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A novel targeting drug delivery system (TDDS) has been developed. Such a TDDS was prepared by W1/O/
W2 solvent extraction/evaporation method, adopting poly(3-hydroxybutyrate-co-3-hydroxyoctanoate)
[P(HB-HO)] as the drug carrier, folic acid (FA) as the targeting ligand, and doxorubicin (DOX) as the model
anticancer drug. The average size, drug loading capacity and encapsulation efficiency of the prepared
DOX-loaded, folate-mediated P(HB-HO) nanoparticles (DOX/FA–PEG–P(HB-HO) NPs) were found to be
around 240 nm, 29.6% and 83.5%. The in vitro release profile displayed that nearly 50% DOX was released
in the first 5 days. The intracellular uptake tests of the nanoparticles (NPs) in vitro showed that the DOX/
FA–PEG–P(HB-HO) NPs were more efficiently taken up by HeLa cells compared to non-folate-mediated
P(HB-HO) NPs. In addition, DOX/FA–PEG–P(HB-HO) NPs (IC50 = 0.87 lM) showed greater cytotoxicity
to HeLa cells than other treated groups. In vivo anti-tumor activity of the DOX/FA–PEG–P(HB-HO) NPs
showed a much better therapeutic efficacy in inhibiting tumor growth, and the final mean tumor volume
was 178.91 ± 17.43 mm3, significantly smaller than normal saline control group (542.58 ± 45.19 mm3).
All these results have illustrated that our techniques for the preparing of DOX/FA–PEG–P(HB-HO) NPs
developed in present work are feasible and these NPs are effective in selective delivery of anticancer drug
to the folate receptor-overexpressed cancer cells. The new TDDS may be a competent candidate in appli-
cation in targeting treatment of cancers.

Crown Copyright � 2010 Published by Elsevier B.V. All rights reserved.
1. Introduction

Conventional chemotherapy, owing to its non-specific delivery
of anticancer drugs to both normal and cancer cells, often has se-
vere side effects to the cancer patients being taken chemotherapy
[1]. It would be an intriguing situation if we utilize those antican-
cer drugs being able to target cancer cells specifically, and then the
side effects would be drastically decreased. Thus, targeting delivery
of anticancer drugs is preferred and it has been explored inten-
sively in recent decades [2–5]. Targeting drug delivery system
(TDDS) mainly composed of targeting ligand, carrier and model
drug may fulfill many attributes of a ‘magic bullet’ [6].

A common phenomenon was reported repeatedly by numerous
works, i.e. a remarkable overexpression of the epidermal growth
factor receptor [7], transferrin receptor [8,9] and folate receptor
[10,11] had been observed in many kinds of human cancers.
Among these receptors, folate receptor (FR) is a glycosylphosphat-
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idylinositol-anchored glycoprotein, with an apparent molecular
weight of 38–40 kDa [12,13]. Its correspondence, folic acid (Folate,
FA), has widely been used as a targeting ligand to deliver therapeu-
tic agents to cancer cells due to its high binding affinity for FR
(Kd � 10�10 M) [14–16]. Studies have found that NPs, liposomes
and micelles of biodegradable polymers (such as PLGA, PLA–TPGS,
MPEG–PCL, DSPE–PEG) use FA as a targeting ligand [17–23]. How-
ever, publications on the modification of polyhydroxyalkanoates
(PHAs) via covalent bonding of FA and its application have not
been seen up to now.

PHAs, a class of versatile biodegradable and biocompatible
materials, have attracted much attention of scientists in biomedi-
cal fields. It has been a veteran in bone tissue engineering applica-
tions [24]. These polymers are also potential candidates as carriers
in drug delivery systems due to their unique and interesting
physicochemical features in addition to mechanical properties
similar to those of polypropylene and polylactic-co-glycolic acids
[25]. Poly(3-hydroxybutyrate-co-3-hydroxyoctanoate) [P(HB-HO)]
is one of the latest PHAs prepared by Sinorhizobium fredii in our
lab and its biodegradation and biocompatibility has been proved
better than other members (e.g. PHB, PHBV) of PHAs [26–28].
Therefore, we think that such a polymer may have some advanta-
ges over other members in the applications of drug delivery.
rights reserved.
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The aim of the present work is to construct a new and biocom-
patible TDDS based on the high affinity of FA and FR. We have syn-
thesized a novel folic acid conjugate, FA–PEG–P(HB-HO) and its
chemical structure was characterized by FTIR and 1H NMR meth-
ods. Doxorubicin (DOX) was adopted as a model anticancer drug,
which is an effective and widely used anticancer agent in different
cancers [29–31]. DOX-loaded folate-mediated P(HB-HO) nanopar-
ticles (DOX/FA–PEG–P(HB-HO) NPs) were prepared by FA–PEG–
P(HB-HO), and their physicochemical properties, including particle
size, surface morphology, drug loading capacity, encapsulation effi-
ciency and in vitro release, were investigated. And the pharmaco-
dynamics of DOX/FA–PEG–P(HB-HO) NPs was also investigated
by the experiments of in vitro cellular uptaking, in vitro cytotoxicity
and in vivo anti-tumor activity.

2. Materials and methods

2.1. Materials

Poly (3-hydroxybutyrate-co-3-hydroxyoctanoate) [P(HB-HO)]
(average molecular weight, Mw 1.85 � 105 Da) containing 10% molar
of 3-hydroxyoctanoate units was fermented from S. fredii in our lab-
oratory. Doxorubicin was bought from Wanle pharmaceuticals Inc.
(Shenzhen, China). Folic acid (FA), polyoxyethylene-bis-amine
(H2N–PEG–NH2, Mw 3350), N,N0-dicyclohexylcarbodiimide (DCC),
pyridine, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) and RPMI-1640 medium without folic acid were
products of Sigma–Aldrich (St. Louis, MO, USA). Fetal bovine serum
(FBS) was purchased from Gibco (Life Technologies, AG, Switzer-
land). All reagents and solvents were of analytical or HPLC grade
and used without further purification. Millipore water was pro-
duced by the Milli-Q Plus System (Millipore Corporation, Breford,
USA).

HeLa cells, a human cervical carcinoma cell line, were provided
by Cell Bank of Chinese Academy of Sciences.

2.2. Synthesis of FA–PEG–P(HB-HO)

FA–PEG–P(HB-HO) was synthesized by the following
procedures:

First, the amination of FA was carried out using the literature
method with some modifications [32,33]. To synthesize FA–PEG–
NH2, the reactants, FA, H2N–PEG–NH2, DCC and Pyridine were dis-
solved in DMSO. The reaction mixture was kept stirring overnight
in the dark at room temperature. The product was centrifuged to
remove away the by-product, dicyclohexyl urea (DCU). The super-
natant was dialyzed against Milli-Q water at 4 �C to remove DMSO
and unreacted folic acid. The trace amount of unreacted H2N–PEG–
NH2 was then removed by batch-adsorption with cellulose phos-
phate cation-exchange resin. The resultant product was obtained
by freeze drying.

Second, to synthesize FA–PEG–P(HB–HO), FA–PEG–NH2 and
P(HB-HO) were reacted in chloroform overnight at room tempera-
ture with DCC and pyridine as catalysts. The solvent was then
removed on a rotary evaporator, and the product was suspended
in 50 mM Na2CO3. These were dialyzed against Milli-Q water and
purified on a DEAE-trisacryl Sepharose column to remove by-prod-
ucts. The product was then lyophilized to yield a yellow dry
powder.

2.3. Preparation of DOX/FA–PEG–P(HB-HO) NPs

DOX/FA–PEG–P(HB-HO) NPs were prepared by a modified W1/
O/W2 solvent extraction/evaporation method [34,35]. For DOX/
FA–PEG–P(HB-HO) NPs, in brief, DOX in aqueous solution (W1)
was emulsified in a solution of FA–PEG–P(HB-HO) with Tween80
and Span80 in chloroform (O) using a sonicator. This primary
emulsion W1/O was then added to an aqueous phase (W2)
containing PVA as emulsifier, which was sonicated again. The
resultant double emulsion was stirred overnight to allow the or-
ganic solvent to evaporate. The particle suspension was centri-
fuged at 15,000 rpm for 30 min. The sample was washed with
Milli-Q water repeatedly and freeze-dried to get the NPs powder.

The blank P(HB-HO) NPs and blank FA–PEG–P(HB-HO) NPs
were made by the same method except taking an aqueous solution
without DOX as W1. The DOX/P(HB-HO) NPs were prepared by the
same method, only except using P(HB-HO) instead of FA–PEG–
P(HB-HO).

2.4. Characterization

2.4.1. Characterization of FA–PEG–P(HB-HO)
The chemical structure of the synthesized FA–PEG–P(HB-HO)

was characterized by FTIR spectroscopy (FTIR-8300, Shimadzu,
Japan) and 1H NMR spectroscopy (DRX-300, Bruker, Switzerland).

2.4.2. Particle size and size distribution
Average particle size and size distribution of the DOX/FA–PEG–

P(HB-HO) NPs were determined on a laser particle size analyzer
(Eye Tech, Ankersmid Ltd., Holland). The NPs were diluted with
Milli-Q water and sonicated for 3 min before measurement.

2.4.3. Scanning electron microscopy
The surface morphology of the DOX/FA–PEG–P(HB-HO) NPs

was observed by scanning electron microscopy (JEOL JSM-35C,
Tokyo, Japan) after the samples being gold coated, and digital
images were processed using Adobe Photoshop and Image-J
software.

2.4.4. Drug loading (DL) and encapsulation efficiency (EE)
The NPs were dissolved in a mixed solution of chloroform and

methanol (v/v 3:1). The quantity of DOX loaded in the NPs was
determined on a UV–Vis spectrophotometer (U-2010 spectropho-
tometer, Hitachi, Japan) by measuring the UV absorbance at
k = 498.5 nm. The DL and EE were calculated as follows:

DL¼ ðweight of DOX in NPs=weight of DOX-loaded NPsÞ�100
EE¼ ðweight of DOX in NPs=theoretical weight of DOXÞ�100
2.4.5. In vitro release studies
The release of DOX from the drug-loaded NPs was carried out in

an incubator shaker (HZ-9301K, China) at 100 rpm and 37 ± 1 �C. A
dynamic dialysis technique was employed. Practically, 100 mg of
drug-loaded NPs were put in a pretreated dialysis bag with
10 mL PBS (pH 7.4). The dialysis bag was sealed and suspended
in 100 mL PBS (pH 7.4) to ensure an immersed condition. At vari-
ous time intervals, samples of 5 mL were collected and replaced
by an equal volume of fresh buffer. Then, the samples were centri-
fuged at 10,000 rpm for 10 min (CR22G high-speed refrigerated
centrifuge, Hitachi, Japan). The amount of DOX in the supernatant
was determined at 480 nm excitation and 580 nm emission on the
fluorescence spectrophotometer (F-2500, Hitachi, Japan). Triplicate
measurements were performed for each time.

2.4.6. Stability of DOX/FA–PEG–P(HB-HO) NPs
To determine the stability of DOX/FA–PEG–P(HB-HO) NPs, they

were stored in powder form at 4 �C for 6 months. And then, the
properties of the NPs, including particle size, DL and EE, were ana-
lyzed as described previously.
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2.5. Cell line experiment

2.5.1. Cell culture
HeLa cells that overexpress folate receptor were provided from

Cell Bank of Chinese Academy of Sciences. RMPI 1640 medium
without folic acid was used for HeLa cells and was supplemented
with 10% FBS and 1% antibiotics. Cells were cultivated in medium
at 37 �C in humidified environment of 5% CO2. Before the in vitro
experiments, the cells were pre-cultured until confluence was
reached.

2.5.2. In vitro cellular uptake of NPs
HeLa cells were seeded in 6-well plates. After the cells reached

70–80% confluency, they were incubated with 5 lM DOX/FA–PEG–
P(HB-HO) NPs or DOX/P(HB-HO) NPs for 4 h at 37 �C and the cells
were washed three times with cold PBS after incubation. An aliquot
of the cells was examined on a Olympus fluorescence microscope
(BX51, Olympus, Japan), the rest part of the cells was lysed in
0.5 mL PBS containing 1% Triton X-100, the fluorescence intensity
of the cellular lysate was measured at 480 nm excitation and
580 nm emission on the fluorescence spectrophotometer (F-2500,
Hitachi, Japan).

2.5.3. In vitro cytotoxicity tests
The in vitro cytotoxicity was investigated by MTT assay [36,37].

HeLa cells were incubated in 96-well plate at 5 � 104 cells per well,
and followed by incubation for 24 h. The culture medium was then
replaced with an equal volume of fresh medium containing
different drug formulations in blank P(HB-HO) NPs, blank
FA–PEG–P(HB-HO) NPs, free DOX, DOX/P(HB-HO) NPs, DOX/FA–
PEG–P(HB-HO) NPs and DOX/FA–PEG–P(HB-HO) NPs with 1 mM
free folic acid. All of the samples were UV sterilized. After 12 h
incubation, the cells were washed twice with PBS and cultured
in fresh medium for 24 h. Then, 20 lL MTT solution (5 mg/mL in
PBS, pH 7.4) was added to the wells, and followed by further incu-
bation for 4 h. Thereafter, the media was removed, and the forma-
zan crystals formed were dissolved in dimethyl sulfoxide (DMSO)
(200 lL/well), and the absorbance was obtained at 570 nm on an
Fig. 1. Synthesis of FA–PEG
ELISA reader (Bio-Rad550, USA). The sample-free wells were used
as the control. Data were averaged from the eight different wells
per condition and plotted as mean ± standard error.

2.6. Assessment of anti-tumor activity

All animal procedures were performed in compliance with the
guidelines for the care and use of experimental animals, which
had been drawn up by the Committee for Animal Experimentation
of the National Cancer Center. All guidelines met the ethical stan-
dards required by the law and also complied with the guidelines
for the use of experimental animals in China.

Female BALB/c nude mice (4–6 weeks of age, the Institute of
Laboratory Animal Science, Chinese Academy of Medical Sciences,
Beijing, China) were maintained on a folate-deficient rodent diet
and in a pathogen-free condition on arrival. To generate HeLa tu-
mor xenografts, 1 � 107 cells suspended in 20 lL of normal saline
were inoculated into the right limb armpits of the mice. After
10 days, when the average volume of the xenograft tumors reached
50 mm3, the mice were randomly divided into five groups, each
group having six mice. Various formulations of DOX (group I: nor-
mal saline; group II: free DOX; group III: DOX/P(HB-HO) NPs;
group IV: DOX/FA–PEG–P(HB-HO) NPs; group V: DOX/FA–PEG–
P(HB-HO) NPs + 1 mM free folic acid) were injected intravenously
via the tail vein every two days for a total of four times. The
amounts of DOX administered were 5 mg/kg in all of the formula-
tions. Tumors were measured with a caliper at a frequency of every
3 days, and the tumor volume (V) was calculated as V = pab2/6,
here a = major axis, b = minor axis. Tumor volume is shown as
the mean ± standard error.

3. Results and discussion

3.1. Synthesis and characterization of FA–PEG–P(HB-HO)

The principle of the chemical reactions in synthesis of FA–PEG–
P(HB-HO) is the formation of amide bonds. The conditions of
synthesizing FA–PEG–NH2 were as follows: the molar ratio of
–P(HB-HO) conjugate.
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FA:H2N–PEG–NH2:DCC:Pyridine was 1:1:1:1. The optimal condi-
tions of synthesizing FA–PEG–P(HB-HO) were the molar ratio of
FA–PEG–NH2:P(HB-HO):DCC was 1:1:1. The process of synthesiz-
ing FA–PEG–P(HB-HO) was illustrated in Fig. 1.

The conjugate structure was checked and confirmed by FTIR and
1H NMR spectroscopy as shown in Fig. 2. FTIR spectrum quantita-
tively confirmed the conjugation by several characteristic vibra-
tional modes. More specifically, the bands at �1101 cm�1 and
1724 cm�1 were assigned to C–O–C ether stretching vibration of
NH2–PEG–NH2 and –COO stretching vibration of P(HB-HO), respec-
tively. The band at 1454 cm�1 was attributed to characteristic
absorption band of the phenyl ring in folic acid. The absorption
bands at 3438 cm�1 and 1633 cm�1 were due to the NH-stretching
and C@O stretching vibrations of –CONH2 group. 1H NMR analysis
showed principal peaks (in ppm) related to the folate moiety
[d = 8.63, 7.66, 6.62, 4.52, 3.38, 1.92 ppm], the PEG moiety
[d = 3.64 ppm], and the P(HB-HO) moiety [d = 5.25, 2.52, 1.61,
1.25, 1.05, 0.9 ppm].
Table 1
Characteristics of DOX/P(HB-HO) NPs and DOX/FA–PEG–P(HB-HO) NPs (n = 3).

NPs Characteristics 0 month 6 months

DOX/P(HB-HO) NPs Particle size (nm) 223.2 ± 5.1 243.4 ± 4.9
Polydispersity 0.33 ± 0.02 0.41 ± 0.04
DL (%) 27.4 ± 3.4 25.3 ± 4.6
EE (%) 80.8 ± 4.5 71.5 ± 3.8

DOX/FA–PEG–P(HB-HO)
NPs

Particle size (nm) 241.6 ± 9.3 257.3 ± 8.6
Polydispersity 0.24 ± 0.04 0.30 ± 0.02
DL (%) 29.6 ± 2.9 27.7 ± 3.4
EE (%) 83.5 ± 5.7 76.1 ± 6.2
3.2. Preparation and characterization of DOX/FA–PEG–P(HB-HO) NPs

3.2.1. Preparation of DOX/FA–PEG–P(HB-HO) NPs
Based on previous experiments, the correlative parameters of

W1/O/W2 solvent extraction/evaporation method were optimized.
And the optimal conditions were as follows: the concentration of
FA–PEG–P(HB-HO), DOX, Tween80, Span80 and PVA were 6.5%,
10%, 5%, 1% and 3% (W/V), separately. The ultrasonic time and out-
put was 180 s and 200 W, respectively.
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Fig. 2. The FTIR spectrum (A) and 1H NMR spectrum (B) of FA–PEG–P(HB-HO).
3.2.2. Particle size and size distribution
The size and size distribution of the NPs were measured using a

laser particle size analyzer and are listed in Table 1. It can be ob-
served that the diameters of the two formulations are in the range
of 200–300 nm with polydispersity of 0.2–0.4.
3.2.3. Scanning electron microscopy
From the SEM image of the DOX/FA–PEG–P(HB-HO) NPs shown

in Fig. 3, it can be seen that the NPs are spherical in shape and have
a size distribution approximately from 200 to 300 nm. The particle
size observed is in good agreement with the value determined by
laser particle size analyzer.
3.2.4. Drug loading (DL) and encapsulation efficiency (EE)
Table 1 shows the DL and EE of the two formulations, namely

DOX/P(HB-HO) NPs and DOX/FA–PEG–P(HB-HO) NPs. Both DL
and EE were influenced by the changes of initial weight ratio of
Fig. 3. SEM image of DOX/FA–PEG–P(HB-HO) NPs.
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Table 2
Cytotoxicity of DOX/FA–PEG–P(HB-HO) NPs in HeLa cells determined by MTT assay.

Group IC50 (lM)

Free DOX 2.8 ± 0.4
DOX/P(HB-HO) NPs 27.53 ± 1.9
DOX/FA–PEG–P(HB-HO) NPs 0.87 ± 0.05
DOX/FA–PEG–P(HB-HO) NPs + 1 mM folic acid 7.21 ± 0.3
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drug to the copolymer (data not shown) and the optimal ratio was
found to be 1:2 with 29.6% DL and 83.5% EE for DOX/FA–PEG–
P(HB-HO) NPs.

3.2.5. In vitro drug release
The in vitro drug release profiles are shown in Fig. 4. During the

first day, the DOX release rate exhibited a small burst release
which accounted for less than 20% of the total drug encapsulated.
The initial burst release can be attributed to DOX molecules lo-
cated within the concave or on the surface of drug-loaded NPs.
Nearly 50% DOX was released in the first 5 days.

3.2.6. Stability of DOX/FA–PEG–P(HB-HO) NPs
As shown in Table 1, the mean particle size of DOX/FA–PEG–

P(HB-HO) NPs increased from 241.6 to 257.3 nm, and the EE was
Fig. 6. Fluorescence observation of the uptake of DOX/FA–PEG–P(HB-HO) NPs and DOX
NPs and DOX/P(HB-HO) NPs. Left panels indicate cells visualized in the phase-contrast m
cells treated with DOX/FA–PEG–P(HB-HO) NPs; Panels C and D, cells treated with DOX/P(
reader is referred to the web version of this article.)
reduced to 76.1% when stored for 6 months at 4 �C. There were
no great changes in the properties of the NPs. Therefore, these data
suggest DOX/FA–PEG–P(HB-HO) NPs have excellent stability.
3.3. In vitro cytotoxicity

Cytotoxicity of DOX/FA–PEG–P(HB-HO) NPs was evaluated by
an MTT assay in HeLa cells. The cell viability (%) in the presence
of blank P(HB-HO) NPs and blank FA–PEG–P(HB-HO) NPs was
102.8 ± 6.2% and 99.5 ± 7.5% (Fig. 5). The results demonstrated that
no toxicity was observed after incubation with the two NPs, and
the two polymers displayed satisfactory biocompatibility. As
shown in Table 2, the IC50 of DOX/FA–PEG–P(HB-HO) NPs was
0.87 lM, which was 32 times lower than that of DOX/P(HB-HO)
NPs, but only 8.3 and 3.2 times lower than DOX/FA–PEG–P(HB-
HO) NPs with 1 mM free folic acid and free DOX, respectively.
The two DOX-encapsulated NPs showed a comparable cytotoxicity
to free DOX [22]. As a small molecule, free DOX should diffuse into
the cells very quickly [33]. The incubation time of HeLa cells with
drug formulations was 12 h, at such a time scale, the free DOX had
diffused into the cells close completely, while for DOX/P(HB-HO)
NPs, drug diffusion was retarded at certain extent, not so obvious
to be tested. Compared with DOX/P(HB-HO) NPs, the overexpres-
sion of FRs on the surface of HeLa cells may significantly enhance
the uptake of the DOX/FA–PEG–P(HB-HO) NPs via FR-mediated
endocytosis [38] and result in higher cytotoxicity. However, the
presence of 1 mM folic acid may occupy the targeting site of HeLa
/P(HB-HO) NPs by HeLa cells. HeLa cells were treated with DOX/FA–PEG–P(HB-HO)
ode; Right panels indicate cells visualized in the fluorescence mode. Panels A and B,
HB-HO) NPs. (For interpretation of the references to colour in this figure legend, the
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cells and block the endocytosis of DOX/FA–PEG–P(HB-HO) NPs.
Consequently, it is necessary to prepare the FR-mediated DOX/
FA–PEG–P(HB-HO) NPs due to reducing dosages of drugs and
improving therapeutic efficacy.

3.4. In vitro cellular uptake of NPs

The HeLa cells have a high level of the FR on their surface
[32,39]. Uptake of DOX/P(HB-HO) NPs or DOX/FA–PEG–P(HB-HO)
NPs by HeLa cells was analyzed by fluorescence microscope and
fluorescence spectrophotometer. As shown in Fig. 6, DOX/FA–
PEG–P(HB-HO) NPs were more efficiently taken up by the cells
compared to non-targeted DOX/P(HB-HO) NPs. Similarly, intensity
of fluorescence results showed that the cellular uptake of DOX/FA–
PEG–P(HB-HO) NPs was about nine times higher than that of DOX/
P(HB-HO) NPs (Fig. 7). These data demonstrated that DOX/FA–
PEG–P(HB-HO) NPs could effectively target the HeLa cells through
the FR.

3.5. In vivo anti-tumor activity

In vivo anti-tumor activity of DOX/FA–PEG–P(HB-HO) NPs was
evaluated in BALB/c nude mice bearing HeLa tumor. As shown in
Fig. 8A, all the treated groups suppressed the growth rate of tumor
after injection of various formulations when compared with the
normal saline control group; however, tumor volumes of each
group changed differently. Owing to sustained release behavior
of DOX/P(HB-HO) NPs, the tumor volume of DOX/P(HB-HO) NPs
group was smaller than that of free DOX only with lower half-life.
For the new system of present study, DOX/FA–PEG–P(HB-HO) NPs
resulted in a significant anti-tumor efficacy, with a higher regres-
sion of the established tumors in nude mouse models. And the final
mean tumor load was 178.91 ± 17.43 mm3, remarkably smaller
than other treated groups. We think that delivery of DOX to the tu-
mor cells had been enhanced due to the binding of FA to the nano-
particles. However, the uptake of DOX/FA–PEG–P(HB-HO) NPs
could be blocked by 1 mM free folic acid. It is a reasonable infer-
ence that DOX/FA–PEG–P(HB-HO) NPs can be qualified as a good
drug delivery system to suppress the tumor growth rate due to
the targeting capability of folic acid as well as the suitable diameter
of the nanoparticles. The higher cytotoxicity of DOX/FA–PEG–
P(HB-HO) NPs to cancer cells than other treated groups in vitro
450 500 550 600

0

100

200

300

400

500

fl
uo

rs
ce

nc
e 

in
te

ns
it

y

wavelength (nm)

DOX/P(HB-HO) NPs

DOX/FA-PEG-P(HB-HO) NPs 

Fig. 7. Uptake of DOX/P(HB-HO) NPs and DOX/FA–PEG–P(HB-HO) NPs by HeLa cells
measured by fluorescence spectrophotometer. The cells were incubated with DOX/
P(HB-HO) NPs and DOX/FA–PEG–P(HB-HO) NPs for 4 h at 37 �C, washed with PBS
and lysed in 1% Triton X-100 and measured for DOX fluorescence, as described in
Section 2.5.2.
as shown in Table 2 in this study supports or coincides with the
in vivo anti-tumor activity. The body weight changes of group I,
III, IV and V were very stable (the up-curves in Fig. 8B). In the case
of free DOX, however, a serious body weight decrease was ob-
served due to its toxic side effects [40] (the bottom curve in
Fig. 8B). All mice survived till the end of test period, and no fatal
toxicity for normal growing was observed in the mice treated with
the NPs formulations of DOX.

Fig. 9 shows the representative photographs of each group’s tu-
mor after the anti-tumor activity experiment, more specifically, the
Fig. 9. Representative photographs of each group’s tumor. I: normal saline; II: free
DOX; III: DOX/P(HB-HO) NPs; IV: DOX/FA–PEG–P(HB-HO) NPs; V: DOX/FA–PEG–
P(HB-HO) NPs + 1 mM free folic acid. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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mice were killed and the tumors were picked out and their sizes
were measured. The results showed that the tumor from DOX/
FA–PEG–P(HB-HO) NPs-injected mice was the smallest among
tested samples, followed by DOX/P(HB-HO) NPs, DOX/FA–PEG–
P(HB-HO) NPs + 1 mM free folic acid, free DOX, and normal saline
group.

From the above results, we can conclude with satisfaction that
DOX-loaded, folate-mediated P(HB-HO) NPs bind to and internal-
ize in tumor cells via FA–FR interactions, resulting a potent anti-tu-
mor activity together with an accompanied decrease of toxic side
effects. More detailed investigations into tissue distribution and
pharmacokinetic properties are under further study.

4. Conclusions

In this paper, we have developed a new TDDS. We have synthe-
sized an original FA–PEG–P(HB-HO) conjugate and confirmed its
chemical structure by FTIR and 1H NMR spectroscopy. DOX/FA–
PEG–P(HB-HO) NPs were then prepared for targeting delivery of
DOX to HeLa cancer cells. The average size of such NPs was found
to be around 240 nm. Results on the experiments of intracellular
uptake and in vitro cytotoxicity showed that the DOX/FA–PEG–
P(HB-HO) NPs could focus to the HeLa cells efficiently and lead
to a strong cytotoxicity due to high affinity of FA and FR. In vivo
anti-tumor activity showed a much better therapeutic efficacy in
inhibiting tumor growth. All these results have illustrated that
the novel techniques for the preparation of DOX/FA–PEG–P(HB-
HO) NPs developed in this work are feasible, and these NPs are
effective in selective delivery of anticancer drug to the FR-overex-
pressed cancer cells. They are competent candidates to be applied
in targeting treatment of cancers.
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