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Abstract Chitosan was conjugated with folic acid
(FA) and the resulting chitosan derivatives with a FA-
substitution degree of around 6 % was used to
synthesize FA-conjugated chitosan—polylactide (FA-
CH-PLA) copolymers to build a drug carrier with
active targeting characteristics for the anticancer drug
of paclitaxel (PTX). Selected FA—-CH-PLAs with
various polylactide percentages of about 40 wt% or
lower were employed to fabricate nanoparticles using
sodium tripolyphosphate as a crosslinker, and differ-
ent types of nanoparticles were endued with similar
average particle-sizes located in a range between 100
and 200 nm. Certain types of PTX-loaded FA-CH-
PLA nanoparticles having encapsulation efficiency of
around 90 % and initial load of about 12 % were able
to release PTX in a controlled manner with significant
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regulation by polylactide content in FA—-CH-PLAs.
Targeting characteristic of achieved nanoparticles was
confirmed using FA-receptor-expressed MCF-7 breast
cancer cells. The uptake of PTX revealed that
optimized FA—CH—PLA nanoparticles with an equiv-
alent PTX-dose of around 1 pg/mL could have more
than sixfold increasing abilities to facilitate intracel-
lular paclitaxel accumulation in MCF-7 cells after
24 h treatment as compared to free PTX. At a
relatively safe equivalent PTX-dose for normal
MCF-10A mammary epithelial cells, the obtained
results from Hoechst 33342 staining indicated that
optimized PTX-loaded FA-CH-PLA nanoparticles
had more than threefold increasing abilities to induce
MCE-7 cell apoptosis in comparison to free PTX.

Keywords Folic acid - Chitosan—polylactide
copolymer - Nanoparticle - Paclitaxel - Folate-
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Introduction

Paclitaxel (PTX), a natural antitumor drug usually
extracted from the bark of the Pacific yews, has been
widely used in the clinical treatments for a variety of
tumors such as oophoroma, metastatic breast cancer,
and non-small cell lung cancer (Spratlin and Sawyer
2007). PTX is currently formulated with Cremophor
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EL (polyoxyl 35 castor oil) and ethanol to increase its
solubility for clinical applications because PTX is
poorly soluble in aqueous medium (Javeed et al.
2009). However, utilization of diluents and solubilizer
for PTX during intravenous administration gives rise
to several problems (Kim et al. 2006; Marupudi et al.
2007): (1) easily occurred precipitation of PTX due to
solvent changeover; (2) certain side effects of hyper-
sensitivity reactions arisen from the use of Cremophor
EL, including neurotoxicity, nephrotoxicity, cardiac
toxicity, and so on; and (3) possibly released plasti-
cizers extracted from intravenous infusion lines due to
the use of organic solvents. In view of these problems,
alternative carriers for intravenous formulation of
PTX need to be developed in order to circumvent the
use of Cremophor EL and ethanol while effectively
increasing the bioavailability of PTX.

Up to now, various systems for delivery of PTX,
including liposomes, cyclodextrins, emulsions, mixed
micelles, microspheres, and polymeric nanoparticles,
have been investigated to avoid side effects of
Cremophor EL (Kim et al. 2006; Marupudi et al.
2007; Greco and Vicent 2009). In point of vehicle
materials for delivery of drugs, biocompatible and
biodegradable polymers obtained from synthetic or
natural sources have attracted a great deal of attention
due to their tailorable structures and properties as well
as processability in favor of various vehicle forms
(Greco and Vicent 2009; Locatelli and Franchini
2012). Of naturally occurring polymers being abun-
dant in nature, chitosan has been considered to be an
approving material to serve as drug vehicles because it
has several advantageous features, including biocom-
patibility, biodegradability, hydrophilicity, non-toxic-
ity, nonantigenicity, bioadherence, and cell affinity as
well (Sinha et al. 2004; Wan and Wen 2005). In the
case of antitumor drug delivery, chitosan and its
derivatives have already been utilized as carriers in the
form of nanomicells (Liu et al. 2010a; Yao et al. 2007),
gels (Bhattarai et al. 2010), or nanoparticles (Duan
et al. 2012; Santos et al. 2011). Nevertheless, in
consideration of high hydrophobicity of PTX, chitosan
alone seems not to be competent enough for delivering
PTX with required initial loading in well-controlled
manner even though some doable crosslinkers have
already been employed because chitosan is quite
hydrophilic. Some studies have thus directed toward
modification of chitosan to achieve necessitated
derivatives with certain amphiphilic properties. To
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date, chitosan-based carriers for PTX delivery have
mainly been modified at the C-2 site of chitosan
backbone using certain hydrophobic segments and less
attention has been paid to hydroxyl groups at the C-6
or C-3 site of chitosan units (Pan et al. 2013; Zhang
et al. 2003, 2009). In addition, these PTX-loaded
chitosan derivative carriers are usually used in a
passive-targeting manner.

Grafting hydrophobic chains onto the C-6 site of
chitosan backbone and leaving the amino groups at the
C-2 site free may generate some desired copolymers
that can act as an amphiphilic carrier for loading
hydrophobic drugs while being further modified at the
C-2 site of chitosan units with preferred groups or
molecules for active-targeting delivery of drugs.

Folic acid receptor is known to be abundantly
expressed on the surface of different human epithelial
cancer cells, including cancers of the ovary, kidney,
uterus, colon, and lung, whereas in most normal tissue
it is expressed in very low levels (Low and Antony
2004; Elnakat and Ratnam 2004). Conjugation of
drugs or active macromolecules with folic acid can
thus enhance drug endocytosis or even develop
targeting ability toward certain cancer cells. In fact,
folic acid has already functioned as a promising ligand
for some vehicles that are used for delivering antitu-
mor drugs specifically toward to folate-receptor
expressed cancer cells (Morris and Sharma 2010; Li
et al. 2010). In the case of chitosan-based drug
carriers, folate-conjugated chitosan nanoparticles
have been also utilized as potential vehicles for
targeting HT-29 cells (Li et al. 2011) as well as for
targeted delivery of S5-aminolaevulinic acid (Yang
et al. 2010). In addition, folate-modified carboxy-
methyl chitosan nanoparticles have also been exam-
ined for targeted delivery of doxorubicin (Sahu et al.
2010).

Despite the rapidly growing variety of vehicles for
delivering different drugs, nano-scale active-targeting
carriers with satisfactory performance for intravenous
administration of PTX are still very few. In the present
study, an attempt was made to synthesize a type of
folate-conjugated chitosan—polylactide amphiphilic
copolymers, and then, to fabricate them into PTX-
loaded nanoparticles in an aqueous medium system. It
is expected that the hydrophobic core-like interior of
ternary nanoparticles can function as a favorable
portion for loading PTX, whereas the folate-conjugates
on the surface of nanoparticles will facilitate folate-
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mediated intracellular uptake of PTX toward folate-
receptor expressed cancer cells. Thus, efficiently
intravenous administration of PTX could benefit from
our carriers. Some results related to synthesis, charac-
terization, and in vitro examination of newly devel-
oped nanoparticle carriers were reported.

Materials and methods
Materials

Chitosan powder [degree of deacetylation: 91.4 %;
viscosity average MW: 6.1 x 10°, measured follow-
ing reported methods (Wan et al. 2004)] was supplied
by Aladdin Inc. r-lactide (LA) from Sigma-Aldrich
was recrystallized from dry toluene and vacuum-dried
prior to use. Paclitaxel was purchased from Tocris
Bioscience. N-hydroxy succinimide (NHS), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT), folate (folic acid, FA), Hoechst 33342,
dicyclohexyl carbodiimide (DCC), and some biochem-
ical reagents were purchased from Sigma-Aldrich. All
other chemicals were of analytical grade and purchased
from different commercial sources.

Synthesis of folate-conjugated chitosan (FA—CH)

FA-CHs were synthesized via a two-step pathway.
Active NHS ester of FA was first prepared following
reported methods with some modifications (Guo et al.
1999; Zhu et al. 2011). Briefly, 0.68 m mol of LA was
dissolved in 10 mL anhydrous DMSO, 0.1 mL of
triethylamine, equimolar NHS and DCC were added.
The reaction was allowed to proceed overnight at
30 °C under stirring and shielded from light. The
byproduct dicyclohexylurea was removed by filtra-
tion. The mixture was concentrated to some extent
using a rotary evaporator and the product was obtained
by precipitation using cold acetone (40 %) in ether.
The precipitates were repeatedly washed with ether
and dried in vacuum.

In a typical procedure for synthesis of FA—CHs,
100 mg of chitosan was dissolved in 20 mL of acetic
acid/sodium acetate buffer (pH 4.7), and to this
solution, 5 mL. DMSO solution of NHS-folate
(20 mg/mL) were added with stirring at 40 °C in the
dark for 12 h. The reaction system was brought to
pH 9.0 by dropwise addition of diluted aqueous NaOH

to precipitate the mixture. The product was exten-
sively washed with distilled water, re-dissolved in 2 %
aqueous acetic acid solution, and the unreacted folic
acid in the product was removed using a Sephadex
G-25 column (UV detector: 363 nm; elution solvent:
2 % aqueous acetic acid solution; flow-rate: 1.5 mL/
min). Different FA—-CHs were synthesized by varying
the feed ratio of NHS-folate to chitosan.

Synthesis of folate-conjugated chitosan—
polylactide (FA—-CH-PLA)

The FA—CH with a FA-substitution degree of around
6 wt% was used for synthesis of FA-CH-PLAs.
Polylactide (PLA) was grafted onto the FA-CH
following group-protection methods with some mod-
ifications (Duan et al. 2010; Zhou et al. 2013; Feng and
Dong 2007). In a typical procedure, 1 g of FA—CH was
dissolved in 30 mL of methanesulfonic acid, followed
by addition of 2.57 g of LA monomer and 0.73 g of
4-dimethylaminopyridine. The reaction was allowed
to perform for 12 h at 120 °C with stirring while
bubbling with nitrogen. The resulting mixture was
then transferred to a beaker that contained 200 mL of
0.2 M KH,PO,, 20 mL of 4 M NaOH and was cooled
in a bath (0 °C) to remove the acid residue. The
collected precipitate was extracted with toluene to
remove PLA homopolymers. Afterward, the product
was dialyzed against distilled water for 2 days using a
membrane tube (MW cutoff: 10kD) and lyophilized
for further use. By mainly changing the feed ratio of
LA to FA-CHs, several types of FA-CH-PLA
copolymers were synthesized using the same protocol.
In addition, some chitosan—polylactide (CH-PLA)
copolymers without FA-conjugation were also syn-
thesized with the same technique and they were used
to prepare CH-PLA nanoparticles.

Preparation of nanoparticles

Selected FA—-CH-PLAs with PLA content of around
40 wt% or lower were used for fabricate PTX-loaded
nanoparticles and a typical example preparation
procedure was as follows: 30 mg of FA-CH-PLA
was dissolved in 12 mL of acetic acid/sodium acetate
buffer, and to this solution, 2 mL of 0.2 % PTX
ethanol solution was added and well mixed with
stirring. Afterward, the mixture was slowly added with
6 mL of 0.1 % sodium tripolyphosphate (TPP)
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solution using a 21 G needle with stirring at 30 °C for
1 h. The resulting nanoparticle suspension was cen-
trifuged at 22,000 rpm for 30 min, and the retrieved
product was repeatedly washed with distilled water
until the pH became around 7.0. The collected
nanoparticles were then lyophilized at —80 °C for
further measurements. Different types of FA-CH-
PLA nanoparticles were prepared by mainly changing
the PLA percentage in FA—-CH-PLAs and the volume
of acetic acid/sodium acetate buffer, while maintain-
ing the feed ratio of TPP to matrix at a fixed rate of 1:4,
in order to enable the resulting nanoparticles to have
similar average particle-sizes.

Some PTX-loaded chitosan, PTX-loaded FA-CH,
blank CH-PLA, and blank FA-CH-PLA nanoparti-
cles were also prepared using the same method. In
addition, certain types of nanoparticles were labeled
with FITC under light protection by adding FITC
methanol solution during the preparation of nanopar-
ticles following the same protocol mentioned above,
and they were used for certain examinations related to
cell uptake.

Characterization

Infrared (IR) spectra of different powder samples were
recorded on a spectrophotometer (VERTEX 70).

A serial of FA solutions with stepwise-changed
volumes varying from 0.5 to 3.0 mL (step-size:
0.5 mL) was taken from a 0.01 wt% FA solution in
acetate buffer, and each was diluted up to 10 mL.
Diluents were assayed at 363 nm using a UV spectro-
photometer to generate a fitted straight line that
functions as a standard. Afterward, a given amount of
FA-CH samples was dissolved in the same acetate
buffer and FA-substitution degrees for different FA—
CHs were determined according to the standard.

FA—-CH or FA—-CH-PLA samples were dissolved in
a mixed solvent of deuterated water and deuterated
trifluoroacetic acid (97:3, v/v) to produce solutions
with the same concentration (Liu et al. 2010b), and
their "H NMR spectra were measured on an NMR
spectrometer (Bruker Avance 600).

The weight percentage of PLA in FA—-CH-PLAs
was measured using a gravimetric method described
elsewhere (Feng and Dong 2006).

Different types of nanoparticles were suspended in
deionized water to produce very dilute solutions, and
the solutions were sonicated to well disperse the
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nanoparticles. A drop of sample solution was placed
onto 300 mesh carbon-coated copper grid. After
10 min of deposition, the grid was tapped with blotting
paper, stained with 2 % uranyl acetate and dried
before loading for TEM examination.

Colloidal nanoparticle suspensions were prepared
using ultrapure water and they were evaluated by
dynamic light scattering measurements using an instru-
ment (Zetasizer Nano ZS) to determine hydrodynamic
particle sizes. The zeta potential ({) of nanoparticles was
also measured on the same instrument.

Determination of encapsulation efficiency
and loading efficiency

Encapsulation efficiency (EE) and loading efficiency
(LE) for different types of nanoparticles were deter-
mined with a spectrophotometric method. 5 mg of
PTX-loaded nanoparticles was dispersed in ethanol
and vortexed for 12 h at 37 °C. The supernatant was
collected by centrifugation at 20,000 rpm for 30 min
and assayed at 227 nm. EE and LE were calculated as
follows:

EE (%) = (Mo/M,) x 100 % (1)
LE (%) = (Mo/M) % 100% 2)

where M, is the mass of PTX encapsulated inside
nanoparticles, M; refers to the mass of totally added
PTX, and M denotes the mass of nanoparticles.

In vitro release of paclitaxel

PTX was dissolved in ethanol and diluted with a mixture
of ethanol and distilled water containing 0.5 % Tween
80 to prepare a series of solutions with varied concen-
trations increasing from 1 x 107°t020 x 10~° mol/L
with a step-size of 5 x 107° mol/L. These solutions
were measured at 227 nm to establish a concentration-
absorbance standard for the quantification of released
PTX.

A given amount of PTX-loaded nanoparticles was
dispersed in 2 mL PBS solution (pH 7.4), and the
resulting bulk solution was introduced into a dialysis
tube (MW Cutoff: 5000). The sealed dialysis tube was
immerged in 50 mL PBS buffer (pH 7.4) containing
0.5 % Tween 80 and 10 % ethanol with stirring at
60 rpm and 37 °C. At prescribed intervals, 5 mL of
release medium was withdrawn and an isometric
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amount of fresh medium was refilled. PTX in the release
medium was extracted using 5 mL of methylene
dichloride. After fully volatilizing the solvent, the
released PTX was dissolved in 1 mL of ethanol for
HPLC analysis (Kromasil C18 column: 250 x 4.6 mm,
5 pm; mobile phase: a mixture of methanol, acetonitrile
and ultra pure water; flow rate: 1.0 mL/min; detection
wavelength: 227 nm; 30 °C).

Cell viability

Human breast cancer cells (MCF-7) were cultured in FA-
free RPMI1640 medium supplement with 10 % fetal
bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin at 37 °C in an atmosphere of 5 % CO, with
relative humidity at 95 %. Normal human mammary
epithelial cell line (MCF-10A) was grown in medium
MEGM (mammary epithelial growth medium, serum-
free) supplemented with cholera toxin in a humidified
atmosphere containing 5 % CO, at 37 °C. Cultured
medium for each type of cells was replaced on alternate
days until confluence. After that, cells were trypsinized
and collected by centrifugation at 1,000 rpm for 5 min.
The harvested cells were resuspended in their respective
media for further experiments.

The cell viability was assessed using a MTT assay.
Aliquots of MCF-7 and MCF-10A cells were seeded into
96-well culture plates (1 x 10* cells/well) with their
own media and incubated for 24 h. Afterward, each well
was refreshed with culture medium, respectively, con-
taining equivalent dose of free PTX and PTX-loaded
nanoparticles at various amounts changing from 1 to
10,000 ng/mL. Blank CH-PLA nanoparticles and blank
FA-CH-PLA nanoparticles were also tested as vehicle
controls. After 48-h incubation, 15 pLL of MTT (5 mg/
mL in PBS) solution was added to each well and
additionally incubated for 4 h at 37 °C. The media was
then aspirated and 150 pL. of DMSO was added to
dissolve the formazan crystals. The absorbance of each
well was read at 570 nm using a microplate reader.

Cell uptake

MCEF-7 cells were seeded into two groups of 24-well
culture plates (2 x 10° cells/well) and preincubated
with FA-free RPMI1640 medium for 24 h. Cells in
group one were then exposed to free FITC or FITC-
labeled blank nanoparticles at a final equivalent FITC
concentration of 2.0 pg/mL and cultured for 2—4 h at

37 °C. To see the effect of free folate competition on
the cell uptake, some wells were added with 2 mM
FA. After incubation for the matched period of time,
cells in each well were washed three times with PBS
before imaging with a fluorescence microscope.

In the case of group two, cells were cultured with
equivalent dose of free PTX and PTX-loaded nano-
particles for various periods up to 24 h. At predeter-
mined time points, the medium was removed, and cells
were trypsinized and lysed with ethanol using probe
sonication so that PTX internalized into cells was well
extracted. The resulting lysate was separated by
centrifugation at 12,000 rpm for 10 min, and the
supernatant containing PTX was quantified using
HPLC analysis under the same running conditions as
mentioned for PTX release measurements. Percent
uptake of PTX was determined by the ratio of the
internalized PTX to the fed equivalent dose of PTX.

Apoptosis analysis of cells

Cell apoptosis was assessed using fluorescent DNA-
binding dye Hoechst 33342. Cells (MCF-7 or MCF-
10A, 2 x 105/well) were seeded onto sterile cover
slips placed in 6-well culture plates containing respec-
tive media. After 24-h incubation, cells were treated
with equivalent dose (PTX concentration: 20 ng/mL)
of free PTX and PTX-loaded nanoparticles, and further
cultured for various periods up to 72 h. Cells were then
fixed in a methanol/acetic acid (3:1) mixture at4 °C for
10 min. Fixed cells were stained with 10 pg/mL
Hoechst 33342 in the dark for 20 min. Cells were
washed with PBS three times and viewed under a
fluorescence microscopy. To quantify the apoptosis of
the cells, at least 500 cells were counted per experi-
ment, and percent apoptosis was defined as follows:

Percent apoptosis(%) = (number of apoptotic cells/
total cell number) x 100 (3)

Normal nuclei were identified as non-condensed
chromatin while apoptotic nuclei were identified as
condensed chromatin or fragmented nuclei.

Statistical analysis

Data are presented as mean =+ standard deviation. In
the case of normal population, means were compared
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by Student’s # tests, and otherwise, one-way analysis
of variance with post-hoc multi-comparison methods
was performed with p < 0.05 as the criteria for
statistical significance.

Results and discussion

Synthesis of folate-conjugated chitosan—
polylactide

In the present study, FA-CH-PLAs were synthesized
by first conjugating FA onto chitosan and then the
resulting FA—CH was grafted with PLA side chains. In
addition, PLA side chains were grafted onto the C-6
sites of chitosan backbone rather than the C-2 sites
using methanesulfonic acid as a group protective
reagent (Duan et al. 2010) in considering that surplus
amino groups at the C-2 site of FA—CHs can be
effectively crosslinked by TPP based on preparatory
trials.

Figure 1 presents several representative IR spectra
for chitosan, FA—-CH, and FA-CH-PLA. A band at
1,596 cm™ ! and a shoulder at round 1,655 cm™! in
Fig. la are typical bands for chitosan having a
relatively high deacetylation degree and they can be
respectively attributed the N-H bending of primary
amine and C=0 stretch of secondary amine of chitosan
(Wan et al. 2008a; Wu et al. 2011a). In the case of
spectrum for FA-CH, a band at 1,585 cm™ ! s
ascribed to the residual primary amine of chitosan
backbone with a small shift in comparison with
chitosan; a new peak appeared at 1,633 cm™' can be
considered as a shift of the band for secondary amine
originally registered at round 1,655 cm™" due to the
overlap of newly formed C—N bond during amidation
between FA and chitosan (Li et al. 2011); two other
peaks at 1,460 and 1,425 cm ™' may be ascribed to the
presence of aromatic ring in FA. These results confirm
that FA has been conjugated onto chitosan. With
respect to FA-CH-PLA (see Fig. 1c), new peaks
appear at 1,752 and 1,241 cmfl, and they should be
assigned to the ester or carboxylic groups in branched
PLA chains (Duan et al. 2010; Liu et al. 2010b; Yao
et al. 2003). The peak located at around 1,582 cm”lin
Fig. 1c indicates that the residual amino groups at the
C-2 site of FA—CHs still remain, revealing that PLA
chains are grafted onto C-6 sites of FA—CHs instead of
C-2 sites.
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Fig. 1 Representative IR spectra of chitosan a, FA-CH b and
FA—-CH-PLA c (FA-substitution degree: 9.3 % for FA—-CH and
FA-CH-PLA; PLA percentage in FA-CH-PLA: 31.9 wt%)

Figure 2 shows typical "H NMR spectra for chito-
san, FA—CH, and FA-CH-PLA samples. In Fig. 2a,
chemical shifts at around 2.58 (H-2), 3.2-3.6 (H-3, -4,
-5, -6), and 4.8 (H-1) ppm can be attributed to the
chitosan (Liu et al. 2010b). With respect to FA—CH, ¢
signals at about 1.5, 2.3, 3.0-3.4, and 4.8 ppm are
assigned to the resonance of the monosaccharide
residue protons, respectively (Li et al. 2011; Yang
et al. 2010; Dube et al. 2002); and several signals
appearing at 6.51-8.42 ppm (aromatic ring) and the
singlet at 4.19 ppm can be attributed to folate (Dube
etal. 2002; Wang et al. 1997). In Fig. 2c, the new peak
at about 1.2 ppm can be ascribed to the methyl protons
located at the terminal groups and the backbone of the
polylactide moiety, whereas another new singlet at ca.
4.1 ppm can be assigned to the protons in the repeat
units of PLA chains (Liu et al. 2010b; Wu et al. 2011b).

In comparison to the spectrum of chitosan, FA-CH-
PLA has the characteristic peaks for chitosan backbone
with small shifts in its spectrum, and meanwhile, the
peak area ratio of H-2 to H-1 remains almost the same,
suggesting that PLA side chains are grafted onto the
C-6 site of FA—CH main chains. Based on results of IR
and "H NMR measurements, it can be reached that FA—
CH and FA-CH-PLA with designed structures have
been successfully synthesized.

In the present study, FA was conjugated onto
chitosan using active NHS ester of FA rather than direct
use of FA itself, and a maximum FA-substitution degree
of about 17.1 wt% for some FA—CHs was achieved
under optimal reaction conditions. However, some
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Fig. 2 "H NMR spectra of chitosan a, FA-CH b and FA-CH-
PLA ¢ (FA-substitution degree: 9.3 % for FA-CH and FA-CH-
PLA; PLA percentage in FA-CH-PLA: 39.1 wt%)

reports revealed that certain protein molecules showed
strong enough targeting characteristics toward different
FA-receptor-expressed cells when each of them carried
only three FA-conjugates (Low and Antony 2004; Lu
and Low 2002). In our case, the FA-substitution degree
for FA—CHs would be around 1.4 wt% if a chitosan
molecule chain is conjugated with three folate mole-
cules. In considering a fact that certain amounts of FA-
conjugates on FA—-CH-PLAs could be trapped inside

FA—CH-PLA nanoparticles and they would possibly
lose their targeting functions, a FA-substitution degree
of 1.4 wt% seems not to be high enough to play a
targeting role for the resulting nanoparticles. Some FA—
CHs with a FA-substitution degree of 6.1 £+ 0.17 wt%
were thus selected as starting materials for the synthesis
of FA—-CH-PLAs on the grounds of many trials.

Under present synthetic conditions, PLA content in
FA-CH-PLAs can reach around 47 wt% or even
higher. Nevertheless, PLA content needs adjusting
within a proper range to effectively control amphi-
philic properties of FA-CH-PLAs because otherwise
FA-CH-PLAs containing a higher PLA percentage
will not be well soluble in aqueous solvents and may
also result in poor fabrication of nanoparticles. FA—
CH-PLAs with PLA content of about 40 wt% or lower
were therefore chosen for fabricating PTX-loaded
FA-CH-PLA nanoparticles based on certain tentative
experiments.

Folate-conjugated chitosan—polylactide
nanoparticles

Different types of covalent crosslinkers, such as
diisocyanate, epoxy compound, and glutaraldehyde
have been commonly used to crosslink chitosan so far
(Liao et al. 2013; Wu et al. 2011b). In view of many
free amino groups in FA—CH-PLAs, these crosslinkers
are also applicable for crosslinking FA—-CH-PLAs.
Nevertheless, in the present case, TPP, a type of ionic
crosslinker, was employed in consideration of clinic
safety of TPP because the mentioned covalent cross-
linkers for chitosan can impair biocompatibility of the
resulting FA—-CH—PLA nanoparticles (Bao et al. 2008;
Liao et al. 2013). Figure 3a shows a representative
TEM image for some FA-CH-PLA nanoparticles and
the size-distribution of nanoparticles is presented in
Fig. 3b. It can be reached that nanoparticles showed
regular sphericity without aggregation and their size
was distributed between several tens of nanometers
and around 280 nm with an approximate Gaussian-
distribution character. Despite complex processing
parameters, several variables, such as PLA content in
FA-CH-PLAs, concentration of FA—-CH-PLA solu-
tions, fed amount of TPP and stirring speed, were found
to be crucial for controlling the sizes and properties of
FA-CH-PLA nanoparticles. These variables were thus
optimized using orthogonal experimental design to
produce required nanoparticles having similar average
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Fig. 3 TEM image a and size-distribution b of FA-CH-PLA
nanoparticles (FA-substitution degree: 6.1 %; PLA content in
FA-CH-PLA: 30.1 wt%; and the feed ratio of TPP to matrix:
1/4)

particle-sizes located in a range between 100 and
200 nm, and relevant parameters for resulting nano-
particles are summarized in Table 1.

Table 1 shows that different types of nanoparticles
had their average particle-size changing from around
129-142 nm with a good acceptable polydispersity
ranging between 0.237 and 0.346. Data in Table 1
exhibit that all types of nanoparticles had positive zeta
potential varying from around 21-27 mV, suggesting
that these nanoparticles will have practical stability in
a colloidal system since the absolute value of zeta
potential is higher than 15 mV (Zhong et al. 2012).
The positive zeta potential for these nanoparticles
should be ascribed to the contribution of positive
charge arisen from residual amino groups in chitosan
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units. In comparison to NP-I, NP-II nanoparticles had
lower zeta potential (p < 0.05), which can be attrib-
uted a fact that FA-CH was used for building NP-II
nanoparticles and it had less amino groups as
compared to chitosan since some amino groups that
are related to positive zeta potential were already
consumed in virtue of FA-conjugates. With respect to
samples in set NP-III, there were no significant
differences in their zeta potential. The samples in set
NP-III were produced using FA-CH-PLAs with
various PLA contents but FA-substitution degree and
feed ratio of TPP to matrix were retained the same.
Insignificant changes in zeta potential for three types
of samples in set NP-III may be due to similar structure
formed during the nanoparticle preparation. FA—-CH—
PLAs are amphiphilic polymers, and hence, hydro-
philic chitosan chains could stretch outward and shape
as hydrophilic outer layer, while PLA side chains
would be entangled together as close as possible to
form the hydrophobic interior regardless of PLA
content in FA—-CH-PL As because these nanoparticles
were prepared in aqueous media (Wan et al. 2008b).
As aresult, positive charges arisen from surplus amino
groups exposed on the surface of FA-CH-PLA
nanoparticles would contribute to positive zeta
potential and the PLA content in FA-CH-PLAs would
have insignificant impacts on the zeta potential of
nanoparticles. As shown in Table 1, FA-CH-PLA
nanoparticles had increasing EE and LE as the PLA
content in FA-CH-PLAs increased, which can be
ascribed to a fact that higher PLA content in FA-CH-
PLAs would generate a higher ratio of hydrophobic
interior volume to the integral volume of nanoparti-
cles, leading to increasing EE and LE for hydrophobic
PTX. It worthy of mentioning that LE of some types of
FA—-CH-PLA nanoparticles reached as high as around
12 %, suggesting that they have high potential to
function as carriers with practical significance of
application.

In vitro release of paclitaxel

To see PTX release behavior of nanoparticles, samples
in set NP-III were examined while NP-I, NP-II, and
NP-IV nanoparticles were used as controls. Figure 4
illustrates release profiles for relevant samples. Plots
for NP-I and NP-II indicate that these nanoparticles
released the loaded PTX at very fast release rates and
cumulative amount of released PTX was higher than
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Table 1 Main parameters of nanoparticles

Nanoparticle sample  PLA content in CH-PLA (wt%) Mean size (nm) PDI € (mV) EE (%) LE (%)
NP-T* - 142.2 £9.74 0.237 273+ 171 272+ 1.87 3.7 £0.24
NP-II° - 129.5 £ 10.35 0.281 224+ 186 225+1.76 3.1 £0.25
NP-TII(1)° 194 + 1.8 134.1 £ 9.27 0314 21.6 £ 1.79 643 £ 3.18 8.9 £ 0.42
NP-III(2) 30.1 + 2.1 141.7 £ 10.06 0.306 22.1 £195 77.6 +£3.05 10.6 £ 0.59
NP-III(3) 39.7 £ 22 1354 £ 8.92 0.293 219+ 191 909 +356 12.6 £ 0.67
NP-1V¢ 39.7 £ 22 130.2 £ 9.38 0.325 24.6+217 912+384 127 +£0.71
NP-V*¢ 39.7 £ 22 136.4 £+ 9.16 0.346  25.1 £2.11 92,1 £3.63 12.8 £ 0.64
NP-VIf 39.7 £22 139.3 £ 10.15 0.329 213 +204 914371 127 +£0.73

FA-substitution degree for both FA-CH and FA-CH-PLAs is 6.1(£0.17) wt%; the feed ratio of TPP to matrix is 1:4

% NP-I nanoparticles were prepared using chitosan

® NP-II nanoparticles were prepared using FA-CH

¢ NP-III(j)(j = 1, 2 and 3) nanoparticles were prepared using FA-CH-PLAs

4 NP-IV nanoparticles were prepared using CH-PLA

¢ NP-V nanoparticles were prepared using CH-PLA labeled with FITC
f NP-VI nanoparticles were prepared using FA-CH-PLA labeled with FITC

95 % during 2 days release. In consideration of very
low EE and LE and uncontrollable release behavior of
NP-I and NP-II nanoparticles, they were excluded
from further investigations because they are evidently
unsuitable for delivering PTX. Samples in set NP-III
had greatly reduced initial burst in the first day,
depending on the PLA content in FA-CH-PLAs. After
one-day release, each type of nanoparticles in set NP-
III released PTX in a sustained manner at similar
release rates for a few days, and their release behavior
was significantly regulated by the PLA content in FA—
CH-PLAs. In view of relatively rigid and hydrophobic
characteristics of PLA side chains (Wan and Wen
2005; Wan et al. 2008b), PLA in FA—-CH-PLAs may
function as hook-like branches inside nanoparticles to
drag the entrapped PTX molecules and hinder them
from diffusing cross the surface of nanoparticles,
resulting in reduced initial burst and subsequently
delayed release. Higher PLA content in FA-CH-PLAs
will endow the resulting FA—-CH-PLA nanoparticles
with increasing abilities to slow down the PTX release.

Figure 4 shows that the release profiles of NP-IV
nanoparticles was almost the same as that of NP-III(3)
nanoparticles. These results may be due to the high
similarity between them in their respective sizes and
properties. As indicated in Table 1, a main difference
between NP-IV and NP-III(3) nanoparticles was that
the former was prepared with CH-PLA and the latter
was produced using FA-CH-PLA containing around
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2 80+
(O]
(2]
S
—_— 60_
(0]
= ¥
=
T 404 NP-I
>
IS —v— NP-lI
3 —A— NP-lI(1)
20 —&— NP-lI(2)
NP-11I(3)
NP-IV
0+ T T T T T T T T
0 24 48 72 96 120 144 168 192

Time (h)

Fig. 4 Paclitaxel release patterns for different types of nano-
particles (see Table 1 for parameters of nanoparticles)

6 wt% of FA-conjugates. Nevertheless, both NP-IV
and NP-III(3) nanoparticles had very similar param-
eters such as mean-size, PDI, EE, and LE with an
insignificant difference in their zeta potential. PLA
content in both CH-PLA and FA-CH-PLA was about
40 wt% while FA-conjugates in FA-CH-PLA was
only around 6 %, the release profiles of NP-IV and
NP-III(3) nanoparticles could be predominantly con-
trolled by the PLA content, and thus, FA-conjugates
had insignificant impacts on them as a result.

In the light of higher EE and LE as well as well-
controlled release behavior of NP-III(3) and NP-IV
nanoparticles, some PTX-loaded NP-III(3) and NP-IV

@ Springer
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nanoparticles, blank NP-III(3) and NP-IV nanoparti-
cles and their corresponding FITC-labeled nanoparti-
cles were thus selected for following cell experiments.

Cell uptake

It is known that free PTX shows various degrees of
cytotoxicity to many different types of cells even at a
relatively low dose, and FA-conjugated nanoparticles
loaded with PTX may result in increasing complexity
during the internalization of nanoparticles due to the
effect arisen from both FA-conjugates and PTX itself.
Some FITC-labeled blank nanoparticles (NP-V and
NP-VI nanoparticles, see Table 1) were therefore used
for measuring their cellular uptake while an equivalent
amount of free FITC was used as control to find out
whether FA-conjugates would effectively influence
the cellular uptake of nanoparticles. In addition, a
certain amount of free folate was used as a competition
reagent for FA-conjugated nanoparticles to see if free
folate regulates the uptake of nanoparticles.

Uptake measurements were conducted using FA-
receptor over-expressed MCF-7 cells (Lee et al. 2005)
and some representative fluorescence images for the
cellular uptake versus culture time are presented in
Fig. 5a. The uptake of free FITC was very low and did
not significantly change during incubation with cell
monolayers. Column-two in Fig. 5a shows that the
uptake of NP-V nanoparticles without the built-in FA
targeting component was enhanced in comparison to
free FITC and it visually increased as the culture time
went on. In the case of NP-VI nanoparticles with FA-
conjugates, their uptake clearly increased as compared
to the corresponding one for NP-V nanoparticles. In
the presence of free folate competition (column-four
in Fig. 5a), the uptake of NP-VI nanoparticles visibly
diminished in comparison to that without folate
competition competes (column-three in Fig. 5a) and
it reached almost the same levels when comparing
with the matched one in column-two. These results
suggest that FA-conjugates in FA—-CH-PLA nanopar-
ticles can function as active-targeting ligands to
significantly enhance intracellular uptake of FA-
CH-PLA nanoparticles and the internalization of
FA-CH-PLA nanoparticles into MCF-7 cells is reg-
ulated via a FA-receptor-mediated pathway.

Assessment of PTX accumulation in MCF-7 cells
was performed using free PTX, PTX-loaded NP-IV
and NP-III(3) nanoparticles and relevant data are
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depicted in Fig. 5b. In comparison to free PTX, NP-IV
nanoparticles had enhanced ability to transport PTX
into MCF-7 cells, and on the other hand, the PTX
uptake delivered by NP-III(3) nanoparticles showed a
more than sixfold increase when the equivalent dose of
PTX reached 1,000 ng/mL or higher. It has been
reported that folic acid can be transported into
different cells via potocytosis, a receptor-mediated
endocytosis, involving a series of steps (Lee 2006). In
this process, the ligand-bound receptor is first seques-
tered in caveolae, internalized into postcaveolar
plasma vesicles, released from the receptor via an
intravesicular reduction in pH, and subsequently
transported into the cytoplasm. After that, the ligand-
free receptor will be recycled back to the cell surface
by reopening of the caveolae (Hilgenbrink and Low
2005). Figure 5a confirms that blank FA-CH-PLA
nanoparticles had well-defined targeting characteris-
tics, and hence, the high PTX uptake for NP-III(3)
nanoparticles can be ascribed to the FA-receptor-
mediated interactions between the FA-receptors on the
surface of MCF-7 cells and NP-III(3) nanoparticles.
Although NP-IV nanoparticles were prepared using
CH-PLA without FA-conjugates (see Table 1), the
surface of NP-IV nanoparticles carries positive charge
and is hydrophilic, which may facilitate the internal-
ization of NP-IV nanoparticles via a passive entrap-
ping pathway, resulting in relatively high PTX uptake
by using NP-IV nanoparticles as a carrier when
compared to free PTX.

Cell viability

Blank nanoparticles were first tested to see their effect
on the viability of MCF-10A and MCEF-7 cells against
the nontoxic controls and relevant results are repre-
sented in Fig. 6a. The bar-graphs in Fig. 6a exhibit
that after being treated with blank nanoparticles for
48 h, more than 90 % of cells remained viable within
the measurement range, confirming that blank NP-
II(3) or NP-IV nanoparticles in an amount up to
100 pg/mL are nearly non-toxic to MCF-10A or
MCEF-7 cells.

The effect of free PTX and PTX-loaded nanopar-
ticles on the viability of MCF-10A and MCF-7 cells is
presented in Fig. 6b. It can be seen that MCF10A cells
with minimal FA-receptor expression (Lee 2006) and
MCEF-7 cells with FA-receptor over-expression were
not significantly affected by the treatment of free PTX
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Fig. 5 Fluorescence images for uptake of free FITC and FITC-
labeled blank nanoparticles internalized in MCF-7 cells (a,
incubation time: 24 h; original magnification: 400x; see Table 1

and PTX-loaded NP-IV or NP-III(3) nanoparticles
when the equivalent PTX dose was 1 ng/mL, and as
the equivalent dose increased, free PTX and PTX-
loaded NP-IV or NP-III(3) nanoparticles imposed
different impacts on the viability of MCF-10A or
MCF-7 cells.

The viability of MCF-10A cells decreased from
around 75, 86, and 85 % to about 9, 28, and 25 %,
respectively corresponding to free PTX, NP-IV, and
NP-III(3) nanoparticles when the equivalent PTX dose
increased from 10 to 10,000 ng/mL, revealing that
free PTX had significantly stronger cytotoxicity
(p < 0.01) against MCF-10A cells as compared to
NP-IV or NP-III(3) nanoparticles loaded with the

for matched parameters); and percent PTX uptake in MCF-7 cells
incubated with free PTX and PTX-loaded nanoparticles (b,
incubation time: 24 h)

same equivalent PTX dose. In the case of MCF-10A
cells, FA-receptor-mediated internalization of PTX-
loaded NP-IV or NP-III(3) nanoparticles can be
negligible because of the minimal FA-receptor-
expression in MCF-10A cells. In comparison to free
PTX, the much lower cytotoxicity of PTX-loaded NP-
IV or NP-III(3) nanoparticles against MCF-10A cells
could be attributed the delayed release of PTX
entrapped inside nanoparticles. As shown in Fig. 4,
both NP-IV and NP-III(3) nanoparticles released only
about 30 % of loaded PTX during 48 h in vitro
incubation, respectively, meaning that in the present
instance, the PTX amount accumulated from intracel-
lular and/or extracellular release from NP-IV or NP-

@ Springer
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Fig. 6 Viability of MCF-10A and MCF-7 cells (48-h incuba-
tion). a Treatment with blank NP-IV and NP-III(3) nanoparti-
cles; and b treatment with free PTX, and PTX-loaded NP-IV and
NP-III(3) nanoparticles

II(3) nanoparticles would be lower than the same
equivalent amount of free PTX. As a result, NP-IV or
NP-III(3) nanoparticles showed relatively low cyto-
toxicity to MCF-10A cells as compared to free PTX.

In the case of MCF-7 cells, PTX-loaded NP-III(3)
nanoparticles exhibited significantly increasing ability
to inhibit the growth of MCF-7 cells in comparison to
free PTX or NP-IV nanoparticles. The cytotoxicity of
NP-III(3) nanoparticles reached more than twofold or
even threefold higher in MCF-7 cells at an equivalent
PTX dose of 1,000 or 10,000 ng/mL, as compared to
free PTX. Despite the delayed release of PTX from
NP-II1(3) nanoparticles, the uptake of PTX in MCF-7
cells was more than sixfold higher as compared to free
PTX during 24-h incubation when NP-III(3) nano-
particles were used as vehicle and the equivalent PTX
dose was 1,000 ng/mL or higher (see Fig. 5b). The
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synergistical effect stemmed from NP-III(3) nanopar-
ticles might be much stronger than that of free PTX at
the same equivalent PTX dose, and hence, NP-III(3)
nanoparticles resulted in significantly higher cytotox-
icity to MCF-7 cells. With respect to NP-IV nano-
particles, they showed a relatively low ability to
inhibit the growth of MCF-7 cells when comparing to
free PTX at the equivalent PTX dose of around
10 ng/ML or higher, which may be caused by two
factors. One is related to a fact that the uptake of PTX
transported by NP-IV nanoparticles was only double
that of free PTX in the same PTX-dose range (see
Fig. 5b), and another one is associated with delayed
PTX release from NP-IV nanoparticles (see Fig. 4).
The superimposed results of two factors could lead to
a lower growth-inhibiting ability of NP-IV nanopar-
ticles against MCF-7 cells.

Above presented results indicate that NP-III(3)
nanoparticles are able to well retain the bioactivity of
entrapped PTX and selectively deliver PTX to the
targeted cells. At arelatively safe equivalent PTX dose
used for normal cells, for example, 100 ng/mL, the
majority of MCF-10A cells with treatments remained
viable, whereas the growth of MCF-7 cells with the
same treatment was already greatly inhibited, sug-
gesting that the presently developed FA-CH-PLA
nanoparticles with optimized parameters have prom-
ising potential for delivering hydrophobic PTX spe-
cifically toward FA-receptor over-expressed cells
while meeting certain safety requirements.

Induction of apoptosis in cells

PTX is able to induce cell death involving in many
types of cells via apoptosis pathway which is mainly
related to a microtubule disruption mechanism (Sudo
et al. 2004). To see the effect of nanoparticles on cell
apoptosis, MCF-7 and MCF-10A cells were exposed to
an equivalent PTX dose of 20 ng/mL for various
periods of time, respectively, and stained with Hoechst
33342 using unexposed cells as controls. Figure 7a
shows that the control MCF-10A cells had a regular
oval-shaped nucleus body and their nuclei were
homogeneously stained with dim appearance. Upon
exposure to free PTX or NP-III(3) nanoparticles for
48 h, some MCF-10A cells exhibited typical apoptotic
features such as nucleus deformation, nucleus shrink-
age, and chromatin condensation with enhanced fluo-
rescence (Cao et al. 2007). Like the control MCF-10A



J Nanopart Res (2013) 15:2096

Page 13 of 15

A

B 100

80

Percent apoptosis (%)

MCF-10A cells + free PTX

I MCF-10A cells + NP-11(3) nanoparticles
MCF-7 cells + free PTX

I MCF-7 cells + NP-I11(3) nanoparticles

60 A
40 «
*
* =
* —
20 —
0 ‘_'
24 48 72

Time (h)

Fig. 7 Apoptosis profiles of MCF-10A and MCEF-7 cells
exposed to free PTX and PTX-loaded nanoparticles at an
equivalent PTX dose of 20 ng/mL. a Nucleus patterns of cells
stained by Hoechst 33342 (a control MCF-10A cells without
treatment of PTX, b MCF-10A cells + free PTX, ¢ MCF-10A
cells + NP-III(3) nanoparticles, d control MCF-7 cells without

cells, the control MCF-7 cells were in the shape of
regular oval and stained dimly, while the MCF-7 cells
treated with free PTX or NP-III(3) nanoparticles were
intensely stained and exhibited morphologic changes
in their nucleus patterns, including nucleus shrinkage,
chromatin condensation, and even nucleus fragmenta-
tion. In addition, it can also be observed that in the case
of MCF-7 cells, NP-III(3) nanoparticles had an

treatment of PTX, e MCFE-7 cells + free PTX, and f: MCF-7
cells + NP-III(3) nanoparticles, incubation time: 48 h, original
magnification: 200x); and b percent apoptosis of cells versus
incubation time (asterisk indicates a significant difference,
p <0.05)

increasing ability to induce the cell apoptosis as
compared to free PTX.

Figure 7b presents quantitative measurements for
percent apoptosis of cells. After treatment with free-
PTX or NP-III(3) nanoparticles at an equivalent PTX
dose of 20 ng/mL for various durations up to 72 h, free
PTX had similar effect on the apoptosis rate of MCF-
10A or MCF-7 cells at different measurement points
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(p > 0.05). On the other hand, NP-III(3) nanoparticles
imposed significantly different impacts on the apop-
tosis rate of MCF-10A or MCF-7 cells. In comparison
to free PTX, NP-III(3) nanoparticles induced signif-
icantly less apoptosis in MCF-10A cells after 48 h
treatment or longer (p < 0.05), whereas they showed
considerably increasing ability to induce MCF-7 cell
apoptosis. In particular, after 72-h incubation, around
85 % of MCF-10A cells treated with NP-III(3)
nanoparticles were still viable while the percent
apoptosis of NP-III(3) nanoparticle-treated MCF-7
cells reached higher than 70 %, indicating that more
than four times of MCF-7 cells became apoptotic as
compared to MCF-10A cells. In addition, it can also be
seen that the number of apoptotic MCF-7 cells treated
with NP-III(3) nanoparticles for 72 h was more than
threefold higher than that treated with free PTX. These
results suggest that within a relative safe equivalent
PTX dose range for normal MCF-10A mammary
epithelial cells, the PTX-loaded FA—-CH-PLA nano-
particles have a remarkably enhanced ability to induce
apoptosis of MCF-7 breast cancer cells in comparison
to free PTX.

Conclusions

FA-CH-PLAs with a FA-substitution degree of
around 6 % and various PLA percentages of around
40 wt% or lower were successfully synthesized. The
resulting FA-CH-PLA nanoparticles were suited for
loading hydrophobic paclitaxel with high EE and
initial paclitaxel loading. Some paclitaxel-loaded FA—
CH-PLA nanoparticles had certain abilities to control
the release of paclitaxel, and PLA content in FA-CH—
PLAs was able to significantly regulate release rates of
nanoparticles. FA-conjugates in FA-CH-PLAs was
effective to facilitate internalization of FA-CH-PLA
nanoparticles into FA-receptor-expressed MCF-7
breast cancer cells through a FA-receptor-mediated
pathway, and optimized FA—~CH-PLA nanoparticles
were capable of significantly enhancing intracellular
paclitaxel accumulation in MCF-7 cells as compared
to free paclitaxel. The entrapped paclitaxel inside the
nanoparticles well retained its bioactivity, and at a
relatively safe equivalent PTX dose for normal MCF-
10A mammary epithelial cells, certain PTX-loaded
FA-CH-PLAL nanoparticles had more than threefold
increasing abilities to induce the apoptosis of MCF-7
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breast cancer cells in comparison to free PTX,
suggesting that presently developed FA-CH-PLA
nanoparticle has a promising potential for targeted
delivery of hydrophobic PTX.
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