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A targeting drug delivery system using folate-conjugated pluronic F127/chitosan core-shell nanoparticles was developed to deliver
doxorubicin (DOX) to the target cancer cells. First, DOX was encapsulated in pluronic F127 micelle cores in the presence of sodium
dodecyl sulfate (SDS) by a self-assembly method. To form a shell, a layer of either chitosan or folate-conjugated chitosan was depo-
sited onto the pluronic micelles. The encapsulation efficiency was approximately 58.1 ± 4.7%. The average size of the core-shell
nanoparticles was 37.4±2.0 nm, while the zeta potential was 12.9±2.3 mV, indicating the presence of a shell layer and more stable
particles. In an in vitro DOX release study, an initial burst release, followed by a sustained release, was observed within 24 hours. In
addition, the core-shell nanoparticles showed greater cytotoxicity towards MCF-7 cells than free DOX, suggesting a better thera-
peutic efficacy in treating cancer.

1. Introduction

Doxorubicin (DOX), a poorly soluble drug, has been one of
the most commonly used chemotherapeutic agents to treat
several types of cancer, including breast cancer, in the past
decade. Although it exhibits high efficacy, DOX is also toxic
towards healthy tissues, causing life-threatening side effects
[1–3]. Therefore, a better DOX delivery strategy is needed.
DOX-formulated nanoparticles are thought to improve the
drug efficacy, while reducing side effects. Several delivery sys-
tems for DOX have been developed such as liposome [4, 5],
micelles [6–8], hydrogel nanoparticles [9, 10], and DOX-
polymeric conjugation [11–13]. Even though all of the above
carriers were successfully synthesized in the laboratory, only
DOX-encapsulated liposome, Doxil, is commercially avail-
able [4]. Unfortunately, Doxil has a short half-life in micro-
circulation and is unstable in blood stream, leading to side
effects similar to that of free DOX [5]. Thus, the delivery
system attempts have shifted towards more controlled and
stable systems such as polymeric nanoparticles.

Polymeric nanoparticles are normally classified into two
forms: hollow and core-shell nanoparticles [14]. For hollow
nanoparticles, drugs are either encapsulated in their highly
porous polymer matrix or conjugated with the polymer
before the formation of nanoparticles. The most widely used
polymers for hollow nanoparticles are PLGA and chitosan
[11, 15, 16]. These nanoparticles, however, have low drug
loading capacity, and their structures are somewhat unstable.
Alternately, core-shell nanoparticles consist of two parts: the
core and the shell, which are made from different poly-
mers. Examples of core-shell nanoparticles are silica-coated
chitosan nanoparticles [17], PMMA/chitosan core-shell na-
noparticles [18], and chitosan coated poly(lactic-co-glycolic
acid) (PLGA) [19]. Core-shell nanoparticles show greater
thermal and chemical stability and lower cytotoxicity.

The core material of these nanoparticles can be cho-
sen such that drug encapsulation efficiency is maximized.
Recently, the interest in polymeric amphiphiles as core mate-
rials has been increasing, since this type of polymer can be
used with both hydrophilic and hydrophobic compounds.
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One of the amphiphilic block copolymers widely studied in
the drug delivery field is pluronic [20]. Pluronic is a triblock
copolymer, composed of poly(ethylene oxide) (PEO) and
poly(propylene oxide) (PPO) with a PEO-PPO-PEO struc-
ture. Pluronic spontaneously forms micelles with a diameter
of approximately 30–50 nm at concentrations equal to or
above the critical micelle concentration (CMC) [21–23]. Un-
fortunately, the use of pluronic micelles as prolonged drug
carriers is not practical because of the particles’ aggregation
and structural changes when exposed to varying concen-
trations or temperatures. Several studies have shown that
the particles’ stability can be greatly improved after being
coated with another polymeric layer with materials such as
PLGA, polyvinylchloride (PVC), or chitosan [24]. Chitosan
has been shown to be a favorable shell material due to its bio-
compatibility and biodegradability characteristics [25, 26].
In addition, the cationic nature of chitosan enhances mem-
brane adhesion, as well as membrane permeability, which are
desirable for applications in drug delivery [16].

Another advantage of core-shell nanoparticles is that the
polymeric shell can be conjugated with other molecules such
as ligands or antibodies. These can bind to receptors on cell
membrane with high affinity, allowing for targeting drug
delivery. Labeling nanoparticles with ligands has been shown
to give a higher cellular uptake via natural endocytosis path-
ways [27–30]. One of the most commonly used targeting lig-
and is folate or folic acid. Folateis known to be overexpressed
on the surface of cancer cells, whereas it is expressed in low
levels in normal tissue [8, 31, 32].

In this study, we describe the preparation of pluronic-
chitosan core-shell nanoparticles conjugated with folate for
DOX delivery. Briefly, pluronic and sodium dodecyl sulfate
(SDS) self-assembled to form micelles, while encapsulating
DOX within the core. Afterwards, an electrostatic interaction
between the SDS and the chitosan led to the formation of
chitosan shell layer on the micelles. The physical properties of
the nanoparticles, including DOX encapsulation efficiency,
average particle size, zeta potential, and in vitro drug release,
were characterized. The cellular uptake and cytotoxicity
studies of the nanoparticles against the breast cancer cell
model, MCF-7 cell line, were also carried out to evaluate the
targeting capability of the particles.

2. Experimental

2.1. Materials. Chitosan (medium molecular weight, 45 kDa;
degree of deacetylation, 85%) was purchased from Seafresh
Chitosan Laboratory (Bangkok, Thailand). Pluronic F127
(Poloxamer 407) was donated by BASF Thailand. Folate,
doxorubicin (DOX), N-(3-dimethylaminopropyl)-N-ethyl-
carbodiimide hydrochloride (EDC, protein seq. grade), and
sodium acetate were purchased from Sigma (Missouri, USA).
Ethanol (ACS grade) was purchased from Merck (Darmstadt,
Germany). Lysozyme (Chicken egg white, ultrapure grade)
and sodium dodecyl sulfate (SDS) were purchased from Bio
Basic Inc. (Markham Ontario, Canada). Dulbecco’s Modi-
fied Eagle Medium (DMEM), Trypsin-EDTA, Fetal Bovine
Serum (FBS), and Vybant MTT cell proliferation kit were

purchased from Invitrogen (Oregon, USA). Dimethyl sulfox-
ide (DMSO) was purchased from Amresco (OH, USA).

2.2. Preparation of Folate-Modified Chitosan. Folate conjuga-
ted chitosan was prepared according to the method described
by Mansouri et al. [28] and Dubé et al. [33]. A concentrated
solution of 2.40% (w/v) of EDC and 2.20% (w/v) of folate in
DMSO was added to a 1% (w/v) solution of chitosan in a
0.4 M acetate buffer. The mixture was continuously stirred at
room temperature in the dark for 16 hours. Afterwards, its
pH was slowly adjusted to 9.0 and the solution was dialyzed
against a phosphate buffer saline (PBS) with a pH of 7.5 for 2
days and against deionized water for 3 days. The folate-con-
jugated chitosan was isolated by lyophilization and its chem-
ical structure confirmed with Fourier Transform Infrared
Spectroscopy (FT-IR) before use.

2.3. Preparation of DOX-Loaded Core-Shell Nanoparticles.
Appropriate amounts of pluronic and 25 μg/mL of DOX were
first dissolved in a small volume of ethanol. The solution was
left at room temperature to allow the solvent to evaporate
completely, and the product was kept in a desiccator over-
night [34]. The resulting powder was hydrated with deion-
ized water at 60◦C and sonicated for 20 minutes to yield
DOX-loaded pluronic micelles. These micelles were subject
to further modification by the addition of a 0.04% (w/v)
solution of SDS then incubated at room temperature for 1
hour to form closely packed micelles. The resulting solution
was filtered through a 0.2 μm pore size membrane filter
(Minisart, Sartorius Stedium Biotech, Germany).

The pluronic micelle solution (the core) was gently mixed
using a tube inversion method with a 0.005% (w/v) solution
of either chitosan or folate-conjugated chitosan in a 0.4 M
acetate buffer with pH 4.7 for 20 minutes (suspension: chito-
san solution ratio = 1 : 1) [17, 35]. The sample was dialyzed
for 3 days with a dialysis membrane (MWCO 7000 Da)
against deionized water to remove excess SDS, DOX, and
acetate buffer. Finally, the solutions were frozen and lyophi-
lized for 8 hours.

2.4. Measurement of Drug Encapsulation Efficiency. The enca-
psulation efficiencies of DOX were calculated from the disap-
pearance of DOX from its original solution. Free doxoru-
bicin was measured using a fluorescence spectrophotometer
(λexcitation = 485 nm and λemission = 590 nm). The measure-
ment was performed in triplicate. The percentage of doxoru-
bicin encapsulation was determined using (1):

Encapsulation Efficiency (%)

= Amount of DOX inmicelles
Amount of DOX initially added to the formation

× 100.
(1)

2.5. Particle Characterization. A transmission electron mic-
roscope (TEM; JEM 1220, Japan, 100 kV voltage) was used
to examine the morphology of the nanoparticles prepared
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in this study. The particle size distribution was determined
using a photon correlation spectroscope (PCS, NanoZS 4700,
Malvern Instruments, UK). The overall surface charges of the
nanoparticles were measured using a zetasizer (NanoZs 4700,
Mavern Instruments, UK). All measurements were repeated
at least three times.

2.6. In Vitro Doxorubicin Release from Core-Shell Nanoparti-
cles. Phosphate buffer saline (PBS) with pH 7.5 containing
0.1% (w/v) of lysozyme was used as a receiving solution in
the study of in vitro DOX release from both chitosan and
folate-conjugated chitosan nanoparticles [36, 37]. One milli-
liter of the 1.2% (w/v) solution of nanoparticles was placed
in a test tube and kept at 37◦C without shaking. At a pre-
determined time, 0.1 mL of the sample was withdrawn and
centrifuged at 10,000 rpm for 10 minutes using a Nanosep
10 k membrane filtration centrifuge tube (Pall, Life Sciences,
USA). The drug concentration in the lower compartment
was determined by fluorescence spectrophotometry as pre-
viously described. The particles in the upper compartment
were resuspended in 0.1 mL of the PBS solution and trans-
ferred back to the tube. The cumulative DOX release was
determined from (2):

Cumulative DOX Released (%)

= Amount of DOX release
Initial amount DOX

× 100.
(2)

2.7. Cells and Culture. Human breast cancer cells (MCF-7)
were obtained from the National Center for Genetic Engi-
neering and Biotechnology (BIOTEC) (Bangkok, Thailand),
while mouse fibroblast cells (L929) were provided by the
Tissue Laboratory, King Chulalongkorn Memorial Hospital
(Bangkok, Thailand). Both cell lines were maintained in
DMEM medium supplemented with 10% (v/v) FBS, 100
units/mL penicillin, and 100 μg/mL streptomycin in a humi-
dified atmosphere containing 5% CO2 at 37◦C.

2.8. Cytotoxicity Studies of Core-Shell Nanoparticles. The
cytotoxicity of the core-shell nanoparticles was investigated
in two parts. First, the relative toxicity of the nanoparticles
without DOX was determined. L929 cells at a density of
2,000 cells/well were grown on 96-well microplates and were
treated with chitosan nanoparticles and folate-conjugated
chitosan nanoparticles for 3 days. The cell viability was deter-
mined using the MTT assay following the standard proce-
dure (Molecular Probes, V-13154). The absorbance of for-
mazan was measured at 570 nm (Infinite 200 Tecan, Austria).
Results were presented as percentage of control cells not ex-
posed to the nanoparticles.

In the second part, the efficacy of the nanoparticles as
delivery vectors was evaluated. This study was also carried
out in 96-well microplates. MCF-7 cells at a density of 5,000
cells/well were exposed to various concentrations of free
DOX, DOX-loaded chitosan nanoparticles, and DOX-loaded
folate-conjugated chitosan nanoparticles for 3 days. The cell
viability was measured using the MTT assay, and the relative
toxicity was obtained using nontreated MCF-7 cells as
control.

2.9. Drug Accumulation Study. MCF-7 cells at a density of
50,000 cells/well were allowed to grow until confluence in 96-
well culture plates. Twenty mg/mL of free DOX, DOX-loaded
chitosan nanoparticles, and DOX-loaded folate-conjugated
chitosan nanoparticles were added to each culture well. At
each predetermined time, spent medium was removed and
replaced with 50 μl of 70% ethanol [38]. The samples were
briefly sonicated for 30 seconds to ensure complete cell lysis.
The concentrations of doxorubicin in the samples were mea-
sured using a fluorescence spectrophotometer (Infinite 200
Tecan, Austria). To monitor cellular uptake of the drug,
MCF-7 cells were cultured on glass cover slips and incubated
with DOX-loaded nanoparticles up to 24 hours. The cover
slips were viewed at 1, 2, and 24 hours after the initial treat-
ment under a fluorescence microscope (λexcitation = 465 ±
15 nm and λemission = 590 nm; Olympus BX60, Center Valley,
PA). Images were acquired using a 20× objective lens.

2.10. Statistical Analysis. All experiments were performed at
least in triplicate within two independent experiments. Data
are reported as mean ± standard deviation. An unpaired
Student’s t-test was used for data analysis. A statistically sig-
nificant difference was defined at the 95% confidence level.

3. Results and Discussion

The preparation of DOX-loaded folate-conjugated chitosan
nanoparticles in a core-shell structure is illustrated in Fig-
ure 1. The core consists of a spherical pluronic and SDS
micelle formed via self-assembly, which is a spontaneous
process at or above the critical micelle concentration (CMC)
of around 0.1% (w/v) [7, 20, 34, 39]. Then, a layer of chitosan
was coated on the surface of these nanocarriers using elec-
trostatic interactions between the positively charged chitosan
and the negatively charged SDS on the surface of pluronic
SDS mixed micelles. The chitosan shells can protect the en-
closed bioactive compounds from natural degradation, such
as hydrolysis, thereby prolonging its activity in the systemic
circulation [17, 19, 40]. In addition to stability improvement,
the shell can be modified to incorporate ligands such as
folate for targeting drug delivery [8, 28, 32, 33]. According to
our previous study, folate was successfully conjugated to chi-
tosan using the method described in the previous section.
The conjugation was confirmed by its FT-IR spectrum, which
showed the presence of a CONH bond (see Supplementary A
in Supplementary Material available online at doi:10.1155/
2012/593878). The binding efficiency was approximately
60.1± 4.4% [41].

Once at target cells, the uptake of the nanoparticles can
occur through an endocytosis process [42]. The chitosan
shell is then degraded by lysozyme, which is normally present
inside cellular lysosomes, allowing the breakdown of the
micelles and the release of DOX to nucleus [12, 37, 43]. This
method is advantageous because it is simple, mild, and stra-
ightforward and it can be applicable to a wide range of bio-
active compounds.

3.1. Evaluation of Drug Encapsulation Efficiency. The study of
DOX encapsulation efficiency was carried out to determine
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Figure 1: Procedure for the synthesis of DOX-loaded folate-conjugated chitosan core-shell nanoparticles. (a) Conjugation of folate-chitosan,
(b) self-assembly of DOX-encapsulated micelles, (c) core-shell nanoparticles prepared by an electrostatic interaction.

an appropriate concentration of pluronic. In this study, plu-
ronic concentrations were varied between 0.25 and 10%
(w/v), while the concentration of DOX was kept constant.
After the evaporation step, DOX was physically entrapped
in the hydrophobic interior of the micelles [6]. Excess DOX
in the supernatant was removed and used to calculate the
encapsulation efficiency according to (1). The encapsulation
efficiencies of DOX in various concentrations of pluronic
micelles are shown in Figure 2. When pluronic concentration
was increased from 1.25 to 5% (w/v), the drug encapsulation
efficiency increased from 35.2± 1.0 to 58.1± 4.7%, possibly
due to an increase in the hydrophobic domain of the micelles.
As a result, more DOX could be encapsulated [44]. Interest-
ingly, the difference in the DOX encapsulation efficiencies
between 5% (w/v) and 10% (w/v) pluronic was not signifi-
cant (P > 0.05), indicating that nanoparticle saturation was
reached. The encapsulation efficiency observed in this study
is reasonably high for a mild solvent evaporation method.
Missirlis et al. [10, 22] and Kwon and Kataoka [21] reported
the encapsulation efficiencies of DOX in pluronic nanogel to
be approximately 10–50% when CHCl3 was used as solvent.
The previous report has shown that the partition coefficient
of doxorubicin between water and pluronic micelles is 0.44
at neutral pH [45]. Thus, only a certain amount of DOX
is available to be encapsulated, resulting in the limit of the
encapsulation efficiency by this physical entrapment proce-
dure. We believe that the encapsulation efficiency of DOX
in pluronic micelles observed in this study may possibly be
the highest efficiency achievable by this method. To improve
the efficiency, doxorubicin can be conjugated with pluronic
using a chemical linker [46]. However, this method would
be more complicated, and the release rate would tend to
be slower. Since 5% (w/v) of pluronic micelles gave the
highest encapsulation efficiency, this condition was selected
for further studies.
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Figure 2: Encapsulation efficiencies of DOX in the micelles pre-
pared from various Pluronic F127 concentrations.

3.2. Particle Size and Zeta Potential of Core-Shell Nanopar-
ticles. Particle size and zeta potential of both micelles and
DOX-loaded micelles were measured using a Zetasizer as
shown in Table 1. The average micelle size remained the same
after DOX encapsulation (33.7±1.0 nm and 32.6±2.1 nm for
the average size of pluronic micelles with and without DOX,
resp.). The zeta potential of pluronic micelles in the absence
and presence of DOX were−4.8±1.3 and−4.4±0.8 mV. The
zeta potentials, however, showed that these micelles were not
stable and could easily coagulate, which can be problematic
for drug delivery applications.

To solve this problem, incubating micelles with sodium
dodecyl sulfate (SDS) was required. SDS is an anionic surfac-
tant that can interact with pluronic micelles by binding to the
hydrophobic core, followed by interacting with hydrophilic
corona parts [47]. Consequently, the micelles were packed
more tightly [17], decreasing their average size to approxima-
tely 23 nm, as shown in Table 1. With increasing concentra-
tion of surfactant, the average micelle size in the solution
decreases [48]. In addition, both the sulfate group of SDS
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Table 1: Particle sizes and zeta potentials of pluronic micelles, chitosan nanoparticles, and folate-conjugated chitosan nanoparticles in the
absence and presence of DOX.

Condition Particle diameter (nm) % intensity Zeta potential (mV) pH

Nanoparticles

(i) Micelles 32.6± 2.1 81.9 −4.8± 1.3 7.12

(ii) Micelles with SDS 22.9± 0.3 73.7 −11.4± 0.6 7.06

(iii) Chitosan nanoparticles 34.1± 7.1 94.4 6.2± 3.6 4.70

(iv) Folate-conjugated chitosan nanoparticles 41.3± 6.5 96.3 8.3± 1.1 4.74

DOX-loaded Nanoparticles

(i) DOX-loaded micelles 33.7± 1.0 53.1 −4.4± 0.8 7.07

(ii) DOX-loaded micelles with SDS 20.3± 1.0 55.6 −3.8± 0.8 7.03

(iii) DOX-loaded chitosan nanoparticles 30.9± 1.7 96.3 10.6± 2.9 4.69

(iv) DOX-loaded folate-conjugated chitosan nanoparticles 37.4± 2.0 94.9 12.9± 2.3 4.71

and the denser OH− group on the surface of the micelles
contribute to more negative zeta potential (−11.4± 0.6 mV),
making the micelles relatively more stable. Note that the
addition of SDS, however, caused scattered micelle sizes, as
shown by lower particle intensity in Table 1. This observation
was similar to the results from Hecht and Hoffmann [47].
Particles larger than 200 nm in diameter were removed using
a membrane filter prior to coating the particles with chitosan
or folate-conjugated chitosan.

To form core-shell nanoparticles, either chitosan or
folate-conjugated chitosan was added to the pluronic SDS
micelle solution at the same concentration, allowing for the
deposition of chitosan or folate-conjugated chitosan layer
on the pluronic micelles using SDS as a linker [17, 19, 49,
50]. As expected, the average particles sizes were increased
approximately by 10–18 nm. The average size of folate-con-
jugated chitosan particles was slightly larger than that of
chitosan particles, possibly due to the conjugation of folate.
The zeta potentials of the coated particles indicated that the
surface charges were positive as a result of NH3

+ groups of
chitosan. This result confirms our hypothesis that chitosan
can be layered on pluronic micelles via an electrostatic inter-
action. In addition, the high zeta potential of chitosan-
coated pluronic micelles implies that the core-shell structure
improved the stability of the nanoparticles.

The size distribution of DOX-loaded micelles coated with
folate-conjugated chitosan is shown in Supplementary B. The
sizes of most particles were uniformly distributed over the
range of 15 to 90 nm. Approximately 5% of the particles had
sizes over 1 μm in diameter and were removed by filtration.

To be more certain, a morphological characterization of
the folate-conjugated chitosan nanoparticles was carried out.
Transmission electron microscopy (TEM) images of the
DOX-loaded core shell nanoparticles are shown in Figure 3.
The nanoparticles were shown to be spherical in shape with
uniform sizes. The enlarged image of a single nanoparticle
clearly reveals a core-shell structure of the particle. The
darker shaded area was believed to be the pluronic micelle
core, while the lighter shaded area was most likely the shell of
folate-conjugated chitosan.

3.3. In Vitro Doxorubicin Release from Core-Shell Nanopar-
ticles. The studies of DOX released from pluronic micelles,
chitosan nanoparticles, and folate-conjugated chitosan na-
noparticles were carried out in a PBS solution in the presence
of lysozyme over 4 days. Lysozyme is an enzyme naturally
present in all cell types and is able to hydrolyze β-(1, 4) glyco-
sidic bonds, causing the breakdown of a chitosan shell [36,
37, 51]. As shown in Figure 4, almost 100% of encapsulated
DOX was steadily released from pluronic micelles within 24
hours, while the core-shell structure nanoparticles show
much slower and sustained release profiles. This result indi-
cates that the chitosan layer significantly extended the half-
life of the drug-encapsulated nanocarriers which is impor-
tant in clinical practice.

The release profiles of DOX from the core-shell nanopar-
ticles could be separated into two phases. The first profile is
the initial burst release of 19.6% and 22.4% of DOX from chi-
tosan and folate-conjugated chitosan nanoparticles, respec-
tively, in the first 24 hours. This is possibly due to the drug
molecules dispersing close to the polymer surface. In the sec-
ond phase, a constant sustained release of the drug after 24
hours was observed, resulting from the diffusion of the drug
through the polymer wall, as well as the enzymatic degra-
dation of chitosan [1, 9]. The release profiles observed in
this study are quite similar to those obtained from chitosan
nanoparticles elsewhere [11, 15, 52], in which the kinetics
often follow the first-order rate law [53].

3.4. Biocompatibility Test of Core-Shell Nanoparticles. Since
the particles’ toxicity has an essential impact on their applica-
tions in the drug delivery field, preliminary biocompatibility
evaluation is necessary. According to International Standard
Organization (ISO 10993), a direct contact method where
cells are directly in contact with a test material is more appro-
priate than an indirect contact method to assess the cyto-
toxicity of nanoparticles. Mouse connective tissue fibroblasts
(L929) were chosen for this study, as they are a standard
model for in vitro toxicity testing and recommended by
many institutions. L929 cells were treated with pluro-
nic micelles, chitosan nanoparticles, and folate-conjugated
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Figure 3: Transmission electron microscopy (TEM) images of (a) blank pluronic micelles and (b) folate-modified chitosan core-shell nano-
particles. The inset image is the enlarged image of a single nanoparticle present in the previous image: dark color core of pluronic and
light-gray shell of folate-modified chitosan.
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chitosan nanoparticles in the absence of DOX at various
equivalent concentrations for 3 days. The cell viability was
expressed in percent compared to the control, which was not
exposed to any particles.

As shown in Figure 5, both chitosan core-shell and folate-
conjugated chitosan core-shell nanoparticles showed compa-
rable toxicity (P > 0.05). The cell viability was not affected
by these particles at concentrations lower than 1 mg/mL but
showed progressive decline to about 60–70% when exposed
to 10 mg/mL concentration of the particles. This result sug-
gested that both chitosan and folate-conjugated chitosan
core-shell nanoparticles can be considered safe as drug deli-
very vectors.

3.5. Cellular Uptake of DOX by MCF-7 Cells. The study of
intracellular uptake of DOX by MCF-7 cells was conducted to

0

20

40

60

80

100

0.01 0.1 1 10

Blank chitosan nanoparticles
Blank folate-conjugated chitosan nanoparticles

C
el

l v
ia

bi
lit

y 
(%

)

Particles concentration (mg/mL)

Figure 5: Cytotoxicity profiles of blank chitosan core-shell nanopa-
rticles and blank folate-conjugated chitosan core-shell nanoparti-
cles on L929 cells, measured by the MTT assay. Cell viability is exp-
ressed as mean ± S.D. (n = 6). The cells were incubated in different
equivalent concentrations of these particles, and the cell viability
was determined by the MTT assay.

demonstrate that the cellular uptake of the nanoparticles was
possible and was controlled over time. The amount of DOX
taken up by MCF-7 cells from different formulations for up
to 24 hours was analyzed by fluorescence spectrophotometry.
As shown in Table 2, free DOX accumulated rapidly in the
cells via passive diffusion through the cell membrane. More
than 80% of the DOX was taken up by the cells within 2
hours, and almost 100% uptake could be achieved within 24
hours. In contrast, a much slower cellular uptake rate was
observed from DOX-loaded nanoparticles. Only 15% and
26% of the DOX from chitosan and folate-conjugated chito-
san nanoparticles, respectively, had accumulated in the cells
at 24 hours. Nonetheless, the cellular uptake of folate-conju-
gated chitosan nanoparticles was about twice as much as that



Journal of Nanomaterials 7

Table 2: Cellular uptake of DOX by MCF-7 cells treated with free DOX, DOX-loaded chitosan nanoparticles, and DOX-loaded folate-
conjugated chitosan nanoparticles for up to 24 hours. Results are presented as percent of the initial concentration of DOX.

Conditions
Cellular DOX uptake (% of its initial concentration)

1 h 2 h 6 h 12 h 18 h 24 h

Free DOX 26.8± 0.58 80± 1.3 74.7± 2.1 98.0± 1.7 93.7± 2.7 102.8± 4.4

DOX-loaded micelles coated with chitosan 0.5± 0.1 0.6± 0.2 2.7± 0.6 4.5± 1.0 11.2± 0.8 14.7± 1.5

DOX-loaded micelles coated with modified chitosan 0.6± 0.4 0.7± 0.6 10.9± 0.7 12.7± 0.7 21.1± 1.9 26.3± 1.9

of chitosan nanoparticles. The cellular uptake of the chitosan
nanoparticles, which have no targeting moiety on the surface,
was probably mediated by nonspecific adsorptive endocyto-
sis [54, 55]. The positive charge of the chitosan nanoparticles
could be easily attracted by negatively charged cell mem-
branes [16], allowing the particles to be taken into the cells.
Unlike the chitosan nanoparticles, the conjugation of the
folate ligand on folate-conjugated chitosan nanoparticles
enabled the cellular uptake to occur via a receptor-mediated
endocytosis process [32]. Several studies have shown that
receptor-mediated endocytosis is significantly more efficient
than nonspecific adsorptive endocytosis in transporting
macromolecules into cells [27, 30, 42]. As a result, more DOX
was accumulated in the cells exposed to folate-conjugated
chitosan nanoparticles containing DOX than in those cells
treated with DOX-loaded chitosan nanoparticles.

Two possible mechanisms of cellular DOX uptake from
nanoparticles have been suggested: (1) DOX is released from
the nanoparticles outside the cells, or (2) DOX is carried by
the nanoparticles and released inside the cells [56]. To assess
the uptake of the nanoparticles by the cells, the fluorescence
micrographs of MCF-7 cells incubated with free DOX were
compared to those of cells exposed to folate-conjugated chi-
tosan nanoparticles containing DOX at 1, 2, and 24 hours
(Figure 6). At earlier times, no red fluorescence was detected
in either MCF-7 cultures (Figure 6(a) and 6(d)). Within 2
hours of incubation, free DOX was localized within the cyto-
plasm and the nucleus (Figure 6(b)), while the red fluores-
cence of DOX encapsulated in thefolate-conjugated chitosan
nanoparticles was only detected around the edge of the cells,
indicating the binding of the nanoparticles on the cell mem-
brane (Figure 6(e)). The intracellular localization of the
nanoparticles could be visualized only after 24 hours of incu-
bation, as some of the cell nuclei displayed strong red fluo-
rescence (Figure 6(f)) similar to those incubated with free
DOX for 24 hours (Figure 6(c)). A much longer incubation
time was required for the nanoparticles to be internalized.
These results suggest that the nanoparticles were initially
adhered to the cell membrane and bound to the folate recep-
tors, overexpressed on the cell surface, before being taken
into the cells via endocytosis and later degraded intra-
cellularly to release the drug. This finding is consistent with
the results previously reported by several studies [11–13, 16,
23].

3.6. Cytotoxicity of Core-Shell Nanoparticles. The cytotoxicity
profiles of blank and DOX-loaded nanoparticles against
MCF-7 cells are shown in Figure 7. As expected, the blank
nanoparticles exhibited negligible toxicity towards MCF-7

cells, while the cytotoxicity to the cells increased with increas-
ing concentration of the drug-loaded nanoparticles. There
was no significant difference between the cytotoxicity profiles
of DOX-loaded chitosan nanoparticles and that of folate-
conjugated chitosan nanoparticles containing DOX. Since
both chitosan and folate-conjugated chitosan nanoparticles
were shown to be nontoxic, any toxicity observed in this
study was likely attributable to the DOX in the nanoparticles.
The IC50 of DOX-loaded chitosan nanoparticles and folate-
conjugated chitosan nanoparticles containing DOX was cal-
culated to be 34 and 26 ng/mL, respectively, whereas the IC50

of free DOX was experimentally determined to be 386 ng/mL
(unpublished result). The IC50 values of DOX-loaded nano-
particles were approximately 10 times lower than that of free
DOX, indicating a higher therapeutic effect of the drug-
loaded nanoparticles. The lower IC50 might be attributed to
the longer duration of the treatment (3 days as opposed to
the 24 hours used in the intracellular uptake study), which
was necessary to allow more nanoparticles to be internalized
in order to release a sufficient concentration of DOX within
its therapeutic range. The study by Yoo and Park [23] has
offered another possible explanation: free DOX might have
been outfluxed through the P-glycoprotein (Pgp) pumps pre-
sent in the cancer cell membrane, causing a decrease in the
intracellular concentration of DOX. Unlike free DOX, DOX-
loaded nanoparticles were intracellularly delivered into the
cells by endocytosis, which by-passed the Pgp pump. As a
result, a greater amount of DOX could remain inside the cells
to cause a cytotoxic effect. More thorough studies are needed
to further understand the mechanism of toxicity of the drug-
loaded nanoparticles against the cancer cells.

Unfortunately, there was no significant difference bet-
ween the cytotoxicity profiles of DOX-loaded chitosan and
folate-conjugated chitosan nanoparticles. It was possible that
the number of ligands on the surface of the nanoparticles
might not be sufficient to demonstrate the advantage of hav-
ing folate targeting. The ligand conjugation method should
be modified to increase the number of ligand moieties. In
addition, in order to observe folate-induced specificity, com-
parisons of the cytotoxicity of these nanoparticles on a cancer
and non-cancer cell line would be useful.

4. Conclusion

The core-shell nanoparticles for DOX delivery were success-
fully formed using a self-assembled pluronic F127 micelle as
a core coated with either chitosan or folate-conjugated chito-
san via an electrostatic interaction. The presence of a chi-
tosan layer on the nanoparticles was confirmed by the change
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Figure 6: Fluorescence images of cellular distribution of free DOX ((a) 1 hour, (b) 2 hour, and (c) 24 hour incubation) and DOX-loaded
folate-conjugated chitosan core-shell nanoparticles ((d) 1 hour, (e) 2 hour, and (f) 24 hour incubation) in MCF-7 cells. The arrows indicate
the accumulation of DOX at the cell nuclei. Magnifications: 20X.

in its zeta potential and morphologically characterized by
TEM images. We were able to encapsulate considerably high
concentrations of DOX inside the nanoparticles through a
simple physical entrapment method. These particles demon-
strated an initial burst release, and later a sustained release,
of DOX. In addition, the fluorescence images showed that
these nanoparticles can be delivered and then intracellularly
release DOX in MCF-7 by an endocytosis mechanism. The
uptake rate of the folate-conjugated chitosan nanoparticles
was relatively faster than that of the chitosan nanoparticles,
possibly due to the more effective folate-mediated endocyto-
sis. Both types of the nanoparticles exhibited similar toxicity
profiles against MCF-7 cells. Our results indicated that the

lower cell viability corresponded to a higher DOX concen-
tration and longer incubation time. Therefore, we believe
that these core-shell nanoparticles are promising as delivery
vectors for the treatment of tumor tissues, particularly breast
cancer, for which folate receptors are overexpressed.
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