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Folate (FOL) mediated poly–lactide-co-glycolide–polyethylene glycol nanoparticles (FOL–PEG–PLGA NPs)
bearing paclitaxel (PTX) were prepared for the effective delivery of drug to endometrial carcinoma. The
average size, zeta potential and encapsulation efficiency of FOL-targeted NPs were found to be around
220 nm, �30.43 mV and 95.6%. Cellular uptake was observed. The accumulation of FOL-targeted NPs
depends on dual effects of passive and active targeting. The FOL-targeted PTX NPs showed a greater cyto-
toxicity against HEC-1A cancer cells in vitro and in vivo, which might be induced by apoptosis. H&E stain-
ing did not showed apparent tissue damage to liver and kidney of the mice after injecting NPs
intravenously. These results suggest that the novel FOL–PEG–PLGA NPs could be a potential delivery sys-
tem with excellent therapeutic efficacy for targeting the drugs to cancer cells.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Endometrial cancer (EC) is the most common gynecological
malignancy, with a gradual increasing incidence worldwide. An esti-
mated 42,160 new cancer cases were diagnosed and 7780 Ameri-
cans died of endometrial cancer in 2009.1 Although most women
with endometrial cancer will be diagnosed with early stage disease
and have a high cure rate with surgery alone, up to 25% of women
will have advanced stage or recurrent disease and require additional
treatment.2 General chemotherapy and radiotherapy offer some-
what unsatisfactory responsiveness, making new therapeutic strat-
egies an immediate need to combat EC. Targeted cancer therapy is
promising to minimize the nonspecific toxicity and to improve ther-
apeutic efficiency compared to conventional chemotherapy.

In recent years, the design, synthesis and application of nano-
sized biocompatible composites have opened up new perspectives
for biological and biomedical applications. Among them, the poly-
meric nanoparticulate drug delivery system has emerged recently
as a promising carrier for targeting poorly water-soluble or amphi-
philic drugs as well as genes to tumor tissues.3 The vasculature in
tumors is leaky to macromolecules, and the tumor lymphatic sys-
tem is usually deficient, so nanoparticles (NPs) can be preferen-
tially delivered to the tumor through the enhanced permeation
and retention (EPR) effect via its blood vessels.4 Still, it was found
ll rights reserved.
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that polymeric NPs could reduce the multi-drug resistance by a
mechanism of internalization of the drug and reducing its efflux
from cells mediated by the P-glycoprotein.5,6 However, it is of crit-
ical importance to develop a more specific and active system that
could target to the tumor and enhance intracellular uptake of drug
to the tumor site. A rational approach to achieve these goals is to
exploit specific interactions between receptors on the cancer cell
surface and targeting moieties conjugated to the polymer back
bone.7 Some ligands, such as folate and transferrin, can substan-
tially increase site-specific targeting.8,9 In particular, folate has
been utilized as a targeting moiety for enhancing the therapeutic
efficacy of many anticancer drugs.10

Folate receptor (FR) is overexpressed in several epithelial malig-
nancies, especially in gynecological cancers, such as breast cancer,
ovarian cancer, and endometrial cancer.11,12 FR transcript has been
found to be overexpressed in a significant proportion of endome-
trial adenocarcinoma, especially in the high-grade, high-stage tu-
mors that are most likely to relapse.13,14 Therefore, FR is
considered to be a good candidate for tumor-specific targeting of
endometrial cancer. Though there have been reported some selec-
tive targeting delivery systems, such as liposomes, that have used
folate-conjugated for site-delivery of anticancer drugs,15 there
have been no reports regarding folate conjugation to NPs for tar-
geting endometrial cancer.

In this study, we have developed folate-decorated biodegrad-
able poly (lactide-co-glycolide) (PLGA) nanoparticles for targeted
delivery by a modified solvent extraction/evaporation single emul-
sion method. The biodegradability and biocompatibility of PLGA
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have been approved by FDA. Polyethylene glycol (PEG) is used as
the coupling agent in the composition of the systems, which
bridges folate with PLGA to form a chain FOL–PEG–PLGA. Paclitaxel
(PTX), which is one of the first line chemotherapeutics used for the
treatment of endometrial cancer,16 is entrapped in the core of fo-
late-decorated NPs. The characteristics of PTX/FOL–PEG–PLGA
NPs, including surface morphology, particle size, drug encapsula-
tion efficiency (EE) and in vitro release are here described. The
pharmaco-dynamics of NPs are also investigated by the experi-
ments of in vitro cellular uptake, in vitro cytotoxicity and in vivo
anti-tumor activity.

2. Materials and methods

2.1. Materials

Poly (D, L-lactic-co-glycolic acid) (PLGA) (L:G molar ratio: 50:50,
Mw: 15,000), N,N-dicyclohexylcarbodiimide (DCC), N-hydroxy-
succinimide (NHS), D-a-tocopheryl polyethylene glycol 1000 succi-
nate (TPGS), and folate were purchased from Sigma (St. Louis, MO,
USA). Poly (ethylene glycol) (Mw: 3400) and dichloromethane
(DCM, analytical grade) were purchased from KaiZheng Bio-tech-
nology Co. Ltd (Beijing, China). Paclitaxel (PTX) of 99.5% purity
was purchased from Yunnan Hande Bio-technology Co. Ltd
(Yunnan, China). 2-(4-amidinophenyl)-6-indolecarbamidine dihy-
drochloride (DAPI) was from Sigma–Aldrich (St. Louis, MO). DMEM
medium without folate was purchased from Gibco BRL (Carlsbad,
CA, USA). All other chemicals were of analytical grade.

Endometrial carcinoma cell line, HEC-1A, was obtained from
ATCC (American Type Culture Collection, Manassas, VA, USA).
Female nude mice (nu/nu, BALB/c mice, 4–6 weeks, body weight
17–21 g) were supplied by Guangdong Province Experimental Ani-
mal Center.

2.2. Synthesis FOL–PEG–PLGA NPs

A folate-conjugated diblock copolymer (Fig. 1A) was synthe-
sized as follows.

Diamine-terminated poly (ethylene glycol) (H2N–PEG–NH2) was
first prepared by the method of toluenesulfonate esterification,17

then folate was conjugated with H2N–PEG–NH2 (Mw: 3400) using
a modified method described elsewhere.18,19 Folate was activated
by DCC and NHS in the presence of 10 ll pyridine (folate/NHS/DCC
molar ratio = 1:2:2) and reacted with 0.5 g PEG-bis-amine in 5 ml
DMSO. 1.5 g of PLGA was activated by DCC and NHS in 10 ml DMSO
(PLGA/NHS/DCC molar ratio = 1:1.1:1.1) at room temperature under
nitrogen gas for 24 h. The final step was to conjugate FOL–PEG with
activated PLGA in DMSO at room temperature for 8 h under nitrogen
gas. The chemical structure of the synthesized FOL–PEG–PLGA was
characterized by FTIR spectral (AXIS Ultra DLD, Kratos Instruments
Corporation, UK) and 1H NMR spectroscopy was used to assess the
coupling of folate to the PLGA–PEG NPs.

2.3. Preparation and characterization of PTX-loaded NPs

As shown schematically in Figure 1B a modified nanoprecipita-
tion method combined with solvent evaporation was employed in
formulating PTX-loaded NPs. Briefly, FOL–PEG–PLGA or PEG–PLGA
copolymer and given amount of PTX were dissolved in 5 ml DCM
and vortexed for 60 s as organic phase. Then, the formed solution
was slowly poured into 60 ml 0.03% (w/v) TPGS aqueous solution
and sonicated with an energy output of 500 W in a continuous
mode (Shanghai Kedao Ultrasonic Instrument Incorporated) for
10 min. Stirring was continued overnight to evaporate the organic
solvent and allow the drug to partition into the PLGA shell. The
drug-loaded NPs were separated from the unentrapped drug by
washing the NPs suspension three times using an Amicon Ultra-4
centrifugal filter and freeze–dried for two days to get the NPs pow-
der.20,21 The fluorescent coumarin-6 and PTX were co-loaded into
the nanocarrier using the same method as described above.

The concentration of PTX-loaded in NPs was measured by
HPLC.22 The mean diameter and zeta potential of the NPs were
evaluated by dynamic light scanning (DLS, Mastersizer 2000, Mal-
vern Instruments Corporation, UK). The morphology and size dis-
tribution were observed using scanning electron microscopy
(SEM, Quanta 400F, Holland). To determine the in vitro drug re-
lease profile, PTX-loaded NPs were placed into a dialysis cartridge
(molecular weight cut-off 3 kDa, Thermo Scientific, Rockford, IL).
The cartridge was immersed in 1 L PBS and gently shaken at
100 rpm at 37 �C. At determined time intervals, the PBS solution
was refreshed and the concentration of PTX remained in the dialy-
sis cartridge was measured by HPLC.23

2.4. Expression of folate receptor

Expression of the folate receptor in the cells used in this study
was confirmed by RT-PCR.24 The total RNA was extracted by the
Trizol reagent (Invitrogen) and cDNA was reversely transcribed in
a 20 ll reaction volume using RevertAidTM First-Strand Synthesis
Kit (Fermentas). PCR was then carried out with 1 ll cDNA as the
template, and with the housekeeping gene b-actin as the internal
control. Primers for human folate receptor were, forward: 50-CCT
GCA AAC GGC ATT TCA TC-30 and reverse: 50-CGG CTG TAG TTG
CTG ACC TTG T-30, and primers for b-actin (gene NW: BC016045)
were, forward: 50-ATCTGGCACCACACCTTCTACAATGGCTGCG-30 and
reverse: 50-CATACTCCTGCTTGCTGATCCACATCTGC-30. The abundance
of RT-PCR fragments was measured by Image software.

2.5. Cellular uptake

HEC-1A cells grown on coverslips in a six-well tissue culture
plate were cultured with 500 ll coumarin-6 labeled NPs at a con-
centration of 2 mg/mL. After incubation for 2 h, cells were washed
with PBS, fixed with 5% paraformaldehyde in PBS, and stained
using 5 lg/mL of DAPI for 15 min for visualization of the nuclei.
The stained coverslips were photographed using confocal laser
scanning microscopy (Leica TCS SP5, Germany). Coumarin-6 and
DAPI showed green and blue colorations, respectively.25

The cellular uptake of NPs was further confirmed by flow
cytometry.26 Cells were incubated with micelles at 37 �C for 24 h,
then washed and harvested by trypsinization. The pellet was resus-
pended in 0.5 mL of PBS for immediate analysis by Flow cytometry
(FACScan, Becton Dickinson).

2.6. In vitro cytotoxicity assay

HEC-1A cells were transferred to 96-well tissue culture plates at
5000 cells per well 24 h prior to drug addition. The medium was
then replaced with fresh medium containing blank and drug-
loaded NPs at different concentrations. The culture medium with-
out any drug formulations was used as the control. After 48 h, 20 ll
MTT (5 lg/mL) was added to each well and incubated for 4 h at
37 �C. Medium was then removed and 150 ll DMSO was added
to dissolve the blue formazan crystal converted from MTT. Cell via-
bility was assessed by absorbance at 490 nm measured on a Bio-
rad microplate reader (Bio-rad, Laboratories, USA).

2.7. Assessment of apoptosis

For morphological observation, cells were washed with cold PBS,
fixed with 4% paraformaldehyde and stained with DAPI for 5 min.
The stained cells were washed twice with PBS and visualized using
fluorescent microscopy (Olympus, Japan). Percentage of apoptosis



Fig. 1. (A) Structure of FOL–PEG–PLGA. (B) Schematic representing formulation of FOL–PEG–PLGA nanoparticles and the process for drug loading.
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was calculated by counting the condensed and fragmented nuclei in
cells.27 The experiment was repeated three times.

For detection of apoptosis, cells were stained with Annexin-V
FITC and propidium iodide (PI). In brief, the cells were pretreated
with PTX–NPs or free PTX at equivalent drug concentrations
(2 lg/mL). After suspending the specimens in 200 ll of binding
buffer, 10 ll of Annexin V-FITC and 5 ll of PI were added to the cell
suspension and incubated for 15 min in dark at room temperature.
Another 300 ll of binding buffer was added and then analyzed by a
FACScan flow cytometer using a FACS Calibu. Cells undergoing
early apoptosis bind only to Annexin V, and cells that bind both
to Annexin V and PI are either in the late stages of apoptosis or al-
ready dead. The experiment was repeated three times.

2.8. Assessment of anti-tumor activity in vitro

The anti-tumor efficacy of the drug-loaded NPs was assessed in
tumor-bearing mice. The subcutaneous dorsa of BALB/c nude mice
were inoculated with 1 � 107 HEC-1A cells in 100 ll of normal
saline. When the average volume of the xenografts tumor was
approximately 70 mm3, the mice were randomly divided into four
groups with six mice in each group. Group A was given—normal
saline, group B—free PTX, group C-PTX/PLGA–PEG NPs and group
D-PTX/FOL–PEG–PLGA NPs. Various formulation of PTX (at the
same drug concentration of 5 mg/kg) was injected intravenously
via the tail vein every two days for a total of four times, and the
mice were then observed for 18 days. The tumor diameters were
measured every three days for each tumor-bearing mouse. The tu-
mor volume (V) was calculated as:28 V = [length � (width)2]/2. The
tumor, liver and kidney tissues of were H&E stained for observa-
tion of the effect of the NPs on mice organs.

3. Results and discussion

3.1. Synthesis of FOL–PEG–PLGA

The principle of the chemical reactions in synthesis of
FOL–PEG–PLGA is the formation of amide bonds. The conjugate
structure was checked and confirmed by FTIR and 1H NMR spectros-
copy as shown in Figure 2. FTIR spectrum (Fig. 2A) quantitatively
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assessed the conjugation by several characteristic vibrational
modes. More specifically, the bands at �1535 cm�1 and 1627 cm�1

were assigned to C–O–C ether stretching vibration of NH2–PEG–
NH2 and –COO stretching vibration of PLGA, respectively. The band
around 1573 cm�1 was attributed to characteristic absorption band
of the phenyl ring in folic acid. 1H NMR analysis (Fig. 2B) showed
principal peaks (in ppm) related to benzene of folate moiety
[d = 6.64, 6.90, 7.65, 7.87 ppm], the PEG moiety [d = 3.41 ppm], and
the PLGA moiety [d = 5.01–4.71 ppm]. All these results demon-
strated successful introduction of folate into the backbone of diblock
copolymer PLGA–PEG to form a conjugate.

3.2. Characterization of PTX/FOL–PEG–PLGA NPs

SEM measurement showed that the mean diameter of PLGA–
PEG NPs was around 204 ± 2.1 nm, with a polydispersity index of
0.093, and the mean diameter of targeted micelles was
Fig. 2. The FTIR spectrum (A) and 1H NM
220.4 ± 3.0 nm, with a polydispersity index 0.113 (Fig. 3A). The
particle sizes increase of the targeted micelles presumably owed
to the presence of folate fragment on the micelles surface. SEM
micrographs revealed that the NPs had a spherical morphology
and smooth surface (Fig. 3B).

Surface zeta potential is closely related to the stability of NPs.
High surface potential of the suspension system of NPs can reduce
the cohesion between particles, thereby resulting in high stabil-
ity.29–31 We found that the folate-decorated PLGA NPs had a lower
negative charge of �8.02 ± 0.54 mV, comparing with the surface
charge of �27.98 ± 1.44 mV of the PLGA–PEG NPs. It is possible
that the protonated amino acid groups of folate minimize carbox-
ylic acid groups of the polymer present on the surface of PLGA par-
ticles. In our study, D-sorbitol was used to increase the surface zeta
potential of folate-conjugated NPs from �8.02 ± 0.54 mV to
�30.43 ± 4.55 mV. This may be due to the increase of the alcoholic
hydroxyl negative ion of nanoparticles by D-sorbitol.32–34
R spectrum (B) of FOL–PEG–PLGA.



Fig. 3. Characterization of PTX/FOL–PEG–PLGA nanoparticles: (A) Size distribution spectrum; (B) SEM image; (C) drug release profile determined by a dialysis method
in vitro.

Fig. 4. Typical gel electrophoresis images of the expression of folate receptor in
HEC-1A cells, a human endometrial carcinoma cell line. Hela cells, a human cervical
cell line were as a positive control. The primers used for hFR and action were
specific to the respective genes.
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The effects of emulsifier concentration and aqueous to organic
phase ratio (w/o, v/v) on the encapsulation efficiency were investi-
gated. The TPGS is comprised of lipophilic alkyl tail and hydrophilic
polar head, so the addition of emulsifier can be expected to in-
crease the entrapment efficiency of paclitaxel dissolved in the or-
ganic phase. During synthesis, with increase of aqueous to
organic phase ratio, the entrapment efficiency of paclitaxel in-
creased first and then decreased slightly. That is probably because
with the gradual increase of w/o ratio, milk drops in the aqueous
phase can be fully dispersed and particles yield greater access to
higher encapsulation efficiency. However, when the w/o reached
a cut-off ratio, the particle size became smaller, and PTX may dis-
perse into the aqueous phase and deposit, which can reduce the
loading efficiency of paclitaxel. Base on these findings, the TPGS
concentration of 0.03% and aqueous to organic phase ratio of
0.27 were identified as parameters for the optimal formulation.
The encapsulation efficiency under this optimal formulation was
95.6%.

Using a membrane dialysis method, both PTX/PLGA–PEG and
PTX/FOL–PEG–PLGA NPs were found to exhibit sustained drug re-
lease into surrounding PBS, with rapid release of 20% of the drug
in the first 2 h, and a cumulative release of 40% of the drug by
12 h, followed by a slow linear release of 80% of the drug by
150 h. The initial rapid release of drug could be due to the release
of some loosely bound drugs on the surface of the nanoparticles
by a mechanism of diffusion. This initial release was later fol-
lowed by more controlled release during the two-week study per-
iod (Fig. 3C), which was a result of the degradation of the
polymer.
3.3. Expression of folate receptor on HEC-1A and cellular uptake
of nanoparticles

The presence of folate receptor in the cell line used was con-
firmed by RT-PCR. The human cervical carcinoma cell line hela is



Fig. 5. Uptake of the nanoparticles by HEC-1A cells. Cells were treated with coumarin-6-labeled nanoparticles with or without folate modified and cellular fluorescence was
measured by flow cytometry. Results are shown in histogram with the X-axis indicating the cellular fluorescence intensity and the Y-axis indicating the cell count. (A) Cells
treated with the nanoparticles and the FOL-nanoparticles and (B) cells treated with the FOL-nanoparticles were cultured in media with or without 2 nM folate.

Fig. 6. Confocal laser scanning microscopy (CLSM) of HEC-1A cancer cells incubated with coumarin-6 labeled nanoparticles in the medium for 2 h. Coumarin-6 and DAPI
showed green and blue colorations, respectively. (A) PLGA–PEG nanoparticles; (B) FOL–PEG–PLGA nanoparticles.

Table 1
Cytotoxicity of PTX/PLGA–PEG–FOL NPs in HEC-1A cells
determined by MTT assay

Group IC50 (lg/mL)

Free PTX 13.24 ± 1.59
PTX/PLGA–PEG NPs 8.81 ± 0.10
PTX/PLGA–PEG–FOL NPs 3.43 ± 0.28

Fig. 7. Cytotoxicity of PTX NPs formulations vs free PTX after 48 h incubation time
on HEC-1A cancer cell lines. (⁄p <0.05, data is presented as mean ± S.D., n = 3).
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known to be rich of FR-a mRNA expression. As gel electrophoresis
images shown (Fig. 4) both HEC-1A and hela cells have a high-level
FR-a mRNA expression.

Flow cytometry analysis was performed to compare cellular
uptake of nanoparticles for the desired time. Since the free
coumarin-6 has been centrifuged and washed with PBS previously,
the fluorescence intensity is proportional to the amount of the NPs
internalized by the cells. Histograms of cell-associated coumarin-6



Fig. 8. (A) Representative microphotographs of DAPI staining. HEC-1A cells were treated with free PTX and PTX–NPs at equivalent drug concentration (2 lg/ml) for 48 h
followed by visualization of DNA staining with DAPI using a fluorescence microscope. (I) control, (II) free PTX, (III) PTX/PLGA–PEG NPs, (IV) PTX/FOL–PEG–PLGA NPs.
Representative of four individual experiments (n = 3). (B) The cells were treated with free PTX, PTX/PLGA–PEG NPs and PTX/FOL–PEG–PLGA NPs at equivalent drug
concentration for 48 h and analyzed for apoptosis by flow cytometry. The Annexin-V + PI apoptotic cells shown for each histogram are for one experiment representative of
the three performed. The fluorescence of PI is expressed in channel numbers (In the dot plots, cells in early apoptosis: bottom right quadrant and cells in late apoptosis: top
right quadrant are shown).
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Fig. 9. Tumor volume changes of BALB/C nude mice bearing HEC-1A tumors after
intravenous injections of various formulations of PTX (n = 6).
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fluorescence from HEC-1A cells are shown in Figure 5. Cells with-
out NPs treatment were used as the negative control, and showed
only the auto-fluorescence of the cells. With equivalent coumarin-
6 concentration in each formulation and the same incubation time,
the coumarin-6-loaded targeted NPs showed markedly higher fluo-
rescence intensity than non-targeted NPs (Fig. 5A). However, the
presence of 2 nM of folate in the culture medium (Fig. 5B) drasti-
cally suppressed the fluorescence intensity of HEC-1A cells, which
indicated that the presence of folate significantly inhibited the up-
take of FOL-targeted NPs in FR (+) cells. These results directly dem-
onstrated that the cellular uptake of the micelles can be enhanced
by FOL-receptor mediated endocytosis process, which are consis-
tent with previous reports regarding FOL-receptor-dependent
cellular uptake of folate-conjugated polymeric micelles for anti-
cancer therapy.35,36

To investigate the effect of FR on cellular uptake, the extent of
cellular uptake of coumarin-6-labeled NPs by HEC-1A cells was
also evaluated by CLSM. Cells were incubated with FOL-free cul-
ture medium containing coumarin-6-labeled FOL–PEG–PLGA NPs
or PLGA–PEG NPs (all or equivalent coumarin-6 concentrations).
All observations were conducted under identical operating condi-
tions. As shown in Figure 6, after 2 h of incubation, detectable
green fluorescence was observed in the cytoplasm of the cell,
and the nucleus of the cell was stained blue with DAPI without
any green fluorescence, which indicated that the NPs was mainly
uptaken into the cytoplasm. Cells treated with coumarin-6-la-
beled FOL–PEG–PLGA NPs had very strong green fluorescence,
but in contrast, cells incubated with FOL-ree PLGA–PEG NPs
showed weak green fluorescence. These results further indicate
that the cellular uptake of the coumarin-6-labeled FOL–PEG–PLGA
NPs is mainly based on a FOL-receptor mediated endocytosis
mechanism that might result in a greater amount of NPs internal-
ized inside tumor cells.37–39 The FOL-free coumarin-6-labeled
PLGA NPs might be taken up by the cells through a nonspecific
endocytosis mechanism.

3.4. In vitro anti-tumoral activity

The cell viability (%) in the presence of blank PLGA NPs and
blank FOL–PEG–PLGA NPs (100 lg/ml) was 99.9 ± 2.8% and
103 ± 1.6%. The results demonstrated the two blank NPs had no
significant cytotoxic effect on cells even at doses as high as
100 lg/ml and the two polymers displayed satisfactory biocompat-
ibility. Drug-loaded nanoparticles, PTX/PLGA–PEG NPs and PTX/
FOL–PEG–PLGA NPs with varied drug-loading levels and amounts
were added to HEC-1A cells to evaluate the inhibition effect on
the cells. Table 1 summarized the IC50 values of nanoparticulate
formulations and free drug under conditions of light irradiation.
The PTX–NPs showed significant advantages in inhibiting cancer
cell proliferation compared to PTX in solution (p <0.05). The
amount of PTX required to achieve 50% of growth inhibition
(IC50) was much lower in FOL coupled nanoparticles than in solu-
tion (13.24 ± 1.59 lg/mL and 3.43 ± 0.28 lg/mL, respectively). The
FOL coupled nanoparticles enhanced the cytotoxicity of PTX about
3.9-fold on HEC-1A cell compared with the PTX solution. Due to
the multi-drug resistance effect, the free drug outfluxing through
p-glycoprotein resulted in a decrease in intracellular concentration
of the drug.40 As a greater amount of drug could be delivered into
cells in the form of NPs by endocytosis, the cells were more vulner-
able to the cytotoxic effect of the drug. The therapeutic action of
targeted micelles had a better cell inhibition efficiency to HEC-1A
cells than that of non-targeted micelles system (p <0.05). This re-
sult is considered to be due to the enhanced receptor-mediated
internalization mediated by FOL ligand.41 For example, after being
treated with PTX of the equivalent concentration (16 lg/ml), the
viability of HEC-1A cells treated with PTX/ FOL–PEG–PLGA NPs
was 14.78% compared with that of 42.62% of HEC-1A cells treated
with PTX/PLGA–PEG NPs (Fig. 7).

3.5. PTX–NPs increased the PTX-induced apoptosis in HEC-1A
cells

Previous studies in a variety of cancer cells have shown that the
anticancer properties of paclitaxel are caused in part by initiation
of the apoptotic cascade.42 cell growth and morphologic studies
(Fig. 8A) showed that the HEC-1A cells without treatment dis-
played normal nuclear morphology, whereas DNA fragmentation
and/or chromatin condensation was frequently observed in cells
treated with PTX or PTX–NPs, indicating that PTX or PTX–NPs in-
duced apoptosis. Flow cytometry was also used to measure the
fraction of apoptotic cells following administration of either PTX
or PTX–NPs with the equivalent PTX concentration of 2 lg/ml at
48 h. As shown in graph in Figure 8B, free PTX, PTX/PLGA–PEG
NPs and PTX/FOL–PEG–PLGA NPs caused 19%, 23.97% and 35.94%
apoptosis in HEC-1A cells, respectively. The PTX/ FOL–PEG–PLGA
NPs treatment resulted in a significant increase in the proportion
of apoptotic cells compared with PTX, which was consistent with
the data from cytotoxic analysis.

3.6. In vivo anti-tumor activity

To assess anti-tumor activity in vivo, a tumor regression study
was carried out. Normal saline, free PTX, PTX/PLGA–PEG and
targeted micelles were injected through the tail vein to mice bear-
ing endometrial carcinoma HEC-1A cells at clinically relevant
doses. Significant anti-tumor effect was observed in groups of free
PTX and drug-loaded micelles compared with the normal saline
group (p <0.05). Owing to sustained release behavior of PTX-loaded
NPs, the tumor volumes of NP-treated groups were smaller than
that of free PTX that has a shorter half-life. As showed in Figure
9, by 18 days after the final administration, the average tumor vol-
ume in PTX-loaded NP-treated mice gradually reduced to about
692 and 475 mm3, while the average tumor volume in normal sal-
ine-treated mice was 1315 mm3. The PTX-loaded FOL-targeted NPs
showed a significantly higher anti-tumor efficacy than free PTX,
with a final mean tumor load of 474.88 ± 151.46, remarkably
smaller than other treated groups (p <0.05). The inhibition rate of
targeted NPs was 63.90%, higher than that of 47.42% of non-tar-
geted NPs (p <0.05). This result is consistent with our previous
study in cells. Targeted micelles delivery may involve two phases.
In the first phase, micelles slowly accumulate in tumor tissue,



Fig. 10. Histopathological findings of the tissue of mice by 18 days after administration of different formulation of PTX. H&E staining revealed the morphology and structure
of tumor, liver and kidney in normal saline group, free PTX group, PTX/PLGA–PEG group and PTX/FOL–PEG–PLGA group (magnification, 200�).
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ultimately reaching high levels due to the EPR effect. In the second
phase, non-decorated micelles remain in the interstitial space and
are subject to decomposition, degradation, or phagocytosis, result-
ing in release of the drug. In contrast, targeted micelles bind to and
internalize in the tumor cells via ligand–receptor interactions,
resulting in a potent anti-tumor activity.25 In this study, the PTX-
loaded FOL-targeted micelles obviously showed the highest anti-
tumor efficacy.

H&E staining of the tissue sections was conducted for observa-
tion of the tissues change following drug administration (Fig. 10).
The normal saline group showed typical pathological features of
the tumor, rich of cells with enlarged and deeply stained nuclei,
irregular shape, and little cytoplasm. The other groups with differ-
ent drug loading treatment, especially in the PTX/FOL–PEG–PLGA
treated group, varying degree of tumor necrosis was observed,
with much fewer cancer cells, which showed shrunken nuclei
and increased cytoplasm. It is obvious that the targeted micelles
can better accumulate in the tumor tissue and kill cancer cells.
One thing that needs to note is that he particles mainly accumulate
in the liver following phagocytosis,43 and liver toxicity is one of the
serious side effects of paclitaxel in clinical application, which can
cause fatty degeneration or necrosis.44 Liver staining in the free
PTX group showed hydropic degeneration and fatty degeneration,
while in the nanoparticles treated groups, no significant liver cell
damage was observed, but with slightly inflammatory cell infiltra-
tion. The general morphology of the kidneys of the nude mice trea-
ted with drug-loaded nanoparticles was normal, maintaining the
glomerular structural integrity, while slight inflammatory cell infil-
tration was seen in the kidneys of free PTX-treated mice.

4. Conclusions

In this study, we have synthesized an FOL–PEG–PLGA conjugate
and confirmed its chemical structure by FTIR and 1H NMR spec-
troscopy. PTX/FOL–PEG–PLGA NPs have been used for targeting
delivery of PTX to endometrial carcinoma HEC-1A cells. We have
found that the PTX/FOL–PEG–PLGA NPs have greatly increased
the tumor targeting efficiency and specificity, and showed signifi-
cantly better anticancer effect than the free drug only group. This
study has reported a novel technique for the preparation of PTX/
FOL–PEG–PLGA NPs, and their application in selective delivery of
anticancer drug to the FR-overexpressed cancer cells, which has
opened a new vista for site-specific targeting for anticancer
therapy.
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