serious toxicity
and other side effects that limited the potential exploitation of a
series of chemotherapeutic drugs by countering biological
compensation, accessing site-specific multiple-target mecha-
nisms.9−11 Compared to delivering a single drug, delivering
multiple drugs simultaneously to the same tumor cells in vitro
and in vivo, which could damage or kill tumor cells at different
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stages of their growth cycles through distinct mechanisms of
action, have been proposed to suppress the drug resistance and
achieve the synergistic therapeutic effect in cancer treat-
ment.12,13 Recently, a series of NDDS including liposomes,
polymeric NPs, and micelles have been designed for codelivery
of different chemotherapeutic drugs.14−19 Although many
works have been made on a single carrier for two or more
chemotherapeutic drugs,8,14−19 codelivery of multiple anti-
cancer drugs with one of them possessing a Janus role has not
been reported before.
MMC and MTX were among the most widely used

anticancer drugs in cancer chemotherapy, due to their potential
anticancer efficiency against various tumors.20,21 They,
however, are drugs with distinct physicochemical characteristics
and different anticancer mechanisms.22−25 On the one hand,
MMC, as a bioreductively activated agent, could be transported
into the nuclei and reacted with DNA to inhibit DNA synthesis
and nuclear division.26 On the other hand, MTX, as an
antimetabolite and antifolate drug, could be delivered to the
cytoplasm and reacted with dihydrofolate reductase (DHFR) to
inhibit the metabolism of folic acid (FA), leading to a block in
nucleic acid biosynthesis.27 A clinical study has shown that
combination chemotherapy with MMC and MTX was potential
for metastatic breast cancer pretreated with anthracycline and
taxanes.28 Moreover, owing to the structural similarity, MTX
can enter cells through similar transport systems (reduced
folate carrier, proton-coupled FA transporter, and membrane-
associated FA receptor) as FA.29−33 These encouraged the
vision of Janus-like MTX acting as an early phase targeting
ligand coordinated with a late-phase anticancer drug with
promising potential. Particularly, the Janus role has attracted an
increasing interest and may provide a new concept in scientific
research.34−36

As the key point for successful combination therapy, a
straightforward solution is to design simple codelivery systems
to unify the pharmacokinetics and cellular uptake of multiple
drugs. The systems based on CS polymer are successful
examples. The polymer presented great advantages such as
biocompatibility, biodegradability, low toxicity and immunoge-
nicity, and easy surface functionalization of some small
molecules and has been extensively investigated in drug,
protein, and gene delivery.37−40 Previously, we synthesized the
CS-NPs by the combination of ionic gelation and chemical
cross-linking method and prepared the MMC-loaded
PEGylated CS-NPs.41 We also prepared the MTX-loaded
PEGylated CS-NPs.42 Remarkable improvements have been
confirmed in the therapeutic effects. The results also inspired
our motivation of adopting the CS-NPs as drug carriers for
codelivery of multiple anticancer drugs.
In this paper, we used the CS-NPs as drug carriers, followed

by the PEGylation with MPEG-SPA. To avoid the premature
drug leakage and burst release during blood circulation and
increase the therapeutic efficiency, the multiple anticancer
drugs (MMC and MTX) were chemically conjugated to
PEGylated CS-NPs to obtain the (MTX+MMC)-PEG-CS-NPs
(Scheme 1). Loading drug within the NPs by chemical
conjugation was preferred over physical adsorption, which
could be of utmost importance for drug delivery, especially in
vivo. The integrated NPs are based on the following structure:
(i) an inner core, which was CS-NPs to load the multiple drugs
with high loading efficiency, (ii) an outer shell, which was
MPEG to increase the stability, reduce protein adsorption and
recognition by macrophages of the mononuclear phagocyte
system, and improve the passive targeting efficiency,43 and (iii)
multiple drugs, which were anticancer drug (MMC) and Janus-
like agent (MTX) to potentially exert the synergistic codelivery

Scheme 1. Illustrations of the Preparation (A), Targeted Delivery to Tumor Cells and Simultaneous Multiple Drug Delivery of
the (MTX+MMC)-PEG-CS-NPs (B)
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effect with a role change: before internalized inside the tumor
cells, MMC acted as a prodrug and MTX as a targeting ligand
to endow the NPs with the active target activity. Once
internalized, MMC functioned as a first drug delivered to the
nuclei and MTX as a second one to the cytoplasm.
As proof-of-principle, our study demonstrated that simulta-

neous delivery of MMC and MTX to solid tumors was feasible
in vivo using the PEGylated CS-NPs. The physicochemical
characterization of the (MTX+MMC)-PEG-CS-NPs were
performed in detail using FTIR, DLS, SLS, SEM, and TEM
in addition to in vitro drug release, and their effectiveness was
tested in vitro in HeLa cells and in vivo in H22 tumor-bearing
mice.

■ EXPERIMENTAL SECTION
Materials. All chemical reagents were of analytical grade and used

without further purification unless otherwise stated. Chitosan (CS, Mw
= 70,000 Da, 95% degree of deacetylation) was purchased from
Zhejiang Aoxing Biotechnology Co., Ltd. (Zhengjiang, China). 1-
Ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC), N-hydrox-
ysuccinimide (NHS), and crude proteases from bovine pancreas
(Type I, ⩾5 units/mg solid) were purchased from Sigma Chemical
Corp (St. Louis, MO, USA). Folate (FA) and methotrexate (MTX)
were purchased from Bio Basic Inc. (Markham, Ontario, Canada). N-
Succinimidyl ester of methoxypolyethylene glycol propionic acid
(MPEG-SPA, Mw = 2,000 Da) was purchased from Jiaxing Biomatrix
Inc. (Zhengjiang, China). Mitomycin C (MMC, purity grade = 99.5%)
was purchased from Hisun Pharmaceutical Co., Ltd. (Zhengjiang,
China). A dialysis bag (Mw = 8,000 to 14,000 Da) was ordered from
Greenbird Inc. (Shanghai, China). Deionized water (DI water) was
used throughout. Fetal bovine serum (FBS) was purchased from
Gibco Life Technologies (AG, Switzerland). 0.25% Trypsin-EDTA
and penicillin-streptomycin solution was from Invitrogen. Dulbecco’s
Modified Eagle’s Medium (DMEM) was from Sigma-Aldrich. All
solvents used in this study were HPLC grade. HeLa cells were
provided by American Type Culture Collection (ATCC).
Preparation of (MTX+MMC)-PEG-CS-NPs. The CS-NPs were

prepared by ionic gelation combined with a chemical cross-linking
method according to our recently reported procedure with minor
differences.35 MPEG-SPA (150 mg) was added into the CS-NPs
suspension (25 mL, 6.4 mg/mL) accompanied by vigorous stirring for
4 h. The prepared PEG-CS-NPs were dialyzed against DI water.
Succinic anhydride activated MMC (S-MMC, 50 mg)35 and EDC
(260 mg) were added into the PEG-CS-NPs suspension (25 mL, 8.3
mg/mL) by vigorous stirring for 2 h. The prepared MMC-PEG-CS-
NPs were dialyzed against DI water. MTX (10 mg), EDC (50 mg),
and NHS (5 mg) were added into the MMC-PEG-CS-NPs suspension
(25 mL, 2.7 mg/mL). The prepared (MTX+MMC)-PEG-CS-NPs
were centrifuged at 20,000 rpm for 30 min at 4 °C, washed with PBS/
DI water, and lyophilized for 24 h.
Drug Loading Content. The amount of multiple drugs was

assayed using a high-performance liquid chromatography (HPLC,
Waters Associates, Milford, MA, USA) system with the following
conditions: stationary phase, Symmetry C18 column (250 mm × 4.6
mm, 5 μm); temperature, 25 °C; elution flow rate, 1 mL/min. The
mobile phase for the determination of MTX was methanol/PBS (pH
6.0) (40/60, v/v), and that for MMC was methanol/DI water (35/65,
v/v). The detection wavelength for the determination of MTX was
306 nm, and that for MMC was 365 nm. The drug-loading content
(DLC) was calculated using the equations listed below:44

=

− ×

DLC (wt%) (weight of loaded drug/weight of drug

loaded NPs) 100%

= −

while weight of loaded drug

total weight of drug weight of drug in the supernatant

FTIR Analysis. The lyophilized (MTX+MMC)-PEG-CS-NPs were
investigated using FTIR (Thermo Scientific, UT, USA) from 3,400 to
600 cm−1 at 4 cm−1 spectral resolution. The MMC-PEG-CS-NPs and
PEG-CS-NPs were used for comparison.

Particle Size, Polydispersity Index (PDI), Zeta Potential, and
Morphology. The average particle size and PDI of the (MTX
+MMC)-PEG-CS-NPs were performed by DLS using a Malvern
Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK). The
zeta potential of the (MTX+MMC)-PEG-CS-NPs was estimated by
ELS with Zetaplus (Brookhaven Instruments Corporation, Holtsville,
NY, USA). Particle size was evaluated by intensity distribution. The
morphology of the (MTX+MMC)-PEG-CS-NPs was visualized by
SEM (LEO 1530VP, Oberkochen, Germany) operating at 20 kV and
TEM (JEM 1400, JEOL, Tokyo, Japan) operating at 200 kV. Prior to
the analysis, each kind of the samples was diluted in DI water followed
by ultrasonic dispersion.

In Vitro Drug Release. The release of MMC from the (MTX
+MMC)-PEG-CS-NPs was determined by dialysis technique using a
dialysis bag (Mw = 8,000−12,000 Da). The lyophilized NPs were
dialyzed against PBS (pH 7.4 or pH 7.4 with crude proteases) at 37
°C. At the predesigned time, 2 mL of the release medium was
completely withdrawn and subsequently replaced with the 2 mL of
fresh PBS. The release of MMC and MTX was determined by a HPLC
method as described above.

Cell Culture. HeLa cells were cultured in FA-deficient DMEM
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. This cell line has a high level of FA receptor expression.
The cells were cultivated in a humidified atmosphere containing 5%
CO2 at 37 °C.

In Vitro Cellular Uptake. To facilitate the observation of cellular
uptake, fluorescein isothiocyanate (FITC) was conjugated to various
PEG-CS-NPs. HeLa cells were seeded at a density of 1 × 105 cells per
well in 6-well plates with their specific cell culture medium. The cells
were incubated at 37 °C and 5% CO2 for 24 h. 100 μL of the FITC
labeled PEG-CS-NPs, MMC-PEG-CS-NPs, or (MTX+MMC)-PEG-
CS-NPs at equivalent FITC concentration was added and incubated
further for 12 h. The cells were washed with PBS, fixed with 4%
paraformaldehyde, and stained with Hoechst 33258. The cells were
observed using a Leica TCS SP5 confocal laser scanning microscopy
(CLSM, Leica Microsystems, Mannheim, Germany).

In Vitro Cell Viability Tests. The cytotoxicity of the (MTX
+MMC)-PEG-CS-NPs was evaluated by MTT assay. HeLa cells were
seeded at a density of 1 × 104 cells per well in 96-well plates,
preincubated for 24 h, and then incubated with the (MTX+MMC)-
PEG-CS-NPs for 24, 48, or 72 h. The (MTX+MMC)-PEG-CS-NPs
with MMC dose ranged from 5 to 80 μg/mL. After 24, 48, or 72 h
incubation, the medium was replaced with fresh serum-containing
medium. The cells were then carefully washed with PBS, and then
MTT was added and incubated for further 2 h. Absorbance at 490 nm
was measured using a Bio-Rad Model 680 microplate reader
(Richmond, CA, USA). The cells treated with the PEG-CS-NPs,
MMC-PEG-CS-NPs, and MTX+MMC were used as controls.

In Vivo/Ex Vivo Tumor Targeting Imaging. Cy5.5 NHS, a near-
infrared fluorescent probe, was conjugated to the (MTX+MMC)-
PEG-CS-NPs. For in vivo imaging, 0.2 mL of the Cy5.5 NHS labeled
(MTX+MMC)-PEG-CS-NPs were injected into mice bearing the H22
tumor via lateral tail vein. Imaging was performed at 10, 30 min, 1, 2, 4,
and 6 h after injection using a MaestroTM in vivo imaging system
(Cambridge Research & Instrumentation, Woburn, MA, USA). At 12
h postinjection, the mice were sacrificed. The tumor and major organs
(liver, kidney, spleen, lung, and heart) were excised, followed by
washing the surface with 0.9% NaCl for the ex vivo imaging of Cy5.5
NHS fluorescence. The resulting data can be used to identify, separate,
and remove the contribution of auto fluorescence in analyzed images
by the Carestream Molecular Imaging Software. The mice treated with
0.2 mL of the Cy5.5 NHS labeled MMC-PEG-CS-NPs or PEG-CS-
NPs at Cy5.5-eq dose were used for comparison.

In Vivo Antitumor Efficacy. Kunming mice aged 4−5 weeks
(clean class, 18−22 g) were supplied by Xiamen University Laboratory
Animal Center and used in this study. Subcutaneous tumors were

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501932s | ACS Appl. Mater. Interfaces 2014, 6, 11413−1142311415



established in the mice by subcutaneous inoculation of 5 × 106 H22
cells in the right axillary region of the mice before the treatment. The
H22 tumor bearing mice were randomly divided into 4 groups (10 mice
per group): group 1 for 0.9% NaCl, group 2 for MTX+MMC
injection, group 3 for MMC-PEG-CS-NPs, group 4 for (MTX
+MMC)-PEG-CS-NPs. The mice were intravenously administrated at
4 mg/kg (MMC-eq dose) every 2 days for 2 times. Each mouse was
earmarked and followed individually throughout the whole experi-
ments. The body weight of mice was measured every day until the
animals were terminated. The mice were terminated on day 7. The
tumors were excised and then weighed. The tumor inhibition rate was
calculated by the formula as previously reported.45 The H22 tumor
harvested from all 4 groups were fixed in 10% buffered formalin,
embedded in paraffin, sectioned (5 μm), stained with hematoxylin and
eosin (H&E), and examined using a digital microscopy system.

■ RESULTS AND DISCUSSION
Preparations of (MTX+MMC)-PEG-CS-NPs. The synthe-

sized route of the (MTX+MMC)-PEG-CS-NPs were illustrated
in Figure 1. We used a three-step procedure for the preparation
of the (MTX+MMC)-PEG-CS-NPs based on the CS-NPs.
First, the succinimidyl groups of MPEG-SPA were conjugated
to the amino groups of the CS-NPs, as the PEG-CS-NPs with
methoxy surface groups were ideal for drug delivery.46

Subsequently, the succinic anhydride activated MMC (S-
MMC) were coupled to the residual amino groups of the
PEG-CS-NPs via carbodiimide chemistry.35 Lastly, the MMC-
PEG-CS-NPs were decorated with the Janus-like MTX via the
interaction of the residual amino groups of MMC-PEG-CS-NPs
and the γ-carboxyl groups within MTX.47 The comparative
FTIR spectra of PEG-CS-NPs, MMC-PEG-CS-NPs, and
(MTX+MMC)-PEG-CS-NPs are shown in Figure 2. The
PEG-CS-NPs showed an alkyl C−H stretching vibration at
2,886 cm−1 native to the structure of MPEG-SPA. The peak at
1,114 cm−1 also indicated the C−O−C stretching vibration,
which was characteristic of repeated −OCHH2CH2− units of
the backbone of MPEG-SPA. Moreover, the PEG-CS-NPs also
presented a strong peak at 1574 cm−1, indicating the CO
stretching vibration owing to the successful PEGylation. After
MMC modification, the absorption band at 1631 cm−1 was
attributed to the CC stretching vibration of S-MMC, and the
absorption peak at 1499 cm−1 was assigned to the ring
stretching vibrations of benzene. After further MTX mod-
ification, the absorption band at 1718 cm−1 indicated the

generation of the new CO stretching vibration. In other
words, the results suggested that the interaction between
MMC-PEG-CS-NPs and MTX was at the level of a new amide
bond.
As is reported, FA could be internalized into the cells

through FA receptor-mediated endocytosis even when
conjugated with a number of molecules.48 Thus, the decoration
of the targeting/cytotoxic MTX on the MMC loaded
PEGylated CS-NPs could not only preserve its accessibility to
the FA receptor site to preserve the targeting activity but also
concomitantly avoid the premature drug release during
circulation to reduce the side effects of chemotherapy.29,49

Particle Size, Particle Size Distribution, Zeta Potential,
and Morphology. Knowledge of the particle size and zeta
potential of the (MTX+MMC)-PEG-CS-NPs can help predict
their fate at the cellular or animal level in vivo. Particle size of
approximately 200 nm was suited for prolonged circulation
because they can avoid liver uptake and rapid renal clearance.5

Figure 1. Synthetic scheme of the (MTX+MMC)-PEG-CS-NPs.

Figure 2. FTIR analysis of the PEG-CS-NPs, MMC-PEG-CS-NPs,
and (MTX+MMC)-PEG-CS-NPs.
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The incorporation of multiple drugs into the PEGylated CS-
NPs was accompanied by the changes in particle size and zeta
potential of the NPs (Table 1). After the modification of

multiple drugs, the particle size increased from 210.5 to 215.0
nm, and the zeta potential increased from to 30.29 to 32.33
mV, which resulted from the multiple drugs tail with partial
positive charge. The SEM images of the (MTX+MMC)-PEG-
CS-NPs were presented in Figure 3, and the SEM images of
their controlled sample are shown in Figure S1 in the
Supporting Information. The well monodispersed NPs with a
spherical shape (Figure 3C), a small particle size, a low PDI, a
narrow particle size distribution, a high zeta potential, and an
appreciable multiple drugs loading content (discussed below)
implied that the (MTX+MMC)-PEG-CS-NPs were effective
therapeutic drug delivery systems.
Drug Loading Content. CS polymer possessing peripheral

amino groups provided us great opportunities for easy surface

functionalization of the CS-NPs with various biological
molecules. Additionally, CS could induce a proton-sponge
effect to promote endo/lysosomal escape.50 In our study, the
carboxyl groups of the multiple drugs were conjugated to the
residual amino groups of the PEGylated CS-NPs (see Figure
1). The MMC drug loading content of the (MTX+MMC)-
PEG-CS-NPs was calculated as 37.54 ± 0.03%, and the MTX
drug loading content of those was calculated as 10.40 ± 0.03%.
On the encouraged result by the simple conjugation chemistry,
the high MMC drug loading content of the PEGylated CS-NPs
could improve the anticancer efficacy of MMC, meanwhile, the
proper MTX drug loading content of those could favor the
dual-acting role of Janus-like MTX.

In Vitro Enzymatic Drug Release. One of the advantages
in the drug delivery systems is the controlled drug release. The
drug release behavior of the (MTX+MMC)-PEG-CS-NPs in
PBS could be divided into two phases. The initial burst release
should be commonly attributed to the rapid diffusion of the
NPs surface-associated drug, whereas the subsequent sustained
release was likely due to the slow hydrolysis of peptide bonds.
To demonstrate that the majority of conjugated MTX and

MMC can be released from the (MTX+MMC)-PEG-CS-NPs
in the presence of crude proteases, a commercial proteolytic
enzyme that can specifically hydrolyze the peptide bonds was
added.51,52 As shown in Figure 4, the (MTX+MMC)-PEG-CS-
NPs presented a rapid release behavior with the addition of
proteases and approximately 40% loaded MMC and 30%
loaded MTX were released within 24 h. As a control, only no

Table 1. Particle Size, PDI, and Zeta Potential of Various
PEG-CS-NPs (n = 3)

particle size
(nm) PDI

zeta potential
(mV)

CS-NPs 192.2 ± 2.1 0.154 ± 0.017 41.30 ± 1.16
PEG-CS-NPs 210.5 ± 4.8 0.097 ± 0.006 30.29 ± 1.47

MMC-PEG-CS-NPs 213.6 ± 5.7 0.101 ± 0.014 31.87 ± 1.53
(MTX+MMC)-PEG-

CS-NPs
215.0 ± 7.1 0.138 ± 0.019 32.33 ± 1.68

Figure 3. (A) Particle size distribution of the (MTX+MMC)-PEG-CS-NPs. (B) Zeta potential distribution of the (MTX+MMC)-PEG-CS-NPs. (C,
D) SEM image of the (MTX+MMC)-PEG-CS-NPs.
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more than 15% loaded MMC and 10% loaded MTX was
accumulatively released within 120 h without the proteases. On
the basis of the encouraging results, a majority of MTX and
MMC were anticipated to be not prematurely released from the
NPs in the circulation after intravenously administration.
Moreover, we believed that once internalized inside target
cells, the (MTX+MMC)-PEG-CS-NPs could also be preferen-
tially hydrolyzed to release MMC and MTX by the endo/
lysosomal proteases mediated selective cleavage of peptide
bond as there were a number of types of proteases in tumor
cells with various function.53,54

In Vitro Cellular Uptake. We investigated the cellular
uptake of the FITC conjugated PEG-CS-NPs, MMC-PEG-CS-
NPs, and (MTX+MMC)-PEG-CS-NPs by HeLa cells using
CLSM. To better compare cell internalization among the
various PEG-CS-NPs formulation, the images were taken by
harmonizing the parameters such as laser power, sensitivity,
offset, and gain constant during the cell imaging procedure.14

Figure 5 showed that the similar fluorescence intensity was
observed in HeLa cells treated with the FITC conjugated PEG-
CS-NPs compared to those treated with the FITC conjugated
MMC-PEG-CS-NPs. It was revealed that the MMC mod-
ification did not alter the cellular uptake character of the PEG-

CS-NPs significantly. However, when HeLa cells were treated
with the FITC conjugated (MTX+MMC)-PEG-CS-NPs, the
fluorescence intensity was significantly stronger. The result
indicated that the further MTX modification improves the
cellular uptake efficacy. These results can be explained by their
distinct uptake mechanisms.55 The PEG-CS-NPs and MMC-
PEG-CS-NPs with the particle size of approximately 200 nm
and the positive surface charge may be absorbed by the cells
through clathrin- or caveolae-mediated endocytosis,55 while the
(MTX+MMC)-PEG-CS-NPs could be internalized into the
cells by FA receptor-mediated endocytosis.29,30

More notably, the green circles around HeLa cells in merge
image of Figure 5C indicated certain FITC conjugated (MTX
+MMC)-PEG-CS-NPs bound on the surface of the cells. This
different cell attachment and internalization also attributed to
different endocytosis mechanisms.56 The (MTX+MMC)-PEG-
CS-NPs could be transported into the cells by a specific
ligand−receptor interaction other than simply nonspecific
absorption depending on the particle size as well as surface
charge. The high selective efficiency made those NPs as
promising candidates for therapeutic drug delivery with
expected targeting effect and reducing side effect.57

In Vitro Cell Viability Tests.MTX and MMC were used as
a pair to demonstrate the effect of codelivery of multiple
anticancer drugs in the same drug carriers. HeLa cells were
treated with the (MTX+MMC)-PEG-CS-NPs for three differ-
ent times (24, 48 and 72 h). On the one hand, the PEG-CS-
NPs and MMC-PEG-CS-NPs were used for comparison to test
the efficacy of simultaneous multiple drug delivery. On the
other hand, the free MTX+MMC were used for comparison to
test the efficacy of the drug carriers. The cell viability was
evaluated by MTT assay (Figure 6).
No significant adverse effect against HeLa cells was

demonstrated in the PEG-CS-NPs, indicating the biocompat-
ible feature of the drug carriers. Delivering multiple MMC and
MTX drugs by the PEG-CS-NPs with the time-dependent
cytotoxicity significantly reduced cell viability compared to
delivering a single MMC drug (Figure 6A and 6B). It was
suggested that the synergistic anticancer effects of the (MTX
+MMC)-PEG-CS-NPs might result from the combination of
individual anticancer mechanisms for each drug. As mentioned
above, MMC can be bound to DNA by intercalation and
motivated a series of biochemical events inducing apoptosis/
death in cancer cells, and MTX can be bound with DHFR,
thereby inducing the inhibition of nucleic acid biosynthsis and
subsequent cell death. Synthetically considering the other factor
that the targeting effect of Janus-like MTX played a role in the
enhanced cytotoxic effects (see Figure 5), treating cancer with
MMC and Janus-like MTX might achieve the synergistic effects
to accelerate cancer apoptosis/death for in vivo application.
Besides, the (MTX+MMC)-PEG-CS-NPs induced a low

cytotoxicity on HeLa cells compared to the free MTX+MMC at
an equivalent MTX or MMC concentration (Figure 6A), which
was most probably because of the prolonged drug release from
the multiple drugs-loaded NPs (see Figure 4), which was also
consistent with the previous report.58 On the contrary, under in
vitro conditions, the free drugs can be rapidly transported into
cells by passive diffuse owing to the driving force of a pH and
concentration gradient and instantaneously inhibiting the cell
growth without the drug release process.15,59 It was also found
that the (MTX+MMC)-PEG-CS-NPs (20 μg/mL of MMC)
induced the enhanced cytotoxicity for a long incubation time
(48 and 72 h), while the mixtures of MTX and MMC exhibited

Figure 4. In vitro drug release behavior of the (MTX+MMC)-PEG-
CS-NPs in PBS (pH 7.4) at physiological temperature (37 °C) with
and without the addition of crude proteases.

Figure 5. In vitro cellular uptake of the (MTX+MMC)-PEG-CS-NPs.
HeLa cells were treated with the (A) FITC conjugated PEG-CS-NPs;
(B) FITC conjugated MMC-PEG-CS-NPs; and (C) FITC conjugated
(MTX+MMC)-PEG-CS-NPs for 12 h and then observed by CLSM.
The nuclei was stained by DAPI (blue).
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no significant difference in cytotoxicity at different incubation
times (Figure 6B), further suggesting that such delayed drug
release behavior of the (MTX+MMC)-PEG-CS-NPs might
result in the progressive increase of intracellular drug level for
cell apoptosis/death.
Furthermore, taking into account of the sustained drug

release characteristic of the NPs, some reported studies have
described that the mortality of cells treated with the NPs should
be corrected by the accumulated drug release.15,60 The equation
of correction is as follows:

= ×

modified mortality

(measured mortality/accumulated drug release) 2

In this study, 31.28% of MTX and 41.98% of MMC was
released from the (MTX+MMC)-PEG-CS-NPs after 72 h in
PBS with proteases (see Figure 4). In the case of the free MTX
+MMC, almost 100% of multiple drugs were released out after
the same time in the same media. The modified mortality of the

(MTX+MMC)-PEG-CS-NPs in HeLa cells at equivalent MTX
and MMC concentration after 72 h incubation were 3.19 times
higher than that of the free MTX+MMC after correction
through the drug release, indicating that the multiple drugs
loaded NPs could induce the cancer cell apoptosis/death more
effectively compared to the free multiple drugs. More
noticeably, the targeting efficacy of the NPs would increase
the tumor accumulation of the more amounts of drugs loaded
within the NPs during circulation in vivo, which was confirmed
by in vivo tumor targeting imaging (discussed below).

In/Ex Vivo Tumor Targeted Imaging. To evaluate the
biodistribution and tumor targeting efficiency of various PEG-
CS-NPs, Cy5.5 NHS as a near-infrared fluorescent dye was
used to conjugate to various PEG-CS-NPs, and a noninvasive
near-infrared optical imaging technology was used in this study.
The tumor model was established by inoculating H22 cells in
the right axillary region of BALB/c nude mice.
In vivo fluorescent images were taken at different time points

after intravenously administration. Figure 7A showed the real-
time images of the Cy5.5 NHS conjugated PEG-CS-NPs,
MMC-PEG-CS-NPs, and (MTX+MMC)-PEG-CS-NPs in the
tumor-bearing mice. In vivo fluorescent images showed that
Cy5.5 NHS conjugated (MTX+MMC)-PEG-CS-NPs were
clearly accumulated in the tumor, and the fluorescent signal
at 1 h reached the highest. Then the fluorescent signal gradually
became weaker as the time elapsed. However, the strong
fluorescent signal still maintained to 6 h. On the contrary, the
less fluorescent signal of the Cy5.5 NHS conjugated MMC-
PEG-CS-NPs and PEG-CS-NPs in the tumor were observed.
As shown in Figure 7B which gave the ex vivo image, the

tumor of mice treated with the Cy5.5 NHS conjugated (MTX
+MMC)-PEG-CS-NPs at 6 h after injection showed a
significantly stronger fluorescent signal than that treated with
the Cy5.5 NHS conjugated MMC-PEG-CS-NPs or PEG-CS-
NPs. These results further confirmed that the introduction of
MTX molecule could assist the targeting effect of the NPs to
the tumor. The high accumulation of the Cy5.5 NHS
conjugated MMC-PEG-CS-NPs or PEG-CS-NPs was observed
in the RES organs such as liver, possibly caused by the
clearance of the RES. Most importantly, compared to the Cy5.5
NHS conjugated MMC-PEG-CS-NPs or PEG-CS-NPs group,
the Cy5.5 NHS conjugated (MTX+MMC)-PEG-CS-NPs
group showed the decreased accumulation of the fluorescence
in the major organs but the increased accumulation of that in
the tumor, indicating the less RES uptake and higher tumor
accumulation of the Cy5.5 NHS conjugated (MTX+MMC)-
PEG-CS-NPs. All results suggested that the (MTX+MMC)-
PEG-CS-NPs possessed superior tumor targeting efficiency for
tumor-specific drug delivery.

In Vivo Antitumor Effects. To examine in vivo antitumor
effects, we treated Kunming mice bearing the H22 tumor with
0.9% NaCl, MMC-PEG-CS-NPs, (MTX+MMC)-PEG-CS-
NPs, and free MTX+MMC. All the mice were alive during
the experimental period (Table 2). As shown in Figure 8A and
Table 1, compared to the control group, the tumor weights in
three treatment groups were significantly smaller after a
schedule of multiple doses, indicating the effective tumor
inhibition efficacy. It indicated that the (MTX+MMC)-PEG-
CS-NPs had superior anticancer efficacy compared with the
MMC-PEG-CS-NPs (p < 0.05), further proving that the MTX
modification increased the anticancer efficacy because of the
higher accumulation in the tumor site (see Figure 7) and the
facilitated cellular uptake by the tumor cells (see Figure 5).

Figure 6. (A) In vitro cell viability of different formulations (PEG-CS-
NPs, MMC-PEG-CS-NPs, (MTX+MMC)-PEG-CS-NPs, MTX
+MMC) on HeLa cells at different MMC drug concentration. The
drug concentration ratio of MMC to MTX was 3.6:1 in the (MTX
+MMC)-PEG-CS-NPs or free MTX+MMC. (B) In vitro cell viability
of different formulations on HeLa cells at an equivalent MMC
concentration (10 μg/mL) for different incubation times.
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Notably, although the cytotoxicity of the free MTX+MMC was
higher than that of the (MTX+MMC)-PEG-CS-NPs in vitro,
the (MTX+MMC)-PEG-CS-NPs exhibited the enhanced
tumor inhibition against the H22 tumor. The result was
probably due to the EPR effect, extended blood circulation
time, receptor-mediated targeting, and sustained drug release of
the (MTX+MMC)-PEG-CS-NPs.
Additional evidence of enhanced anticancer effects of the

(MTX+MMC)-PEG-CS-NPs was obtained by H&E staining

(Figure 8C). Compared to the control, some observed necrotic
regions distributed in the tumor section of the free MTX
+MMC. More notably, the (MTX+MMC)-PEG-CS-NPs
displayed the majority of necrosis, further indicating their
outstanding anticancer efficacy. These results suggested that the
(MTX+MMC)-PEG-CS-NPs were significantly more effective
in inducing the cell apoptosis/death and reducing the cell
proliferation than the combination of the free multiple drugs,
which might be explained by the NPs size effect/the targeting
effect-mediated more uptake and greater accumulation in tumor
cells. Most importantly, the (MTX+MMC)-PEG-CS-NPs, as
successful nanoscaled codelivery systems, could simultaneously
deliver MTX and MMC to the tumor site, which would
contribute to more efficiently synergistic anticancer effects.
For any drug delivery system, the systemic toxicity should be

considered to ensure safety even if the system has an
outstanding therapeutic effect. In this study, the potential
toxicity of different formulations was determined by monitoring
animal behavior and weight loss. As shown in Figure 8B,
compared to the control group, the free MTX+MMC group
yielded pronounced body weight loss (p < 0.05), while the mice
was listlessness/laziness after intravenous administration. The
result was indicative of the undesirable side effects of
chemotherapy. On the contrary, no undesirable side effects,
such as decreased body weight and remarkable change in
activity were shown in the (MTX+MMC)-PEG-CS-NPs group.
Overall, these results suggested that the (MTX+MMC)-PEG-
CS-NPs were expected to be effective in maximizing
therapeutic effects of MMC with minimizing its toxicity to
synergize the therapeutic index and greatly improve the
patient’s quality of life.

■ CONCLUSION

In this study, we prepared the Janus-like MTX targeted and
MMC loaded PEGylated CS-NPs. The (MTX+MMC)-PEG-
CS-NPs showed a nanoscaled particle size/narrow size
distribution, high MMC drug loading content/proper MTX
drug loading content, and sustained multiple drug release.
Based on the FA receptor-mediated endocytosis as well as EPR
effects, the (MTX+MMC)-PEG-CS-NPs could be efficiently
taken up by cancer cells and subsequently assist the drugs
targeting to the tumor. Moreover, the (MTX+MMC)-PEG-CS-
NPs demonstrated the greater tumor growth inhibition in vivo
with the reduced toxicity. Therefore, the (MTX+MMC)-PEG-
CS-NPs can be considered as promising targeted codelivery
systems for combination cancer chemotherapy.

Figure 7. In vivo tumor targeted imaging of the (MTX+MMC)-PEG-
CS-NPs in the BALB/c mice bearing H22 tumor. (a) Cy5.5 NHS
conjugated PEG-CS-NPs, (b) Cy5.5 NHS conjugated MMC-PEG-CS-
NPs, (c) Cy5.5 NHS conjugated (MTX+MMC)-PEG-CS-NPs. (A) In
vivo fluorescence imaging of H22 tumor-bearing mice treated with
different formulations at different time points. (B) Ex vivo fluorescence
imaging of main organs and tumor excised from the tumor-bearing
mice at 6 h postinjection. (C) Quantitative tumor target characteristics
of different formulations (mean ± SD, n = 3). * P < 0.05.

Table 2. Tumor Inhibition Effect of Different Formulations
(n = 7)

tumor weight

formulation mean SD
survival mice
at 7th day

tumor
inhibition
rate % P

0.9% NaCl 0.693 0.054 7
MMC-PEG-CS-
NPs

0.500 0.040 7 27.8 <0.05

(MTX+MMC)-
PEG-CS-NPs

0.283 0.039 7 59.2 <0.05

MTX+MMC 0.636 0.033 7 8.24 <0.05
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