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a b s t r a c t

Dual- and multi-functional drug delivery systems, especially ligand-modified nanoparticles (NPs) loaded
with chemotherapeutic agents are paid much attention to due to their excellent behavior in vitro and
in vivo. Bifunctional NPs (BF-NPs), which were based on PLGA–PEG and modified with folic acid and cell
penetrating peptide R7 simultaneously, were developed. BF-NPs loaded with vincristine sulfate (VCR)
were prepared via the water–oil–water emulsion solvent evaporation method. BF-NPs showed favorable
particle size and zeta potentials, promising drug loading and entrapment efficiency. The release of VCR
from BF-NPs exhibited a biphase release manner. Cellular uptake of BF-NPs was found to be higher than
that of the NPs merely modified by folic acid or R7. In vitro cytotoxicity, cell apoptosis and cell cycle arrest
studies also revealed that BF-NPs were more potent than those of the NPs merely modified by folic acid or
R7. Therefore, the results demonstrated that BF-NPs developed in this study could be a potential vehicle
for delivering chemotherapeutic agents such as VCR and breast cancer therapy.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Ligand-modified nanoparticle drug delivery systems are paid
much attention for their site-specific targeting capacity (van
Vlerken et al., 2007; Wang and Thanou, 2010; Wang et al., 2009).
Folic acid as a targeting ligand, is extensively used to immobilize
on the surface of nano-sized polymeric carriers to deliver these
nanoparticles (NPs) into cells mainly via receptor-mediated endo-
cytosis (Barz et al., 2010; Esmaeili et al., 2008). However, the selec-
tive permeability of the plasma membrane prohibits most
exogenous agents from gaining cellular access. A relatively new re-
search direction that addresses this problem is the introduction of
cell-penetrating peptides (CPPs) to overcome the permeability bar-
rier and translocate a variety of cargo including small molecules,
nucleic acids, antibodies, and NPs across the plasma membrane
(Goncalves et al., 2005; Herbig et al., 2007). Although a complete
understanding of the exact mechanism of cellular entry of CPPs re-
mains elusive, its application has been a new avenue for the devel-
opment of novel drug delivery systems in the past decade (Chugh
et al., 2010; Desai et al., 2010; El-Sayed et al., 2009). Several cellu-
lar uptake mechanisms have been put forward for CPPs in previous
reports: from direct translocation (Patel et al., 2007; Patlolla et al.,
2010; Su et al., 2010) to endocytosis (Amand et al., 2008; Richard
et al., 2005) as well as the combination of several pathways
ll rights reserved.
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(Schmidt et al., 2010). CPPs generally consist of domains of less
than 30 amino acids that are rich in basic residues (Torchilin,
2008). Among them, arginine-rich CPPs (e.g., R6, R7, and R9) are
widely studied maybe because of their relatively simple structure
(Fonseca et al., 2009; Maiolo et al., 2005; Schmidt et al., 2010).
The application of CPPs including anticancer drug-CPP conjugation
(Aroui et al., 2010), liposome (Marty et al., 2004; Tseng et al.,
2002), and micelles (Sethuraman et al., 2008) is more and more
attractive to achieve increased tumor penetration by the CPPs
and to enhance cellular uptake in tumor cells of the drug.

Vincristine sulfate (VCR), which is a cell cycle-specific antican-
cer agent, is widely used in cancer chemotherapy. Its cytotoxic
activity is based on the ability to inhibit microtubule, altering the
tubulin polymerization equilibrium and resulting in altered micro-
tubule structure and function, which then causes arrest of cell divi-
sion in metaphase (Kassem et al., 2011). Up to now, though
multiple novel formulations of VCR, such as liposome, microsphere
and nanoparticle, have been studied, most of its formulations are
still in the pre-clinical research stage and only conventional formu-
lation—injection is used in clinical (Noble et al., 2009; Bedikian
et al., 2011). The principle clinical toxicity of VCR is peripheral
neurotoxicity. Neurologic toxicity is usually cumulative and
dose-dependent.

Poly(lactic-co-glycolic acid) (PLGA) has generated tremendous
interest due to its excellent biocompatibility, biodegradability,
and mechanical strength. It has been used extensively for drug
delivery or biomaterial applications. Commercial pharmaceutical

http://dx.doi.org/10.1016/j.ejps.2012.07.002
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Fig. 1. Schematic diagram depicting the concept of bifunctional nanoparticles (BF-NPs) modified with folic acid and R7. R7 is designed to conjugate at the end of the
comparatively shorter PEG chains.
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devices include PLGA-based nanoparticles, liposomes, nanocap-
sules, microspheres and so on (Danhier et al., 2012). But the body
recognizes there particles as foreign. The reticulo-endothelial sys-
tem (RES) easily eliminates these from the blood stream and takes
them up in the liver or the spleen. To address these limitations,
hydrophilic polymer polyethylene glycol (PEG) is generally modi-
fied on the surface of these particles.

The aim of this study is: (1) to construct a novel nanoparticle
drug delivery system, PLGA–PEG bifunctional NPs (BF-NPs) which
are simultaneously modified with targeting moiety folic acid and
cell-penetrating peptide R7; (2) to evaluated in vitro at the cellular
level by performing the cellular uptake, cytotoxicity, cell apoptosis
and cell cycle assay. In detail, PLGA15000–PEG3350–folate (abbrevia-
tion: PLGA–PEG–folate) and PLGA15000–PEG2000–R7 (abbreviation:
PLGA–PEG–R7) were synthesized, respectively. Based on the poly-
meric carriers PLGA15000–mPEG2000 (abbreviation: PLGA–mPEG),
PLGA–PEG–folate, and PLGA–PEG–R7, BF-NPs loaded with VCR
were prepared via a slightly modified water–oil–water emulsion
solvent evaporation method. The in vitro release behavior of VCR
was studied in Tris–HCl buffer. The cellular uptake of the NPs by
the tumor cells MCF-7 was investigated using coumarin 6 as a fluo-
rescence probe. The in vitro cytotoxicity of BF-NPs against MCF-7
cells was compared with that of the NPs merely modified with folic
acid on the surface (PLGA–PEG–folate NPs), the NPs merely modi-
fied with R7 (PLGA–PEG–R7 NPs), PLGA–mPEG NPs, and free VCR
(F-VCR). The selective cytotoxicity of BF-NPs on MCF-7 cells and
normal cells MCF-10A was investigated. Following this, the ability
of BF-NPs to induce apoptosis in MCF-7 and MCF-10A cells was
evaluated. Finally, the cell cycle arrest of MCF-7 cells by BF-NPs
was assayed. By the study of the behavior of BF-NPs in vitro, we
hope to clarify the correlation of the above three aspects. The intro-
duction of folic acid on the surface of BF-NPs is to achieve active
targeting to the tumor cells (Barz et al., 2010); the introduction
of the cell penetrating peptide R7 is to increase penetration power
and to improve cellular uptake in tumors of the drug VCR (Herbig
et al., 2007; Ziegler et al., 2003). Schematic diagram of the concept
is depicted in Fig. 1.

2. Materials and methods

2.1. Materials

For the synthesis of the NPs, PEG-bis-amine (NH2–PEG–NH2,
average molecular weights: 2000 Da and 3350 Da, respectively)
was obtained from Biomatrik Inc. (Jiaxing City, Zhejiang Province,
China). Polyvinyl alcohol (PVA, viscosity: 11–14 cp) was obtained
from Shanghai Kayon Biological Technology Co., Ltd. (Shanghai
City, China). Coumarin 6 and 3-(4,5-dimethylthiaol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from Sig-
ma–Aldrich (Missouri, USA). VCR was obtained from Shanghai
Anticancer Phytochemistry Co., Ltd. (Shanghai City, China).
Poly(lactide-co-glycolide) (PLGA–COOH, 50 mol% of lactide, aver-
age Mw 15 kDa), PLGA15000–mPEG2000 were purchased from Dai-
gang Corporation (Jinan City, Shandong Province, China). Tris
base was obtained from Amresco (Ohio, USA). R7–NH2

(RRRRRRR–NH2) was synthesized by GL Biochem Ltd. (Shanghai
City, China). Folic acid, stannous octoate, N-hydroxy-succinimide
(NHS), 1,3-diisopropylcarbodiimide (DIC), triethylamine (Et3N), 4-
dimethylaminopyridine (DMAP), succinic anhydride, N-hydroxy-
benzotriazole (HOBt), dimethyl sulfoxide (DMSO), and other re-
agents were purchased from Aladdin Reagent Co., Ltd. (Shanghai
City, China).

For cell culture experiments, human breast cancer cell line
(MCF-7) and normal human mammary epithelial cell line (MCF-
10A) were purchased from Shanghai Institutes for Biological
Sciences (Shanghai City, China). Dulbecco’s modified Eagle’s
medium (DMEM), DMEM/F12 (1:1), fetal bovine serum, horse ser-
um, Hoechst 33342, penicillin–streptomycin, and trypsin–EDTA
(0.25% trypsin–0.02% EDTA tetra-sodium) were obtained from
Genom Biomedical Technology Co., Ltd. (Shanghai City, China).
Insulin, hydrocortisone, cholera toxin, and epidermal growth factor
(EGF) were purchased from Sigma–Aldrich (Missouri, USA). BCA
protein assay kit and the Annexin V-FITC/propidium-iodide (An-
nexin V-FITC/PI) apoptosis detection kit were obtained from Nan-
jing KeyGen Biotech Co. Ltd. (Jiangsu Province, China) and Beijing
Biosea Biotechnology Co. Ltd. (Beijing City, China), respectively.

Nuclear Magnetic Resonance (NMR) spectra were recorded on a
MERCURY plus 400 instrument (Varian, Inc., California, USA) with
TMS as an internal standard. Fourier transform infrared spectros-
copy (FTIR) data were acquired at room temperature using an
EQUNOX 55 system (Bruker Corp., Karlsruhe, Germany). Nitrogen
content in polymers was measured by an elemental analyzer (Ele-
mentar Vario EL III, Germany). Particle size and zeta potentials
were measured using a 90Plus particle size analyzer (Brookhaven
Instruments Corporation, New York, USA). Scanning electron
microscope (SEM) images were obtained using a field emission
microscope (FEI SIRION 200/INCA OXFORD, USA FEI/UK OXFORD).
Three kinds of instruments including Varioskan Flash microplate
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reader (Thermo Fisher Scientific, Maryland, USA), FACSCalibur flow
cytometer (Becton Dickinson, New Jersey, USA), and TCS SP5 laser
scanning confocal microscope (Leica, Solms, Germany) were intro-
duced to study the cellular uptake of the NPs. Olympus IX71 fluo-
rescence microscope (Olympus Corp., Tokyo City, Japan) was used
to detect qualitatively the cell apoptosis.
2.2. Synthesis of polymeric carriers: cell-penetrating peptide R7- and
folate-conjugated PLGA–PEG (PLGA–PEG–R7, PLGA–PEG–folate)

Polymer R7-conjugated PLGA–PEG (PLGA–PEG–R7) was
synthesized in three steps: (1) synthesis of di-block copolymer
PLGA–PEG–NH2 by coupling NH2–PEG2000–NH2 (abbreviation:
NH2–PEG–NH2) with activated PLGA–COOH; (2) synthesis of
PLGA–PEG–succinate by coupling PLGA–PEG–NH2 with succinic
anhydride; and (3) synthesis of PLGA–PEG–R7 by coupling PLGA–
PEG–succinate with R7–NH2. In detail, PLGA–COOH (1.5 g,
0.1 mmol) dissolved in dried chloroform (30 mL) was activated
by DIC (63 lg, 0.5 mmol) and NHS (57.5 mg, 0.5 mmol) at room
temperature under a nitrogen atmosphere for 24 h (PLGA–COOH/
NHS/DIC stoichiometric molar ratio: 1/5/5). The activated PLGA–
COOH was added slowly to a mixture of dried PEG-bis-amine
(0.6 g, 0.3 mmol), DMAP (36.7 mg, 0.3 mmol) and Et3N (41.8 lL,
0.3 mmol) dissolved in 20 mL of anhydrous chloroform using a syr-
inge while gently stirring. The mixture was agitated for 60 h under
nitrogen protection (PLGA–COOH/PEG-bis-amine stoichiometric
molar ratio: 1/3). The resultant solution was concentrated and
precipitated by dropping it into ice-cold diethyl ether. The
precipitated product, amine-terminated di-block copolymer
(PLGA–PEG–NH2), was filtered, dialyzed (MWCO 10,000) against
a mixed medium containing water and DMSO (80:20, v/v), and
lyophilized. Succinate-conjugated di-block copolymer (PLGA–
PEG–succinate) was synthesized by coupling dried PLGA–PEG–
NH2 di-block copolymer with succinic anhydride in the presence
of DMAP and Et3N. Finally, R7-conjugated PLGA–PEG polymer
(PLGA–PEG–R7) was synthesized via the conjugation of PLGA–
PEG–succinate with R7–NH2. The synthetic route is shown in
Fig. 2. The polymer PLGA–PEG–folate was synthesized according
to the method described previously (Yoo and Park, 2004). Briefly,
PLGA–PEG–NH2 (1.84 g, 0.1 mmol) dissolved in 30 mL of DMSO
was mixed with folic acid (0.11 g, 0.25 mmol) and DIC (63 lg,
0.5 mmol) and NHS (57.5 mg, 0.5 mmol) at room temperature.
The reaction was performed for 18 h and then mixed with
150 mL of distilled water and centrifuged at 3000 rpm. After dis-
carding the pellet, the supernatant was dialyzed and dried. The
concentration of conjugated folic acid was determined at 365 nm
after the obtained product was dissolved in DMSO.
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Fig. 2. Synthetic pathway for PLGA–PEG–R7.
2.3. VCR NPs

2.3.1. Preparation of VCR-loaded NPs
Because VCR was amphiphilic, we prepared BF-NPs loaded with

VCR by water–oil–water emulsion solvent evaporation method
with slight modifications (Cohen-Sela et al., 2009; Cun et al.,
2010; Meng et al., 2003). Briefly, 1.0 mL of Tris–HCl buffer (pH
6–7.4) containing 10 mg vincristine sulfate was emulsified in
15 mL of ethyl acetate/chloroform (v:v = 1:1) containing 190 mg
polymeric carriers (PLGA–mPEG, PLGA–PEG–folate, and PLGA–
PEG–R7, w/w/w = 7:2:1) by sonication over an ice-bath using a
Scientz-IID ultrasonic probe (Ningbo Scientz Biotechnology Corp.,
China) at an output of 90 W for 30 s. The primary emulsion was
added to 200 mL of 1.0% (w/v) PVA solution (pH 6–7.4) and soni-
cated for 2 min to form a double-emulsion. Organic solvent resi-
dues were removed by stirring at room temperature and
evaporating under reduced pressure. The nanodroplets were cen-
trifuged at 15,000 rpm for 1 h to remove free VCR (F-VCR) in the
system. Then the obtained nanoparticle suspension was frozen
and lyophilized in a freeze-drier system to obtain the nanoparticle
powder. PLGA–mPEG NPs were prepared by similar procedure and
only PLGA–mPEG was added instead of the above three kinds of
polymeric carriers during the formation of the primary emulsion;
PLGA–PEG–folate NPs were prepared using PLGA–mPEG
and PLGA–PEG–folate (w/w = 7/2) as the polymeric carriers; and
PLGA–PEG–R7 NPs were prepared using PLGA–mPEG and PLGA–
PEG–R7 (w/w = 7/2) as the polymeric carriers. To investigate the
cellular uptake of the NPs, coumarin 6-loaded NPs were similarly
prepared via the addition of coumarin 6 during the formation of
the primary emulsion.

2.3.2. Characterization of particle size and zeta potential
To determine particle size and zeta potential, the nanoparticle

suspension was diluted and measured using a particle size ana-
lyzer. The samples were analyzed by autocorrelation to determine
both mean size and zeta potential. All measurements were per-
formed in triplicate.

2.3.3. Morphology study
The morphological examination of NPs was performed using a

field emission scanning electron microscope at an accelerating
voltage of 5 kV. A drop of diluted nanoparticle solution sample
was placed onto a copper sheet and then dried under reduced pres-
sure at 40 �C. For SEM analysis, the surfaces of the corresponding
membranes were sputtered with gold in a vacuum before viewing
under the microscope.

2.3.4. Evaluation of drug content
The drug loading and entrapment efficiency of VCR in NPs were

determined as follows: 150 mg of dried NPs were evenly dispersed
in 15 mL of physiological saline, and final NPs concentration was
obtained (10 mg/mL). 10 lL of the sample was removed from the
nanoparticle suspension, then 90 lL of DMSO was added to de-
struct the NPs. After the sample was vortexed for 30 s, 900 lL
methanol was add to precipitate insoluble polymers. After the mix-
ture was vortexed again and centrifuged, the supernatant was re-
moved, filtered using a 0.45 lm Millipore filter, and subjected to
HPLC analysis to determine the drug concentration. The result is
defined as drug concentration encapsulated into the NPs. The mo-
bile phase of the HPLC consisted of a mixture of 0.02 M aqueous
dipotassium hydrogen phosphate-methanol (14:86, v/v) at a flow
rate of 0.7 mL/min; pH was adjusted to 6.7. The column effluent
was detected at 267 nm with a UV–Vis detector (LC20AT Shima-
dzu, Japan). Finally, according to the following formulae (1) and
(2), the drug loading and entrapment efficiency of VCR into NPs
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could be determined. The measurements were performed in
triplicate.

Drug loading ð%Þ
¼ ðdrug concentration encapsulated into the NPsÞ
=ðthe concentration of the final nanoparticle suspensionÞ
� 100 ð1Þ

Entrapment efficiency ð%Þ
¼ ðdrug concentration encapsulated into the NPsÞ
=ðtotal drug concentrationÞ � 100 ð2Þ

In the formulae, total drug concentration can be calculated using
the following equation: total drug concentration = (total drug
amount added during the process)/(the dispersion volume); the dis-
persion volume refers to the physiological saline volume (15 mL)
where lyophilized NPs are dispersed.

2.4. In vitro drug release behavior

To evaluate the in vitro release behavior of VCR from BF-NPs in
Tris–HCl buffer, a dialysis technique was used. In brief, 2 mL of
VCR-loaded BF-NPs suspension was placed in a dialysis bag
(MWCO 1000) and dialyzed against the release medium (30 mL)
with 100 ± 2 rpm at 37 ± 0.5 �C. At predetermined time intervals
(including time zero), 300 lL of the solution outside the dialysis
bag was removed for analysis. Meanwhile, fresh medium was
added to replenish the medium which had been partially depleted.
The removed samples were immediately frozen and stored at
�70 �C until analysis. The samples were detected by HPLC. The per-
centage of the released VCR from BF-NPs was calculated for every
sample from the different incubation periods and presented as a
cumulated curve. To compare the release profiles, the release of
VCR from PLGA–PEG–folate NPs, PLGA–PEG–R7 NPs, and F-VCR in
the dialysis bag was performed following the same procedure.

2.5. Cell culture and cellular uptake

2.5.1. Cellular uptake study by microplate reader and FACS
The NPs uptake into cultured MCF-7 cells was examined by

tracing coumarin 6-labeled NPs using fluorescence microplate
reader and flow cytometry. For microplate reader method, MCF-7
cells were seeded in 96-well black plates. After the cells reached
70–80% confluency, the medium in the wells was replaced with
100 lL of freshly coumarin 6-loaded nanoparticle suspension
(the loading rate of coumarin 6 was 0.1%). The concentrations of
the NPs in the wells were 100, 200, 400, and 500 lg/mL, respec-
tively; and the plates were incubated for 1 h. After the suspension
was removed, the cells were washed with cold PBS (0.01 M, pH 7.4)
three times to eliminate traces of NPs left in the wells. Then 1% Tri-
ton X-100 in 0.1 N NaOH was introduced into each well to lyse the
cells. The fluorescence intensity of each sample well was measured
by microplate reader with excitation wave length at 450 nm and
emission wavelength at 510 nm (Zhang et al., 2010). The amount
of NPs (lg) entering into the cells could be determined by the fol-
lowing method: A standard curve for the NPs was constructed by
suspending different concentrations of the NPs (80–700 lg/mL)
in 1% Triton X-100 in 0.1 N NaOH followed by lyophilization and
extraction of coumarin 6 in methanol. Then the amount of the
NPs in the cell lysates (this portion of the NPs entered into
the cells) was determined according to the above standard curve.
The total cell protein content in each well was determined using
BCA protein assay; a standard curve (absorbance–protein concen-
tration, A562–C) was obtained with BSA solution. The uptake of
the NPs by MCF-7 cells was calculated using the above A562–C
standard curve and expressed as the amount of nanoparticles
(lg) uptaken per mg cell protein (Hu et al., 2009). In a separate
experiment, to study the effect of receptor-competition on the up-
take, the cells were pre-incubated with 20 lg/mL of folic acid for
1 h at 37 �C, and then incubated with the coumarin 6-loaded NPs
suspension (300 lg/mL) for 0.5, 1, 1.5, 2, and 4 h, respectively.
The following steps were the same as described above. To evaluate
the function of the cell-penetrating peptide R7, free R7 was simi-
larly pre-incubated with the cells. All measurements were per-
formed in triplicate.

For FACS assay, 6-well white plates were used instead of 96-
well black plates. After 1 � 106 cells were co-incubated with cou-
marin 6-loaded NPs, MCF-7 cells were harvested. Then the cells
were washed twice with PBS and analyzed in a flow cytometer.
For each sample, 1 � 104 cells were collected.

2.5.2. Confocal laser scanning microscopy
To study the localization of NPs within MCF-7 cells, a total of

1 � 106 cells were seeded on a 6-well white plate and allowed to
attach overnight. Then the cells were incubated with the suspen-
sion of BF-NPs simultaneously loaded with VCR (5 nM) and couma-
rin 6 (300 ng/mL) for different time at 37 �C. The adherent cells
were digested and merged with the floating fraction. The cells were
washed with PBS for three times to eliminate the NPs which did
not enter into the cells, and then fixed by 2% paraformaldehyde
in PBS for 15 min. They were further washed twice with PBS and
the nuclei were stained by incubating with PI for another 15 min.
The cells were re-suspended in 50 lL fresh PBS with 10 lL antifade
mounting medium. 10 lL of suspension containing cells was re-
moved and placed on a clean glass to be observed by a confocal la-
ser scanning microscope (CLSM).

2.6. In vitro cytotoxicity by MTT assay

MTT method was used to evaluate the cytotoxicity of BF-NPs. In
96-well plates, MCF-7 cells were seeded at a density of
5 � 104 cells/mL, then cultivated at 37 �C for 8 h. DMEM was re-
placed by 100 lL fresh medium containing BF-NPs. After co-incu-
bation for 24 h, 20 lL of MTT solution in PBS (5 mg/mL) was
added to each well, and the cells were incubated for another 4 h
at 37 �C in the darkness. After drawing-off of the culture medium,
100 lL DMSO was added to dissolve formazan crystal; the percent-
age of cell viability was determined using a microplate reader. F-
VCR, PLGA–mPEG NPs, PLGA–PEG–folate NPs, and PLGA–PEG–R7

NPs were performed following the same procedure to compare
their cytotoxicities. In order to evaluate the harmfulness of VCR
NPs on normal cells, human mammary epithelial cell line MCF-
10A was chosen and the selectivity index (SI) was determined
(Mena-Rejon et al., 2009). The SI was calculated from the IC50 val-
ues of normal cells MCF-10A and tumor cells MCF-7 [SI = (IC50 of
MCF-10A cells)/(IC50 of MCF-7 cells)]. SI value indicates the selec-
tivity of the sample to the cell lines tested. The IC50 values are de-
fined as the drug concentrations that kill 50% of cells relative to the
controls. All assays were conducted with four parallel samples.

2.7. Evaluation of cell apoptosis

The apoptotic induction of MCF-7 cells by BF-NPs, PLGA–PEG–
folate NPs, PLGA–PEG–R7 NPs, or F-VCR was measured quantita-
tively by Annexin V binding assay (Nahar et al., 2010). Briefly,
MCF-7 cells in 6-well plates were co-incubated with VCR formula-
tions at 37 �C for 12 h. Then the cells floating in the supernatant
were combined with the adherent fraction and washed with PBS
three times. The cells were incubated with Annexin V-FITC and
PI for another 15 min at room temperature in the darkness accord-
ing to the manufacturer’s instructions, and immediately analyzed



Fig. 3. Infrared spectra of the synthesized polymers (A). (a) and (b) represent PLGA–PEG–folate and PLGA–PEG–R7, respectively. The presence of all major vibrational features
associated with PLGA, PEG, folate, and R7 can be seen in the spectra. 1H NMR (B) and 13C NMR (C) of the polymer PLGA–PEG–R7. 1H NMR of the polymer PLGA–PEG–folate (D).
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in a flow cytometer. The percentages of viable (Annexin V�/PI�),
early apoptotic (Annexin V+/PI�), late apoptotic or secondary ne-
crotic (Annexin V+/PI+), and necrotic (Annexin V�/PI+) cells were
determined using CellQuest software (Becton Dickinson). For each
sample, 1 � 104 cells were collected.

To evaluate whether VCR NPs were capable of inducing apopto-
sis in normal cells, the apoptotic morphology of MCF-7 and MCF-
10A cells was compared by Hoechst 33342/PI dual staining method
(Shimazawa et al., 2007). Briefly, the cells seeded in 24-well plates
(5 � 104 cells/well) were co-incubated with VCR loaded PLGA–PEG
NPs (10 nM) for 12 h and the following steps were the same as de-
scribed above. The final concentrations of the fluorescent DNA-
binding dyes Hoechst 33342 and PI added to each well were 10
and 4 lg/mL, respectively. For each sample, over 500 cells were
analyzed under a fluorescence microscope.

2.8. Cell cycle analysis

Cell cycle distributions in cells were determined by PI staining,
which was described previously (Skladanowski et al., 2005). In
brief, exponentially growing MCF-7 cells (106 per treatment) were
treated with F-VCR or VCR NPs suspension for 24 h. Cells treated
with culture medium (untreated with VCR formulations) served
as the negative control. After cells were trypsinized, washed twice
with PBS, and fixed in 70% ethanol for 8 h at 4 �C, they were
washed again with PBS, incubated with Ribonuclease A (50 lg/
mL final concentration) for 30 min at 37 �C, and stained with pro-
pidium iodide (50 lg/mL final concentration) at 4 �C for 15 min in
the darkness. The cell cycle was measured using the above flow
cytometer, and the DNA histogram was analyzed using ModFit
software. All assays were conducted with three parallel samples.
For each sample, 1 � 104 cells were collected.

2.9. Statistical analysis

Values were processed using Microsoft Excel 2003 software and
presented as mean ± SD. Statistical analyses were performed using
an unpaired, two tailed student t-test. The level of significance was
set at ⁄p < 0.05.

3. Results and discussion

3.1. Synthesis of polymeric carriers: PLGA–PEG–R7 and PLGA–PEG–
folate

The synthesis of polymer PLGA–PEG–NH2 can be accomplished
by one-pot method: The activated PLGA–COOH need not be sepa-
rated before the addition of PEG-bis-amine in CHCl3. In the suc-
ceeding step, with the help of the catalyst, the cycle of succinic
anhydride was opened and conjugated to PLGA–PEG–NH2. In the



Table 1
Characterization of VCR-loaded NPs (PLGA–PEG–folate NPs, PLGA–PEG–R7 NPs, and
BF-NPs).

Group Content
of PVA
(%, w/v)

Particle
size (nm)

Zeta potential
(mV)

Drug
loading
(%)a

Entrapment
efficiency
(%)a

BF-NPs 1.0 247.2 ± 6.2 �12.37 ± 2.62 2.06 ± 0.28 45.22 ± 4.35
PLGA–PEG–

folate NPs
1.0 224.5 ± 8.9 �13.06 ± 2.55 2.09 ± 0.26 46.43 ± 4.23

PLGA–PEG–R7

NPs
1.0 235.8 ± 11.8 �8.56 ± 1.29 2.02 ± 0.29 43.33 ± 4.56

Data presented as mean ± SD (n = 3).
a Data on the drug loading and entrapment efficiency are shown only under

optimal conditions (the content of PVA was 1.0%, w/v).

Fig. 4. Scanning electron micrograph of BF-NPs loaded with VCR. Before viewing
under the microscope, the surfaces of corresponding membranes were sputtered
with gold.
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last step, the guanidine in the chain of the oligopeptide R7 was re-
acted with PLGA–PEG–succinate and the final product PLGA–PEG–
R7 was obtained. Nitrogen content in the polymer PLGA–PEG–R7

was 0.74%. On the basis of the method described previously (Yoo
and Park, 2004), the polymeric carrier PLGA–PEG–folate was syn-
thesized. PLGA–PEG–folate and PLGA–PEG–R7 were characterized
using FTIR, as depicted in Fig. 3A. To the infrared spectrum of the
polymer PLGA–PEG–R7, the broad bands ranging from 3650 to
3200 cm�1 correspond to the presence of multiple NH2 groups of
the oligomer R7 and OH groups of PLGA unit; and in many cases,
their bands are overlapped. A series of peaks between 3050 and
2800 cm�1 indicate the CAH stretching which are corresponding
to multiple methlene groups in PEG chain. Considering R7 was con-
jugated at the end of PLGA–PEG–succinate, the presence of a
slightly salient peak at 1649 cm�1 could be attributed to the forma-
tion of amide bond between amino group and carboxyl group.
PLGA shows a prominent peak at 1759 cm�1 corresponding to
AC@O stretching in the polymers. To further verify the structure
of the conjugation, NMR technique was used. A typical 1H NMR
spectrum of PLGA–PEG–R7 is shown in Fig. 3B. The characteristic
signals appearing at 1.82, 2.66 ppm are assigned to the two differ-
ent groups of methylene hydrogens of R7 unit. The peak at
2.53 ppm is assigned to the methylene hydrogen of succinyl group.
The peaks appearing at 5.08–5.35, 4.71–5.06, 3.39–3.61, and 1.35–
1.63 ppm are assigned to the methine hydrogen of the lactide
units, methylene hydrogen of the glycolide units, the methylene
hydrogen of the PEG, and the methyl hydrogen of the lactide units,
respectively. The peak of methine hydrogen of R7 unit is covered
into the multiple peaks of glycolide units (3.39–3.61 ppm). The
structure of PLGA–PEG–R7 was further determined by 13C NMR
spectrum which was shown in Fig. 3C. The peak at 158.3 ppm is as-
signed to the guanidinium group carbon of R7 unit. The peaks
appearing at 26.5, 32.7, and 46.0 ppm are assigned to the different
methlene carbons of R7 unit. These results confirm successful con-
jugation of R7 to PLGA–PEG. The conjugation percentage of R7 to
PLGA–PEG was 35.7% at the detection wavelength 362 nm. 1H
NMR spectra of the synthesized PLGA–PEG–folate were shown in
Fig. 3D, and the conjugation percentage of folate to PLGA–PEG
was 39.8%.

3.2. Preparation and characterization of NPs loaded with VCR

We used the water–oil–water emulsion solvent evaporation
method (Cohen-Sela et al., 2009; Cun et al., 2010; Meng et al.,
2003) and successfully prepared PLGA–mPEG NPs, PLGA–PEG–fo-
late NPs, PLGA–PEG–R7 NPs, and BF-NPs. It has been reported that
at pH below 4.5, the drug entrapment efficiency and drug loading
of VCR into liposome are dramatically reduced (Noble et al., 2009).
Bearing this in mind, 6–7.4 was chosen as an optimal range of pH
values. Unfortunately, the pH values of the nanoparticle emulsions
containing PVA and PLGA were below 5.0, it was necessary to add
weak alkali to adjust the pH values. According to the previous re-
ports (Marinina et al., 2000; Zhu et al., 2000), the addition of a kind
of weak alkaline or anti-acid, such as magnesium hydroxide or ba-
sic zinc carbonate, can overcome this obstacle, but a significant in-
crease in particle size was observed because of very low water
solubility of these bases. Finally, a PVA aqueous solution (1.0%,
w/v) was selected (its pH value was adjust by Tris–HCl buffer to
6–7.4) and satisfactory results were obtained. It was found that
the content of PVA had an important effect on the particle size of
the emulsion (Table 1). When PVA was below 0.4%, the NPs easily
aggregated and the particle size was large (>350 nm); between
0.4% and 1.0% (w/v), the mean diameter of NPs decreased with
the increase of PVA concentration. However, the size gradually in-
creased when the content of PVA continued to increase, maybe due
to the increased viscosity of the emulsion. The physical character-
istics of VCR-loaded NPs including the particle size, zeta potentials,
the drug loading, and drug entrapment efficiency are shown in
Table 1. The sizes of NPs were determined by a dynamic laser scat-
tering method and every sample was measured three times. Under
optimal conditions, the particle size increased from 224.5 ± 8.9 nm
(PLGA–PEG–folate NPs) to 247.2 ± 6.2 nm (BF-NPs); and the zeta
potentials of the three kinds of NPs were satisfactory (below
�8 mV). There were no significant differences in drug loading
and entrapment efficiency among PLGA–PEG–folate NPs, PLGA–
PEG–R7 NPs, and BF-NPs. The SEM images showed that the mor-
phologies of the prepared three kinds of the NPs loaded with
VCR (PLGA–PEG–folate NPs, PLGA–PEG–R7 NPs, and BF-NPs) were
similar with a typical spherical shape; and in Fig. 4 only the mor-
phology of BF-NPs was shown.

Following this, the stability the obtained four kinds of nanopar-
ticles was investigated. At room temperature or at 4 �C within a
week, the lyophilized form showed excellent stability, and only
4–7% of VCR leaked from the nanoparticles. Moreover, the lyophi-
lized form of the nanoparticles was more stable than its aqueous
solution at the same temperature. Within a week, over 80% of
the initial amount of VCR leaked from the nanoparticles if the
nanoparticles were kept in aqueous solution at 37 �C. So, freeze-
dried powder of the above VCR nanoparticles including BF-NPs
was a favorable formulation with excellent stability.



Fig. 5. In vitro drug release profiles of VCR from the NPs at 37 �C in Tris–HCl buffer
solution (pH 7.4). Data presented as mean ± SD (n = 3).
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3.3. In vitro release

The in vitro release of VCR from the NPs was performed in Tris–
HCl buffer (pH 7.4) at 37 ± 0.5 �C. As shown in Fig. 5, over 85% VCR
was released from F-VCR solution within 4 h indicating that VCR
was released very fast in Tris–HCl buffer. Different from F-VCR,
the release of VCR from PLGA–PEG–folate NPs, PLGA–PEG–R7

NPs, and BF-NPs exhibited a similar process that began with an ini-
tial burst release followed by a steady, continued-release pattern.
Release was fast in the first 8 h, that is, 46.20 ± 1.09%,
53.67 ± 2.11%, and 48.77 ± 1.83% VCR release from PLGA–PEG–fo-
late NPs, PLGA–PEG–R7 NPs, and BF-NPs, respectively. In the fol-
lowing time, a sustained release rate was observed. Within 24 h,
the accumulative release was 68.35 ± 3.43% for PLGA–PEG–folate
NPs, 72.91 ± 2.54% for PLGA–PEG–R7 NPs, and 69.55 ± 1.64% for
BF-NPs, respectively. The initial burst may be due to the rapid re-
lease of drugs deposited on the surface and in the relatively shal-
low channels of the NPs, whereas the steady release may be
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Fig. 6. The cellular uptake by MCF-7 cells of coumarin 6-loaded NPs. Effect of the NPs con
the cellular uptake of PLGA–PEG–folate NPs (B) and BF-NPs (C). Effect of the pre-incub
mean ± SD (n = 3).
attributed to the diffusion of the drug localized in the PLGA core
of the NPs.

3.4. In vitro cellular uptake

The NPs labeled with fluorescent dyes are widely used to study
the cellular uptake because the uptake can be detected qualita-
tively by fluorescence microscopy and CLSM, and quantitatively
by fluorescence microplate reader, flow cytometry and fluores-
cence spectrophotometer (Gan and Feng, 2010). In this study, cou-
marin 6 is chosen as a fluorescence probe (Davda and Labhasetwar,
2002). It is noted that, the entrapment efficiency of coumarin 6
(loading rate: 0.1%) loaded into PLGA–PEG NPs (including PLGA–
mPEG NPs, PLGA–PEG–folate NPs, PLGA–PEG–R7 NPs, and BF-
NPs) is very high maybe due to its very low hydrophilicity. In the
experiment, it was found that the entrapment efficiency was over
97% in the PLGA–PEG NPs. Moreover, the release of coumarin 6
from the PLGA–PEG NPs was very slow, and within 24 h, the cumu-
lative release was less than 5% (the release curve of coumarin 6
from the NPs was not shown). These results were agreed with
the previous report (Win and Feng, 2005). This suggests that the
use of coumarin 6 to determine the cellular uptake of the PLGA–
PEG NPs is appropriate. We loaded coumarin 6 into the NPs to
compare the cellular uptake of BF-NPs, PLGA–mPEG NPs, PLGA–
PEG–folate NPs, and PLGA–PEG–R7 NPs by MCF-7 cells. A time-
and concentration-dependent internalization was observed
(Fig. 6). Within the low concentration range (100–420 lg/mL, here
refers to the concentration of the NPs), there was a difference
among the four kinds of NPs, the uptake efficiency order of the cou-
marin 6-loaded NPs: BF-NPs > PLGA–PEG–R7 NPs > PLGA–PEG–fo-
late NPs > PLGA–mPEG NPs. However, when the concentration of
the NPs added to the wells continued to increase, the difference
of the cellular uptake in MCF-7 cells among the four kinds of the
NPs became smaller and smaller (Fig. 6A). Compared to PLGA–
mPEG NPs without folic acid modification (the first column),
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Fig. 7. The cellular uptake of coumarin 6-loaded NPs by MCF-7 cells using FACS analysis (A and B). Confocal microscopic images of MCF-7 cells incubated with coumarin 6-
loaded BF-NPs for 0.5, 1, and 4 h at 37 �C, respectively (C–E). In figure (A), a, b, and c represent the cellular uptake profiles of coumarin 6-loaded PLGA–PEG–folate NPs, PLGA–
PEG–R7 NPs, and BF-NPs, respectively. In figure (B), MCF-7 cells were incubated with coumarin 6-loaded BF-NPs for 45, 90, 120 min, respectively. In CLSM assay, the cells were
stained with PI (red) and the uptake of fluorescence coumarin 6-loaded BF-NPs (green) in MCF-7 cells was visualized by overlaying images obtained by FITC filter and PI filter:
(3), (6), and (9)—images from combined PI channel and FITC channel; (1), (4), and (7)—images from FITC channel; (2), (5), and (8)—images from PI channel. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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enhanced uptake of PLGA–PEG–folate NPs (the second column)
and BF-NPs (the fourth column) by MCF-7 cells was observed with-
in the range of 100–420 lg/mL. This may be associated with the
surface modification: In MCF-7 cells, folic acid receptor is over-ex-
pressed. After folic acid is modified on the surface of the NPs, the
obtained PLGA–PEG–folate NPs and BF-NPs possess high affinity
to the folic acid receptor, which allows the NPs to be easily taken
up by the tumor cells where the folic acid receptor is highly
expressed (Stella et al., 2007; Wu et al., 2010). Moreover, the en-
hanced uptake leads to longer retention time of coumarin 6-loaded
PLGA–PEG–folate NPs and BF-NPs within the cells. However, at
higher concentrations (>420 lg/mL), the intracellular uptake of
coumarin 6 is close to saturation and its concentration within
the cells does not significantly increase. We also found that, if



(A)

(B)

Fig. 8. In vitro cytotoxicity determination using MTT assay on MCF-7 (A) and MCF-
10A cells (B). The cell lines were co-incubated with VCR-loaded NPs or F-VCR at
37 �C for 24 h. Statistical differences were evaluated using Student’s test analysis of
variance (ANOVA). Data presented as mean ± SD (n = 4). ⁄p < 0.05.

Table 2
Cytotoxic activity and selectivity index of VCR formulations on human breast cancer
cells MCF-7 and normal mammary cells MCF-10A.

Groups IC50 (nM)a Selectivity indexb

MCF-7 cells MCF-10A cells

F-VCR 10.24 ± 1.52 19.71 ± 1.79 1.92
PLGA–mPEG NPs 3.99 ± 0.23 ND c NDc

PLGA–PEG–folate NPs 2.76 ± 0.22 19.16 ± 1.56** 6.94
PLGA–PEG–R7 NPs 2.40 ± 0.19 ND c ND c

BF-NPs 2.07 ± 0.13 18.74 ± 1.67** 9.05

a IC50 values presented as mean ± SD (n = 4).
b Selectivity index is calculated by dividing the IC50 obtained from the MCF-10A

data (the mean value) by the IC50 obtained from the MCF-7 data (the mean value).
c ND: not determined.

** p < 0.01 versus IC50 values of VCR NPs against MCF-7 cells.
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the incubation period was beyond 4 h, there was no significant in-
crease in the cellular uptake of coumarin 6 by MCF-7 cells. These
results suggested that there was a saturated uptake phenomenon,
which was consistent with the previous report (Win and Feng,
2005). To verify the endocytosis mechanism of BF-NPs and
PLGA–PEG–folate NPs partly mediated by folic acid receptor (Yang
et al., 2010a), excess free folic acid (20 lg/mL) was added to the
wells and pre-incubated with MCF-7 cells for different time. The
results were shown in Fig. 6B and C. Compared to that of untreated
group, the cellular uptake of PLGA–PEG–folate NPs and BF-NPs evi-
dently declined possibly because the endocytosis of the NPs by
MCF-7 cells was partially suppressed.

To investigate the function of R7, PLGA–PEG–R7 NPs loaded with
coumarin 6 were prepared which were merely modified with R7,
and the uptake of coumarin 6 in MCF-7 cells was shown in the
third column of Fig. 6A. It was found that, at the same concentra-
tion of coumarin 6, the uptake efficiency of PLGA–PEG–R7 NPs
was higher than that of PLGA–PEG–folate NPs and PLGA–mPEG
NPs. This result indirectly suggested that R7 indeed possessed the
strong cell-penetrating power. In another separate experiment,
the cells were pre-incubated with free R7 (20 lg/mL) for 1 h at
37 �C, then incubated with the coumarin 6-loaded PLGA–mPEG
NPs suspension (300 lg/mL) for 0.5, 1, 1.5, 2, and 4 h, respectively.
As shown in Fig. 6D, there was no obvious increase in the cellular
uptake of the NPs by MCF-7 cells. The coumarin 6-loaded PLGA–
mPEG NPs suspension and free R7 were simultaneously added to
the wells and then co-incubated with the cells for different time,
there was also no obvious increase in the cellular uptake of the
NPs. In our opinion, though free R7 possesses strong cell penetra-
tion power, it cannot translocate the PLGA–PEG NPs across the
plasma membrane because it is independent of the NPs, only the
portion of R7 conjugated on the surface of the NPs can translocate
the NPs and then enter into the cells.

Fluorescence levels were also measured quantitatively 1 h post
treatment by FACS analysis using FITC channel (Fig. 7A and B). As
shown in Fig. 7A, the addition of coumarin 6-loaded PLGA–PEG
NPs to MCF-7 cells led to an immediate fluorescence shift, com-
pared with the negative control (without the treatment of VCR for-
mulations). The uptake of BF-NPs increased significantly (profile c,
83.67%), compared to that of PLGA–PEG–folate NPs (profile a,
64.58%) and PLGA–PEG–R7 NPs (profile b, 71.01%). Consistent with
the results of microplate reader assay, the fluorescence intensity in
the cells treated with coumarin 6-loaded BF-NPs is time-depen-
dent (Fig. 7B). To study the intracellular localization of VCR-loaded
NPs, we simultaneously loaded coumarin 6 and VCR into BF-NPs.
As shown in Fig. 7C–E, after MCF-7 cells were co-incubated with
the NPs for 0.5 h, an obvious green fluorescence in the cell cyto-
plasm and red fluorescence around the nucleus were observed.
Moreover, the red fluorescence intensity increased with the in-
crease of the incubation time in the first 4 h: When the cells were
treated with the NPs for 4 h, the proportion of cells with red fluo-
rescent was much higher than that for 1 h; and a minimum num-
ber of MCF-7 cells with red fluorescence were observed when the
incubation was only 0.5 h. These results reflected the continuous
penetration of NPs into the cells. So we speculate that, bifunctional
nanoparticulate carriers probably translocate VCR across the cell
membrane by folic acid receptor-mediated endocytosis combining
with strong cell-penetrating power, and then enter effectively into
the cells.

3.5. In vitro assessment of selective cytotoxicity

The in vitro cytotoxic activity of BF-NPs was investigated and
compared with that of other VCR formulations by MTT assay. After
a 24-h exposure of the cells to the VCR formulations, a dose-depen-
dent reduction in growth rate was observed. There was a signifi-
cant difference in cell viabilities between F-VCR group and the
NPs groups. At the same concentration, VCR-loaded BF-NPs
showed higher cytotoxicity than did VCR other formulations; the
order of the cytotoxicity was BF-NPs > PLGA–PEG–R7 NPs > PLGA–
PEG–folate NPs > PLGA–mPEG NPs > F-VCR. The percent viabilities
of MCF-7 cells treated with VCR formulations at different concen-
trations were shown in Fig. 8A. When the concentration of VCR was
5 nM, the percent viabilities were 42.86 ± 4.01% for PLGA–mPEG
NPs, 36.36 ± 1.64% for PLGA–PEG–folate NPs, 33.25 ± 2.77% for
PLGA–PEG–R7 NPs, and 30.65 ± 1.92% for BF-NPs, respectively. As
shown in Table 2, the IC50 values decreased from 10.24 ± 1.52 nM
for F-VCR to below 4 nM for VCR-loaded NPs, and BF-NPs had the
lowest IC50 value of 2.07 ± 0.13 nM.

In tumor therapy, it is very important to deliver drugs selec-
tively to tumor cells and minimize the damage on normal cells.
So, the selective cytotoxicities of VCR NPs against the normal cells
MCF-10A and the tumor cells MCF-7 were compared in vitro. There
was a significant difference in the sensitivity of the above two cell
lines to BF-NPs. The percent viabilities of MCF-10A cells treated



Fig. 9. Quantitative apoptosis assay of MCF-7 using a flow cytometer. MCF-7 cells were incubated with F-VCR or NPs for 12 h. Then the cells were harvested and stained with
the Annexin V/PI. Viable cells are shown in the lower-left quadrant (Annexin V�, PI�). The early and late apoptotic cells are shown in the lower-right quadrant (Annexin V+,
PI�) and upper-right quadrant (Annexin V+, PI+), respectively.

Table 3
Effects of F-VCR and nanoparticle formulations on apoptotic induction in MCF-7 cells.

Group C
(nM)a

Viable cells
(%)

Early apoptotic + late apoptotic
cells (%)

Negative control 0 95.63 4.29
F-VCR 1 93.33 6.40

10 77.81 21.65
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with F-VCR, PLGA–PEG–folate NPs, and BF-NPs at different concen-
trations were shown in Fig. 8B. It was found that the NPs displayed
comparatively low cytotoxicity against MCF-10A cells; and at the
same concentration of VCR, there was no significant difference
(p > 0.05) in cell viabilities between the control group (F-VCR)
and the nanoparticle groups. The IC50 values of MCF-10A were
more than 18 nM and the selectivity indexes were 1.92 (for
F-VCR), 6.94 (for PLGA–PEG–folate NPs), and 9.05 (for BF-NPs),
respectively (Table 2). From these results, it was suggested that
BF-NPs could selectively exerted their cytotoxic effect on tumor
cells MCF-7. The three formations showed no significant toxicity
to human normal mammary epithelial cells, which further con-
firmed the safety to normal cells (Wang et al., 2012).

As mentioned above, the use of CPPs as intracellular delivery
vectors has been widely accepted due to their strong cell-penetrat-
ing power. Although the mechanism of the arginine-rich CPPs
transporting NPs across cell membranes is not yet fully under-
stood, many scientists have already realized the structural proper-
ties of cationic arginine-rich CPPs and interactions with membrane
phospholipids play a major role in the cellular uptake mechanism
(Su et al., 2010). In previous experiments, it was found that, these
peptides strongly bound electrostatically to the anionic lipids on
the cell membrane (Herbig et al., 2007; Ziegler et al., 2003). More-
over, the guanidinium residues of arginine in arginine-rich CPPs
played a fundamental role during translocation not only in the
binding of the peptide to the surface of the cell membrane, but also
in the destabilization and nucleation of transient pores across the
phospholipid bilayer (Herce et al., 2009; Thoren et al., 2005). The
results also demonstrate that the cytotoxicity of nanoparticles to
cancer cells was improved by the folate component, which has
been reported to bind to folate receptors with high affinity, thus
mediating in cellular uptake (Wang et al., 2011).
PLGA–PEG–folate
NPs

10 72.45 26.84

PLGA–PEG–R7

NPs
10 68.42 30.66

BF-NPs 10 63.78 34.89

a Here refers to the concentration of VCR.
3.6. Apoptosis assay

To quantitatively determine whether the NPs-mediated cell
growth inhibition was related to the induction of apoptosis, Annex-
in V and PI dual staining method was used, which could detect
both early and late stages of apoptosis. The results were shown
in Fig. 9 and Table 3. It was demonstrated that viable cells treated
with VCR decreased in a dose-dependent manner. At the same con-
centration (10 nM), an obvious decrease in viable cells was shown
by PLGA–PEG–R7 NPs (68.42%) and BF-NPs (63.78%), compared
with PLGA–PEG–folate NPs (72.45%), the free drug (77.81%), and
negative control (95.63%). Concurrently, an obvious increase in
apoptotic cells (early plus late apoptotic cells) was detected in
MCF-7 cells by PLGA–PEG–R7 NPs (30.66%) and BF-NPs (34.89%),
compared with PLGA–PEG–folate NPs (26.84%) and negative con-
trol (4.29%). These results indicated that the above three kinds of
the NPs displayed stronger induction of apoptosis than did F-VCR
at the same concentration, and BF-NPs exhibited the strongest
apoptotic induction in MCF-7 cells.

To evaluate whether BF-NPs were capable of inducing apoptosis
in normal cells, the apoptotic morphology of MCF-7 and MCF-10A
cells was compared after the cells were treated with VCR NPs. Fluo-
rescence images of the cells stained with Hoechst 33342/PI were
showed in Fig. 10. When MCF-7 cells were co-incubated with
VCR NPs (10 nM) for 12 h, a large number of cells demonstrated
apoptotic features such as nuclear shrinkage, chromatin condensa-
tion, or fragmentation. Intensive red fluorescence was observed



Fig. 10. Effects of VCR formulations on the morphology of MCF-7 cells (A–D) and MCF-10A cells (E and F). After the cells were co-incubated with VCR formulations for 12 h at
10 nM, they were washed with PBS and the nuclei were stained by incubating with Hoechst 33342 and PI for another 15 min in the darkness. Samples were observed under a
fluorescence microscope. Figures (A), (C), and (E) were the fluorescence images of the cells stained with Hoechst 33342; figures (B), (D), and (F) were the fluorescence images
of the cells stained with PI. Here only representative fluorescence micrographs were shown.
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(Fig. 10B and D). This suggested that after 12 h exposure to VCR
NPs, MCF-7 cells underwent the typical morphologic changes of
apoptosis. However, after MCF-10A cells were treated with BF-
NPs under the same conditions, only very pale red fluorescence
was observed (Fig. 10F); the majority of MCF-10A cells kept their
integrity and were only stained with Hoechst 33342 (Fig. 10E).
These results indicated that under our experimental conditions,
BF-NPs were more inclined to induce apoptosis in tumor cells
MCF-7, but had a very limited effect on the normal cells MCF-10A.

3.7. Effects of BF-NPs on the cell cycle distribution in MCF-7 cells

To gain further insight into the mode of action of BF-NPs, we
examined the effects of F-VCR and VCR NPs on the cell cycle by
flow cytometry in MCF-7 cells. As shown in Fig. 11 and Table 4,
DNA flow cytometric analysis indicated that treatment of MCF-7
cells with VCR formulations for 24 h significantly induced a G2/M
phase arrest of the cell cycle. The percentage of cells with G2/M
phase was increased from 12.28 ± 1.74% (for the negative control,
0 nM), to above 33% (for F-VCR and VCR formulations, 10 nM). At
the same time, the percentage of cells in the G1 phase significantly
decreased from 50.33 ± 3.66% (for the negative control) to below
25% (for VCR formulations, 10 nM). In Fig. 11, there was no signif-
icant difference (p > 0.05) in percentage of cells with G2/M phase
among the following groups at the same concentration (10 nM,
according to the concentration of VCR): F-VCR (the positive con-
trol), PLGA–PEG–folate NPs, PLGA–PEG–R7 NPs, and BF-NPs. This
indicated that altered formulations of VCR (relative to F-VCR), such
as nanoparticle formulations, did not lead to the change in the cell
cycle arrest of MCF-7 cells if the concentration of VCR in the formu-
lations was uniform. Moreover, cell apoptosis was detected simul-
taneously by apparent cell apoptosis peak. It has been reported
that VCR belongs to cell cycle-specific drugs, which mainly arrests
cell cycle at the G2/M phase (Jordan et al., 1991). Exactly speaking,



Fig. 11. Effects of VCR formulations (F-VCR and VCR NPs) on cell cycle progression
in MCF-7 cells. Cells were incubated with 0 nM (histogram A) or 10 nM VCR
formulations (histogram B–E) for 24 h and stained with PI. The DNA content was
analyzed by fluorescence flow cytometry. Figures (B)–(E) represent the histograms
of the cells treated with F-VCR, PLGA–PEG–folate NPs, PLGA–PEG–R7 NPs, and BF-
NPs, respectively. For each concentration, the cell cycle was conducted with three
parallel samples; here only representative histograms were shown.

Table 4
Effects of VCR formulations (F-VCR or VCR NPs) on cell cycle arrest in MCF-7 cells.

Group C
(nM)a

G1 phase
(%)b

S phase (%)b G2/M phase
(%)b

Negative control 0 50.33 ± 3.66 37.39 ± 3.54 12.28 ± 1.74
F-VCR 10 23.44 ± 3.13* 43.05 ± 5.05 33.51 ± 4.79*

PLGA–PEG–folate
NPs

10 20.94 ± 2.64* 40.12 ± 3.69 38.94 ± 3.44*

PLGA–PEG–R7 NPs 10 17.29 ± 3.34* 46.17 ± 2.59 36.54 ± 2.95*

BF-NPs 10 21.33 ± 2.54* 39.66 ± 3.61 39.01 ± 3.74*

a Here refers to the concentration of VCR.
b MCF-7 cells were treated with VCR formulations for 24 h and stained with PI.

Cells treated with culture medium (untreated with VCR formulations) served as the
negative control. The percentage of cell cycle (G1 phase, S phase, and G2/M phase)
presented as mean ± SD (n = 3).
* p < 0.05 versus the percentage of cells with G1 phase (or G2/M phase) of the
negative control.
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VCR arrests cell division at metaphase by the inhibition of forma-
tion of the mitotic spindle microtubulin (Himes et al., 1976; Binet
et al., 1990; Ngan et al., 2000). Therefore, compared to F-VCR with
the same concentration of VCR, BF-NPs also arrest the cell cycle in
G2/M phase.

After the chemotherapeutic agents are encapsulated into the
NPs whose surfaces are modified with active targeting groups,
their cytotoxicities significantly increase which is covered previ-
ously by several groups (Pan et al., 2010; Park et al., 2010; Yang
et al., 2010b). However, the reason has not been fully figured out.
From the above results, it’s clear that there must be a correlation
among the three aspects: the cellular uptake, cytotoxicity, and in-
duced cell apoptosis. In our opinion, the process of the cytotoxicity
generated by VCR NPs is successive and at least includes the fol-
lowing stages: (1) Internalization: In the first 1–4 h, VCR NPs pass
through the tumor plasma membranes, then enter into the cyto-
plasm by endocytosis pathway, which is different from F-VCR;
F-VCR enters into the cells by simple diffusion (Sahoo and
Labhasetwar, 2005). PLGA–PEG–folate NPs loaded with VCR were
delivered and then entered into tumor cells via folate receptor-
mediated endocytosis pathway to a great extent; and the delivery
of BF-NPs maybe depended on the synergism of folate receptor-
mediated endocytosis and strong cell-penetrating power (Amand
et al., 2008; Barz et al., 2010; Esmaeili et al., 2008). Moreover,
the difference in internalization mechanisms between BF-NPs
and F-VCR makes the former retain within the cells longer time;
(2) VCR releases and cellular uptake reaches saturation: With the
endocytosis in progress, VCR is released from the NPs and its con-
centration within the cells increases gradually. When the cellular
concentration of VCR reaches a higher level, a plateau is reached
(Zhang et al., 2010). That’s to say, there is a saturated cellular up-
take phenomenon of the NPs by MCF-7 cells. The above two pro-
cesses maybe cost 2–6 h, and during this period the cellular
uptake is dominant; (3) Apoptotic induction: Although the concen-
tration of intracellular VCR has already reached a saturated level, it
is still lower than that of extracellular VCR. The concentration drop
makes the NPs loaded with VCR enter into the cells continuously.
The further entry of the NPs and sustained high concentration of
VCR within the cells lead to the supersaturated uptake, and then
trigger the apoptosis of MCF-7 cells. From this moment, induced
apoptosis gradually gains the upper hand. In the experiment, it
was found that a number of MCF-7 cells no longer maintained their
membrane integrity and some were divided into small pieces after
8 h or longer time’s incubation with VCR-loaded BF-NPs. This result
suggests that prolonged incubation time leads to the increase of
the apoptotic cells. Cytotoxic compounds can exert their cytotoxic
effect through multiple modes including the induction of necrosis,
apoptosis, cell cycle arrest, and so on. As described above, DNA
flow cytometric analysis indicated that treatment of MCF-7 cells
with BF-NPs significantly induced a G2/M phase arrest. Therefore,
the G2/M phase arrest of the cell cycle can be considered as another
mode to suppress the growth of MCF-7 cells. From the above re-
sults combining with the previous studies, we believe that both
of induced cell apoptosis and cell cycle arrest are two important
modes by which VCR NPs exert their cytotoxic effect. Compared
to F-VCR and another two kinds of VCR NPs at the same concentra-
tion, BF-NPs loaded with VCR are more effective.
4. Conclusion

Folate- and R7-modified PLGA–PEG bifunctional NPs loaded
with VCR, namely BF-NPs, were successfully prepared. Due to fo-
late targeting function and obtained cell-penetrating power, BF-
NPs demonstrated a superior cellular uptake to PLGA–PEG–folate
NPs and PLGA–PEG–R7 NPs. The enhanced cellular uptake of
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BF-NPs directly results in stronger induction of apoptosis in MCF-7
cells; besides the cell cycle arrest at the G2/M phase, the cell apop-
totic induction is possible pathway by which PLGA–PEG NPs
loaded with VCR exert their cytotoxic effect. Low cytotoxicity
and weak ability to induce apoptosis in normal cells MCF-10A ver-
ified the excellent selectivity of the prepared BF-NPs. However, the
above hypothesis is required to give an explanation in more detail
using more experiments. The strong cell-penetrating power, en-
hanced cellular uptake, and an increased cytotoxicity by cell-pene-
trating peptide-modified NPs need to be elucidated from its
mechanism. The further study to verify the above hypotheses is
in progress.
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