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Abstract To reduce the toxicity of methotrexate (MTX) and increase the targeting
of nanoparticles, the MTX-loaded chitosan (CS) covalently bonded with folic acid
(FA) nanoparticles were prepared, and sodium tripolyphosphate was used as the
cross-linking agent. FA was successfully conjugated to CS confirmed by 'H-NMR
and Fourier transform infrared spectrometer (FT-IR). The prepared FA—CS nano-
particles were characterized by FT-IR spectroscopy to confirm the cross-linking
reaction between FA—CS and cross-linking agent. X-ray diffraction was performed to
reveal the crystalline nature of the drug after encapsulation. The average diameters of
the nanoparticles ranged from 293.9 £ 24.2 to 401.5 £+ 20.4 nm with a narrow
particle size distribution. In vitro release pattern in phosphate buffer saline (pH 6.8)
indicated that the characteristics of the MTX-loaded nanoparticles appeared to have
an initial burst effect and followed by a slow, sustained drug release. FA or low
molecular weight FA conjugate fragments were also released from the nanoparticles,
which might have potential to reduce toxic effects of MTX within the body.

Keywords Chitosan - Folic acid - Methotrexate - Nanoparticles -
Targeted delivery

Introduction

Methotrexate (MTX), a dihydrofolate reductase inhibitor, is one of the most widely
used drugs for the treatment of various neoplastic diseases including leukemia,
osteosarcoma, lymphoma, breast cancer, and so on [1]. However, undesirable side
effects of MTX have been reported such as neurotoxicity and other related toxicity
to normal cells [2].

J.Ji(X) - D. Wu - L. Liu - J. Chen - Y. Xu
Chongqing, China
e-mail: jingou_ji@yahoo.com.cn

@ Springer



1708 Polym. Bull. (2012) 68:1707-1720

Polymeric nanoparticles have been widely used as the drug carriers for the
controlled release of the drugs [3-5], which greatly reduced unwanted side effects
and improve the treatment efficacy [6, 7]. Polymeric materials, such as chitosan
(CS), poly (r-lactic acid) (PLLA), and poly-p,L-lactide-co-glycolide (PLGA) are
used for the synthesis of nanoparticles. Among them, CS has been shown to be a
useful natural biopolymer for nanoparticles because of its unique properties, such as
mucoadhesivity, biocompatibility, nontoxicity, biodegradability, and ability to
enhance the paracellular transport of drugs [8—11]. However, CS nanoparticles are
restricted due to the low efficiency of specific targeting. An effective approach to
improve the targeting capability is to conjugate nanoparticles with chemical or
biological reagents including antibodies or low molecular weight targeting agents,
such as folic acid (FA) [12]. FA is generally recognized as an effective tumor
targeting agent to conjugate with nanoparticles because of its specific binding with
the folate receptors (FRs) [13]. FA conjugates, which are covalently derivatized via
its y-carboxyl moiety, can retain the high affinity ligand binding property of FA
(K; ~ 1072 M), and the kinetics of cellular uptake of conjugated FA compounds
by FRs is similar to that of free FA [14]. In addition, published data supported the
contention that neurotoxicity can be prevented by adequate FA or folinic acid rescue
even after very high doses of MTX [15-17].

In this study, MTX-incorporated FA-CS nanoparticles were prepared. The
physicochemical properties of the nanoparticles were investigated and the in vitro
release behaviors of drug-loaded FA-CS nanoparticles and blank FA—CS nanopar-
ticles without loading drug were described.

Experimental
Materials

Chitosan (CS, Deacetylation degree of 95% and molecular weight of 80 kDa) was
purchased from Golden-shell Biochemical Co. Ltd. (Zhejiang, China). Sodium
tripolyphosphate (TPP) was purchased from Wenzhou Dongsheng Chemical reagent
Co. Ltd. (Zhejiang, China). MTX was supplied from Shaanxi Top Pharm Chemical
Co. Ltd. (Shaanxi, China). FA, N,N’-dicyclohexylcarbodiimide (DCC), N-hydroxy-
succinimide (NHS) were purchased from Sinopharm Chemical Reagent Co. Ltd.
(shanghai, China). All other materials and reagents used in the study were of
analytical grades.

Synthesis of NHS-ester of FA

NHS-ester of FA was synthesized according to the method previously reported [18]
with slight changes. The synthesis process of NHS-ester of FA is presented in
Fig. l1a. In brief, 1.0 g of FA was dissolved in 20 mL dimethylsulfoxide (DMSO).
1.1 Molar excess of NHS and DCC and 1.5 mL triethylamine were then added. The
reaction was allowed to proceed for 12 h under stirring in the dark. The by-product
dicyclohexylurea was removed by filtration. Then, yellow NHS-ester of FA was
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Fig. 1 The procedure for the synthesis of FA-CS: synthesis process of NHS-ester of FA (a); synthesis
process of FA—-CS (b)

precipitated and washed repeatedly in cold anhydrous ether contained 30% acetone.
The product was dried under vacuum at room temperature.

Synthesis of FA-CS conjugate

The reaction course of FA-CS conjugate was as follows: 40 mg of CS was
dissolved in 10 mL of acetate buffer (pH 4.7), and an equivalent amount of NHS-
ester of FA in anhydrous DMSO was then dropwise added to the above CS solution.
The resulting mixture was stirred at 30 °C in the dark for 16 h. The solution was
brought to pH 9.0 by dripping with NaOH aqueous solution (1.0 M). To eliminate
unbound FA and isolate the conjugated polymers, the reaction mixtures were
dialyzed (molecular weight cut-off = 8-14 kDa) against phosphate buffer pH 7.4
for 3 days and then against water for 3 days [19, 22]. The polymer was isolated by
lyophilization.

Characterization of FA-CS conjugate
The "H-NMR spectra of CS and FA—CS conjugate were recorded on a 500 MHz

NMR spectrometer (AVANCE 500, Bruker, Rheinstetten, Germany) using
CF;COOD/D,0O mixture (0.1 mL CF;COOD in 0.5 mL D,0O) as a solvent. The
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degree of substitution (DS) of FA to monosaccharide residue of CS was calculated
based on 'H-NMR spectrum of FA—CS conjugate.

Preparation of polymer FA—CS nanoparticles

Polymer FA-CS nanoparticles were prepared by ionic cross-linking with TPP.
FA-CS solution (0.2%, w/v) was dissolved in dilute acetic acid (2%, v/v) at room
temperature and adjusted to pH 5.0 by dropwise addition of dilute NaOH. TPP
solution (0.4%, w/v) added slowly to FA—CS solution under mild magnetic stirring
till stable nanoparticles suspensions were obtained. MTX-encapsulated nanoparti-
cles were prepared in the similar way. The FA—CS solution(0.2%, w/v) was adjusted
to different pH (4.0, 4.5, 5.0, and 5.5) and different amount of MTX solution
dissolving in DMSO (mass ratios of MTX to polymer were 1:20, 2:20, 3:20, and
4:20) was added slowly to previous FA-CS solution with sonication. The
nanoparticles were spontaneously formed upon addition of the TPP solution. The
different mass ratios of TPP to FA-CS ranging from 1:7 to 1:4 were investigated.
The nanoparticles suspensions were continuously stirred for half an hour and
centrifuged at 16,000 rpm for 30 min. The resulting nanoparticles were lyophilized
and stored.

Characterization of the MTX/FA—-CS nanoparticles

The surface morphology of the MTX encapsulated FA-CS nanoparticles was
characterized using scanning electron microscope (SEM) (Philips, FEINova 400
Nano SEM, Dutch). The nanoparticles suspensions were spread on a glass plate and
dried at room temperature. The dried nanoparticles were then coated with gold
metal under vacuum and then examined.

The mean particle size, zeta potential, and polydispersity index (PDI) of the
prepared FA-CS nanoparticles were measured by photon correlation spectroscopy
using nano ZS90 Zetasizer (Malvern Instruments, UK).

The chemical structure and complexes formation of CS, FA-CS, and drug-loaded
FA-CS nanoparticles were analyzed by Fourier transform infrared spectrometer
(FT-IR, Nicolet, 5SDX/550II, USA). The samples used for the FT-IR spectroscopic
characteristics were prepared by grinding the dry specimens with KBr and pressing
the mixed powder to form disks.

X-ray diffraction (XRD) was recorded by a Shimadzu Lab-XRD-6000 diffrac-
tometer and used a Cu-K,, as target at 40 kV and 30 mA.

Evaluation of drug-loading capacity (LC) and yield of the nanoparticles

In the determination of the LC, the MTX-loaded FA-CS nanoparticles were
separated from the aqueous suspension medium by centrifugation at 16,000 rpm for
30 min. The content of free MTX in the supernatants was determined by UV
spectrophotometer at 303 nm using supernatant of their corresponding blank
nanoparticles without loaded drugs as basic correction. Each batch samples were
measured in triplicate. The pellets after centrifugation were lyophilized and weighed
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to calculate the LC and the yield. The LC and yield were calculated by following
Eqgs. 1 and 2, respectively:
Total amount of MTX — free amount of MTX

LC = - |
Weight of nanoparticles x 100%, (1)

Weight of nanoparticles

Yield = x 100%. (2)

Weight of total components

Measurement of the storage stability of nanoparticles

The stability of the FA—CS nanoparticles was tested as a function of pH 5, 6, 6.8,
and 7.4. Fresh FA-CS nanodispersion samples were separately added to 50 mL
different pH buffer solutions (5, 6, 6.8, and 7.4). The samples were stored at room
temperature. The light transmittance was measured at 500 nm by UV/Vis
spectrophotometer at scheduled time intervals [20].

In vitro release study of the nanoparticles

In vitro release study of the drug-loaded nanoparticles and blank nanoparticles were
studied in vitro by dialysis method in phosphate buffered saline (PBS, pH 6.8). In
brief, the lyophilized drug-loaded nanoparticles (50 mg) were dispersed in 5 mL of
PBS (pH 6.8) and the dispersed FA—CS nanoparticles were placed into dialysis tube
(molecular weight cut-off 8—14 kDa; Spectrum®) that immersed into 50 mL PBS
solution. The system was shaken at 100 rpm at 37 °C. At pre-defined time intervals,
the release media were collected and replaced with equivalent fresh release media.
Triplicate samples were analyzed at each time point.

The release of FA from the blank nanoparticles was treated similarly to the drug-
loaded nanoparticles. The concentration of the released MTX and FA into PBS were
determined by UV spectrophotometer at 303 and 358 nm, respectively.

Results and discussion
Synthesis and characterization of FA-CS conjugate

FA was conjugated to CS following the usual NHS/DCC reaction to get FA-CS
conjugate. Though FA has two —COOH groups at the end positions and it has
already been established that y-COOH of FA is more prone to this reaction due to its
higher reactivity [21]. Final product FA-CS was synthesized by the reaction
between the activated FA ester and the primary amine groups of CS through the
formation of amide bond under homogeneous conditions (Fig. 1). The structure of
grafting FA was confirmed by "H-NMR spectroscopy as shown in Fig. 2. The peaks
at 2.07 ppm attributed to the acetamino group CH; and CH peak appeared at
3.50-3.95 ppm, corresponding to carbons 3, 4, 5, and 6 of glucosamine ring of CS
(Fig 2b). Coupling of FA to CS residue was confirmed by the appearance of the
peculiar signals at 7.60 and 6.40 ppm, which attributed to the aromatic protons of
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Fig. 2 '"H-NMR spectra of CS (a) and FA-CS conjugate (b)

FA, and characteristic peaks at 6.72 and 2.45 ppm corresponded to the FA proton
from the H10 and H22, respectively [22, 23]. DS value of FA was determined from
the relative ratio of the peak area of carbon 12/16 of FA at 6.40 ppm and the peak
area of carbon 5 of FA-CS at 3.60 ppm. After calculation, the DS of FA to
monosaccharide residue of CS was 11.2%.

Preparation of MTX-loaded FA-CS nanoparticles

The cross-linking reaction of FA-CS nanoparticles occurs due to the ionic
interaction between free protonated amino group (-NH;3 ") of the FA—CS and anions
of TPP.

Preparation of the drug-loaded FA-CS nanoparticles with different mass ratios of
TPP to FA-CS from 1:7 to 1:4 was investigated. As the pH value of FA-CS solution
(0.2%, w/v) was selected as 5.0 and mass ratio of MTX to FA—CS was fixed to 3:20,
the effects of the TPP/FA—CS mass ratio on the physicochemical properties of
prepared nanoparticles are shown in Table 1. It was found that the LC and yield of
the nanoparticles increased with an increase of TPP to FA—CS mass ratio. This trend
could be explained by the fact that larger amount of TPP could enhance the cross-
linking degree between the amino group of FA—CS and TPP anions, and this leads to
more capacity to encapsulate drugs. The particle size distribution and zeta potential
of the nanoparticles were also investigated in this study. A gradual increase in the
particle size from 293.9 £ 24.2 to 375.3 £ 21.6 nm and gradual decrease in zeta
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Table 1 Effects of different TPP to FA-CS mass ratios on the physicochemical properties of the FA-CS
nanoparticles (mean £ SD, n = 3)

TPP/FA-CS LC (%) Yield (%) Particle PDI Zeta potential
mass ratio size (nm) (mV)

1.7 7.33 £ 0.09 27.36 + 291 2939 4+ 242 0.180 + 0.008 37.46 + 2.95
1:6 9.87 £ 0.25 31.58 £ 2.51 309.7 + 20.9 0.239 + 0.052 31.58 £ 1.72
1:5 10.46 + 0.14 38.89 + 2.53 3582 £ 15.6 0.224 + 0.040 23.81 + 1.85
1:4 11.02 + 0.33 57.14 + 3.38 3753 £ 21.6 0.219 + 0.036 22.84 + 2.07

potential from 37.46 + 2.95 to 22.84 + 2.07 mV with the increase of TPP/FA-CS
mass ratio were noted.

The FA-CS nanoparticles with different drug-to-polymer ratios (from 1:20 to
4:20) were also prepared. Table 2 demonstrates that LC of nanoparticles increased
from 3.85 £ 0.05 to 11.54 £ 0.31% with the increase of drug-to-polymer ratio,
which indicated that higher drug concentration in the polymer matrix is prone to
increase the LC of nanoparticles. However, the polymer itself may have a limited
capacity to encapsulate a specific drug. Beyond its maximum capacity, more drugs
might be wasted during the fabrication process [24]. The particle size gradually
increased and a slight decrease in the zeta potential was observed with the increase
of the drug-to-polymer ratio. No significant change was observed in the nanoparticle
yield.

The effects of different pH values of FA—CS solution (from 4.0 to 5.5) on the
characteristics of nanoparticles are shown in Table 3. It demonstrates that the zeta
potential of the nanoparticles decreased from 31.48 + 2.32 to 22.84 + 1.79 mV

Table 2 Effects of drug MTX to FA—-CS mass ratios on the physicochemical properties of the FA-CS
nanoparticles (mean £ SD, n = 3)

MTX/FA-CS LC (%) Yield (%) Particle PDI Zeta potential
mass ratio size (nm) (mV)

1:20 3.85 £ 0.05 34.80 + 2.21 3254 + 18.0 0.211 £ 0.046 24.67 + 1.83
2:20 6.83 £ 0.13 38.08 + 3.12 340.5 £ 22.5 0.220 + 0.032 24.29 + 1.62
3:20 1046 + 0.14 38.89 + 2.53 358.2 £ 15.6 0.224 + 0.040 23.81 + 1.85
4:20 11.54 £+ 0.31 38.21 +2.44 401.5 £ 204 0.181 £ 0.039 23.57 + 1.68

Table 3 Effects of pH value of FA-CS solution on the physicochemical properties of the FA-CS
nanoparticles (mean £ SD, n = 3)

pH value LC (%) Yield (%) Particle PDI Zeta potential
size (nm) (mV)

4.0 3.28 £ 0.10 34.07 + 4.16 316.9 + 16.9 0.229 + 0.034 3148 +£2.32

4.5 6.97 + 0.07 37.04 &+ 3.37 329.2 + 13.3 0.295 + 0.049 29.04 + 2.29

5.0 10.46 + 0.14 38.89 4+ 2.53 358.2 + 15.6 0.224 4+ 0.040 23.81 + 1.85

5.5 7.79 £ 0.11 57.78 £+ 4.36 394.1 £ 23.0 0.256 + 0.032 22.84 + 1.79
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with the increase of solution pH, which may be related to the decrease of the
positive charges of FA—CS. When the pH of FA-CS was up to 5.5, the ionization
degree of amine groups was decreased greatly. A higher LC of MTX was obtained
at pH 5.0, which may be related to the sufficient anions of TPP and the positive
charges of FA-CS, and hence enhanced the degree of cross-link reaction. The
average particle size of the nanoparticles increased from 3169 + 16.9 to
394.1 £ 23.0 nm with the increase of solution pH, which probably attributed to
the nanoparticles aggregation. The values of PDI were all smaller than 0.300, which
indicated that the nanoparticles had a narrow particle size distribution [25].

Characterization of FA—CS nanoparticles

The morphological characteristics of the MTX-loaded FA—CS nanoparticles were
examined by SEM shown in Fig. 3. The results suggest that the nanoparticles were
homogeneously dispersed with an average size of about 300 nm.

Figure 4 depicts the FT-IR spectra of CS, FA-CS, and FA-CS nanoparticles. The
CS spectrum (Fig. 4a) presents characteristic peaks at 3,426 cm™' assigned to
stretching vibration of —~NH, and —OH groups, at 1,601 cm™" ascribed to the N-H
bending mode in the primary amine, at 1,078 cm ™' related to the C—O stretching
vibration, and at 601 cm™', reflecting the pyranoside ring stretching vibration, in
agreement with the literature [26]. Comparing with CS, the FA-CS spectrum
(Fig. 4b) exhibits the appearance of —CONH amide band at 1,650 cm™' and the
N-H bending in the second amine at 1,575 cm ™!, The results indicate that -COOH of
FA is conjugated to the amino of CS. In addition, the peak of 3,420 cm™' of
FA-CS becomes wider, indicating that hydrogen bonding has been enhanced
between the FA and CS. For FA—CS nanoparticles (Fig. 4c), 1,601 cm™' peak of
—NH, bending vibration shifts to 1,552 cm™" and a new sharp peak 1,630 cm ™"
appears, which indicates the linkage between TPP and ammonium ion of the
FA-CS. Moreover, the peak of 3,420 cm ™! becomes wider, which demonstrates that
the inter- and intra-molecular action are enhanced in FA—CS nanoparticles because
of the tripolyphosphoric groups of TPP linked with ammonium group of FA-CS [27].

Powder XRD patterns of CS, FA-CS, MTX, and the MTX-loaded FA-CS
nanoparticles are illustrated in Fig. 5. There are two strong peaks in the
diffractogram of CS at 20 values of 11° and 20° (Fig. 5a) and several strong
peaks in the diffractogram of MTX (Fig. 5d), indicating the high degree of
crystallinity of CS and MTX. It is noted that the peaks at 20 = 11° and 20°
decrease greatly in the newly prepared polymer FA-CS (Fig. 5b) as the
crystallinity decreases than that of CS itself due to the deformation of the strong
hydrogen bonds between CS and FA. Nearly, no peak is found in the diffractogram
of the drug-loaded FA-CS nanoparticles. XRD of the FA-CS nanoparticles
(Fig. 5¢) is characteristic of an amorphous polymer. The nanoparticles are
composed of a dense network structure of interpenetrating polymer chains
crosslinked to one another by TPP counterions. XRD implicates greater disarray in
the chain alignment in the nanoparticles after the crosslinks [28]. In addition, the
characteristic peaks of MTX disappear in those corresponding to drug-loaded
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Fig. 3 SEM images of the MTX-loaded FA—-CS nanoparticles (TPP/FA-CS mass ratio of 1:7)

nanoparticles. It indicates that MTX may exist as molecular dispersion in the
polymeric nanoparticles.

Storage stability of the nanoparticles
Figure 6 shows the stability of the nanoparticles in 16 days monitored by relative

light transmittance (T/T %; the transmittance of the FA—CS nanoparticles at each
pH/transmittance at deionized water). All of the nanoparticles stored at different pH
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showed no change in turbidity and preserved high stability in the entire pH range
tested. But the T/T % of the FA—CS nanoparticles in different pH range slightly
decreased compared to the nanoparticles stored in deionized water, which may be
attributed to the change of the FA—CS surface charge in different pH conditions. As
the increase of the solution pH, the protonation and surface charge of FA-CS
decreased, which leads to the lower electrostatic repulsion among the FA-CS
molecules. The nanoparticles had the tendency of slight particle aggregation, which
decreased the transmittance of the suspension. But no obvious precipitation has been
observed in the nanoparticle suspensions.
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In vitro release study

In vitro release studies of drug-loaded FA-CS nanoparticles and blank FA-CS
nanoparticles without loading drug were carried out at pH 6.8 (Fig. 7). As the
surrounding of tumor mass has a slightly acidic pH around 6.8, it is significative to

study how the drug release profiles progress at this particular pH [29].

The in vitro cumulative release profiles of MTX from FA-CS nanoparticles with
different drug-to-polymer ratios (from 1:20 to 4:20) are shown in Fig. 7. The release
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Fig. 7 Release curves of different feeding amount of MTX from the drug-loaded nanoparticles (n = 3)
and the release of FA or low molecular weight FA conjugate fragments from the blank FA-CS

nanoparticles
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profiles depicts that the MTX release rate is highly influenced by the amount of
MTX entrapped. As the drug-to-polymer ratio increased from 1:20 to 4:20, drug
release rates also increased. The release behavior of the MTX-loaded nanoparticles
exhibited three phases [30]. The first phase was a rapid release or burst release in the
first 2 h. The rapid initial release involves the diffusion of the bound or adsorbed
drug at the surface of nanoparticles. The second phase was a relatively slow release
ranging from 2 to 8 h, which could be caused by a pore diffusion mechanism of the
drug out of the nanoparticles. The third phase was a slower release which depended
on the degradation of the polymer. The cumulative release of MTX-loaded
nanoparticles with the drug-to-polymer ratio of 4:20 have shown 84% release
whereas that of drug-to-polymer ratio of 1:20 nanoparticles have shown 51% at the
end of the fifth day. It could be explained that drug in the nanoparticles might act as
inert filler by occupying the available free volume of the swollen hydrogel and
created a tortuous path for water molecules to permeate through [31]. Larger initial
drug load of nanoparticles cause the faster movement of the water penetrating the
surface of the drug-loaded nanoparticles and larger loading of the nanoparticles may
also facilitate the relaxation of polymer chains.

In addition, published data supported the contention that neurotoxicity can be
prevented by adequate FA or folinic acid rescue even after very high doses of MTX.
In this nanoparticles system, FA not only acts as the targeting reagent in the drug
delivery, but also could be used as a supplemental antidote in the treatment of MTX.
The release curve of the blank FA—-CS nanoparticles was also investigated (Fig. 7).
The results of UV spectra show the appearance of the characteristic peaks of FA,
indicating that FA or low molecular weight FA conjugate fragments could release
from the nanoparticles with the degradation of copolymer. The released FA or low
molecular weight FA conjugate fragments might have potential as supplemental
antidote to prevent the neurotoxicity caused by MTX. Moreover, the previous
studies [15] verified that the recovery effectiveness of FA in normal cells was more
effective than in tumor cells because normal cells have lower polyglutamate
synthetase activity. This release mechanism of FA or low molecular weight FA
conjugate fragments might be utilized to reduce toxic effects of MTX to healthy
tissues within the body.

Conclusions

To improve the tumor cell-selective targeting and prevent MTX-induced host
toxicity, MTX encapsulated FA-CS nanoparticles were successfully prepared
through a cross-linking approach with TPP. The nanoparticles were homogeneously
dispersed with a narrow particle size distribution. Up to 11.54 + 0.31% of MTX
was encapsulated into the FA-CS nanoparticles. The in vitro release studies
indicated that the amount of MTX entrapped highly influenced the release rate of
MTX. FA or low molecular weight FA conjugate fragments could release from the
blank nanoparticles which might be utilized as an antidote opportunely and greatly
reduces toxic effects of MTX to healthy tissues within the body. These results
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suggested that the FA—CS nanoparticles have highly promising potential as drug
carrier system for the therapy of MTX in the cancer.
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