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ABSTRACT: In this study, a novel type of macromolecular prodrug, N-galactosylated chitosan (GC)25-fluorouracil acetic acid (FUA)

conjugate based nanoparticles, was designed and synthesized as a carrier for hepatocellular carcinoma drug delivery. The GC–FUA

nanoparticles were produced by an ionic crosslinking method based on the modified ionic gelation of tripolyphosphate with GC–

FUA. The structure of the as-prepared GC–FUA was characterized by Fourier transform infrared and 1H-NMR analyses. The average

particle size of the GC–FUA nanoparticles was 160.1 nm, and their drug-loading content was 21.22 6 2.7% (n 5 3). In comparison

with that of the freshly prepared nanoparticles, this value became larger after 7 days because of the aggregation of the GC–FUA nano-

particles. An in vitro drug-release study showed that the GC–FUA nanoparticles displayed a sustained-release profile compared to

5-fluorouracil-loaded GC nanoparticles. All of the results suggest that the GC–FUA nanoparticles may have great potential for anti-

liver-cancer applications. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42625.
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INTRODUCTION

Hepatocellular carcinoma is one of the most common malig-

nancies in the world,1 with an estimated 750,000 new cases and

700,000 deaths occurring worldwide in 2008.2 Chemotherapy

remains the main treatment for advanced or recurrent hepato-

cellular carcinoma. The disadvantages of most of the existing

chemotherapeutic drugs include a low bioavailability, poor

selectivity and intrinsic or acquired drug resistance, affects on

healthy cells, and immunosuppression that can cause complica-

tions and even patient death.3 For example, 5-fluorouracil (5-

FU) is a drug widely used in cancer chemotherapy, alone or in

combination. It is used extensively for treating various types of

solid tumors, such as those present in cancers of the liver, stom-

ach, intestine, colon, pancreas, ovary, and breast. 5-FU is a cyto-

toxic drug, which exhibits its activity by interfering with nucleic

acid synthesis, inhibiting DNA synthesis, and eventually halting

cell growth.4 5-FU has a short plasma half-life of 10–20 min

and can be rapidly metabolized; this means administration by

lengthy, high-dose intravenous injection or infusion is required

to maintain therapeutic blood levels.5 In addition, its clinical

application is limited by unwanted side effects, such as gastroin-

testinal reactions, myelosuppression, alopecia, and ataxia. To

minimize side effects, many efforts have been made to produce

a drug-carrier system with stability, long-term circulation in the

blood, and targeting of the site of action; these efforts have

included polymeric nanoparticles,6 liposomes,7 micelles,8 and

nanogels.9 In our laboratory, we previously prepared a poly-

meric pectin-based nanoparticle as a drug-delivery system. It

showed a higher cytotoxicity toward the cancer cells (HepG2)

and a longer half-life in the circulatory system. However, it had

the disadvantage of burst release.10 According to previous litera-

ture, it has been demonstrated that macromolecular prodrugs,

with small-molecule anticancer drugs bonded to the polymer

matrix, can effectively overcome the disadvantage of small-

molecular anticancer drugs and have long-term circulation, sus-

tained release, and active targeting ability.11–13 In addition, the

nanoparticles have the advantage of an enhanced permeability

and retention effect, which result from their size; this makes
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them able to reach tumor tissues passively in comparison to normal

tissues.14 Therefore, the emergence of a novel, sustained-release

nanoparticle drug-delivery system for 5-FU is of significance for

bench-to-bedside translation and clinical applications.

Chitosan (CS) is a naturally occurring polysaccharide with a

low toxicity. It is biodegradable and has biocompatible charac-

teristics.15 For many decades, a large variety of CS derivatives

with high solubility and enhanced permeation have been inves-

tigated for applications in drug and gene delivery, tissue engi-

neering, and wound healing.16–19 N-Galactosylated chitosan

(GC) is a galactose ligand with CS modifications to the molecu-

lar structure.20 Many studies have shown that the asialoglyco-

protein receptor (ASGPR) is a surface receptor found on the

membrane of hepatocytes facing the sinusoids with specificity

for galactose or acetyl galactosamine ligands. Each hepatocyte

contains approximately 2 million binding sites for ASGPR.21

Therefore, the binding of the galactose ligand or acetyl galactos-

amine with ASGPR can induce liver-targeted transfer and higher

growth inhibition. Also, according to previous studies, 5-FU

could be conjugated to CS by chemical bonds.22

In this study, a novel macromolecular prodrug [GC–5-fluorour-

acil acetic acid (FUA) nanoparticles] was synthesized as a drug-

delivery system, and its chemical structure was characterized

through Fourier transform infrared (FTIR) spectroscopy and
1H-NMR. Size distribution was measured by Nano ZS. Scanning

electron microscopy (SEM) was used to visualize the particle

morphology and surface properties of the nanoparticles. The

in vitro release behaviors were investigated further.

EXPERIMENTAL

Materials

5-FU was purchased from Sigma-Aldrich. CS (medium molecu-

lar weight 5 5 3 105, degree of deacetylation 5 96%) was pro-

vided by Zhejiang Golden-Shell Pharmaceutical Co., Ltd.

(China) and was used without further purification. Lactobionic

acid (LA; i.e., 4-O-b-D-galactopyranosyl-D-gluconic acid) was

obtained from J&K Chemical (Logan, UT). N-Hydroxysuccini-

mide (NHS), N-(3-dimethylaminopropyl)-N-ethyl carbodiimide

hydrochloride (EDC), and N,N,N0,N0-tetramethylethylenedi-

amine were purchased from Fluka (Spain). All other chemical

solvents and reagents were used without further purification.

Synthesis of FUA

KOH (2.56 g, 45 mmol) and 5-FU (1.34 g, 10 mmol) were dis-

solved in a clean flask; then, 5 mL of an aqueous solution of

bromoacetic acid (1.7 g, 18 mmol) was added at a temperature

of 408C with smooth stirring. The reaction mixture was stirred

at 608C for 5 h, cooled by an ice bath, and adjusted to pH 5.5

with hydrochloric acid (HCl) after being filtered through a

membrane. The crude product was recrystallized by water, and

1.53 g of FUA was obtained as a white solid.

Synthesis of GC

The coupling of CS with LA was performed with EDC and

NHS by an active ester intermediate, as previously reported.23

Briefly, 2.3 g of LA was dissolved in 50 mL of an N,N,N0,N0-tet-

ramethylethylenediamine/HCl buffer solution (10 mM, pH 4.7)

with stirring. The carboxyl group of LA was activated with a

mixture of EDC (0.6 g) and NHS (0.14 g). Subsequently, 2.2 g

of CS was added to the activated LA solution with stirring and

allowed to react for 72 h at room temperature. The resulting

product was dialyzed with a dialysis bag (molecular weight

cutoff 5 8000–10,000) against distilled water for 4 days. Finally,

GC was obtained by freeze drying in a Labconco freeze-drying

system and kept in vacuo at room temperature before use. The

synthesis of GC was confirmed by FTIR spectroscopy and 1H-

NMR.

Synthesis of GC–FUA

FUA (50 mg) was dissolved in 25 mL of an HCl solution (50

mmol/L) with stirring. EDC (0.14 g) and NHS (0.04 g) were

then added and stirred for 1 h. After that, GC (50 mg) was

dropped into the solution and stirred for 72 h at room temper-

ature. Finally, the reaction solution was put into a dialysis bag

and dialyzed against distilled water for 3 days and then freeze-

dried to obtain GC–FUA.

FTIR Spectroscopy and 1H-NMR Spectroscopy

FTIR spectra were obtain with a Thermo Nicolet Corp. FTIR

spectrometer. Dried samples were ground with KBr powder and

compressed into pellets for FTIR examination. 1H-NMR spectra

were obtained with a Varian 600-MHz spectrometer (Varian).

The samples were dissolved in a mixture of 10 lL of CF3COOD

and 500 lL of D2O at a concentration of about 10 mg/mL for

use in 1H-NMR testing.

Preparation of the GC–FUA Nanoparticles

GC–FUA nanoparticles were produced by an ionic crosslinking

method24 [based on a modified ionic gelation of tripolyphos-

phate (TPP) with GC]. Briefly, GC–FUA (with GC as the con-

trol group) was dissolved in a 1% aqueous acetic acid solution

for a final concentration of 2 mg/mL with stirring, and the pH

was adjusted to 5 with 1 M NaOH and 1 M HCl. TPP was dis-

solved in H2O at a concentration of 1 mg/mL and then adjusted

to pH 8. The GC–FUA and TPP solutions need to be sterilized

by filtration through 0.45- and 0.22-lm filters, respectively. The

nanoparticles were spontaneously obtained upon the addition

of 1 mL of a TPP aqueous solution to 4 mL of the GC solution

(at a GC–FUA to TPP weight ratio of 12 : 1) under constant

stirring at room temperature. The product was kept at room

temperature for 30 min to assess further particle formation. The

final product was kept at 48C.

Determination of Drug-Loading Content

After the preparation of the GC–FUA nanoparticles, the aqueous

phase was collected by centrifugation, and the drug content in

the aqueous phase was determined as the drug loss. The drug

concentration of the nanoparticles was determined in triplicate

by a Shimadzu UV-1750 ultraviolet–visible spectrophotometer at

273 nm. The drug-loading content was calculated as follows:

Drug2loading content %ð Þ

5
Weight of the drug in the nanoparticles

Weight of the nanoparticles
3100%

Characterization of the GC–FUA Nanoparticles

The average size and size distribution (polydispersity index) of

the GC–FUA nanoparticles were measured with a Zetasizer

nanoparticle analyzer (Nano ZS, Malvern Instruments).
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The morphology of the GC–FUA nanoparticles was observed by

SEM (Hitachi S-4800, Hitachi, Ltd., Japan). Before observation,

the sample was sputter-coated with gold.

In Vitro Release Study

The freshly prepared GC–FUA nanoparticles were put in a dialysis

bag, then immersed in 30 mL of a phosphate-buffered saline solu-

tion (pH 7.4), and shaken in a water bath at 378C. At predetermined

intervals, 3-mL samples were removed from the release medium,

and then, the same volume and temperature of fresh phosphate-

buffered saline solution was added to the release medium. Then, the

sample’s drug concentration was determined through the measure-

ment of the absorbance at 273 nm in an ultraviolet–visible spectro-

photometer (Shimadzu UV-1750). The results of the triplicate test

data were used to calculate the accumulated drug release. In addi-

tion, the in vitro drug-release behavior was compared with that of

the 5-FU loaded GC nanoparticles (the control group).

RESULTS AND DISCUSSION

Synthesis and Characterization of FUA

The synthetic procedure of the bromine acetic acid modified 5-

FU prodrug is shown in Scheme 1. The bromine acetic acid was

conjugated to 5-FU through a substitution reaction. Figure 1(a)

Scheme 1. FUA synthesis.

Figure 1. 1H-NMR spectra of (a) FUA, (b) GC, and (c) GC–FUA. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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shows the 1H-NMR spectra of FUA. The proton assignment of

FUA was as follows (D2O/CF3COOD, ppm): 4.37 (s, 2H,

NACH2), 8.09 (d, 1H, J 5 5.2 Hz, 5-FU-H).

Synthesis and Characterization of GC and GC–FUA

The synthesis of GC and GC–FUA are shown in Scheme 2. In

this reaction, the amide bond was formed between the carbox-

ylic group of LA and the amine groups of CS first; then, the

carboxylic group of FUA was reacted with the amine groups of

GC to form amide links in the presence of the coupling agents

EDC and NHS, which have been used extensively as chemical

crosslinking agents in the field of biochemistry.25–27

The FTIR spectra of FUA, CS, GC, and GC–FUA are shown in

Figure 2. FUA exhibited absorption bands at 3182 cm21

(ACOOH stretch), 1425 cm21 (N3AH stretch), 1377 cm21

(ACH2 stretch), and 987 cm21 (ACF@CHA stretch); this

proved that the bromine acetic acid was conjugated to 5-FU

and FUA is obtained. CS exhibited absorption bands at

3446 cm21 (OAH stretch overlapped with NAH stretch),

1658 cm21 (amide I band, CAO stretch of acetyl group), and

1646 cm21 (amide II band, NAH stretch). Compared to CS,

the peaks of amides I and II for GC were different, being

slightly shifted to 1641 and 1612 cm21, respectively. The peak

at 3446 cm21 for GC became wider; this indicated enhanced

hydrogen bonding. The characteristic absorption band of GC–

FUA was present at 987 cm21 (ACF@CHA stretch) in the spec-

trum; this proved that FUA was coupled to the GC through

chemical bonds. All these results were consistent with reported

data.28–30

Figure 1(b,c) show the 1H-NMR spectra of GC and GC–FUA.

Compared with the spectra of GC, the proton signals at ds of

4.1 and 7.4 in the spectra of GC–FUA were attributed to the

methylene peaks and the H-6 protons peaks in the FUA com-

pound, which is shown in Figure 1(a). These results indicate

that the FUA bonded to the GC successfully, and the GC–FUA

conjugate was obtained.

Synthesis and Characterization of the GC–FUA Nanoparticles

The reaction mechanism is shown in Scheme 3, and the interac-

tion was mediated by the electrostatic forces between the proto-

nated NH3
1 groups and the negative charged residues in TPP.

The radius of freshly prepared nanoparticles based on GC–FUA

was in the 100–300 nm range and had a normal distribution,

and the mean particle size was about 160 nm, as shown in Fig-

ure 3(A). After 7 days, the particle size of the GC–FUA nano-

particles became larger [average diameter 5 548 nm; see Figure

3(B)]. The SEM images can be seen in Figure 4(A) and show

that the GC–FUA particles were particulate matter of nanoscale

size. The dried nanoparticles had a much smaller size compared

with swollen nanoparticles in the aqueous phase; this was in

good agreement with our previous results.31,32 The differences

in size between the dried and swollen nanoparticles may have

resulted from the huge hydrodynamic volume of the nanopar-

ticles. Figure 4(B) reveals the formation of large particles; this

indicates that the GC–FUA nanoparticles aggregated easily in

the aqueous phase. This may have been because GC–FUA had a

large number of NH3
1, and amide bonds could be formed

between one or more GC–FUA chains when it interacted with

TPP. In addition, in the GC–FUA chain, intramolecular and

intermolecular hydrogen bonds were be formed by function of

the hydroxyl and amino groups. These results were in accord-

ance with our previous studies.33 Therefore, freshly prepared

GC–FUA nanoparticles were used for further in vitro study

because of their stability with time and aggregation issue.

Drug-Loading Content

Ultraviolet analyses showed that the drug-loading content of the

GC–FUA nanoparticles was 21.22 6 2.7% (n 5 3).

In Vitro Release Study

The in vitro drug-release study of the freshly prepared GC–FUA

nanoparticles was performed in phosphate-buffered saline (pH

7.4, 378C). The ester linkage between conjugate and FUA was

easily hydrolyzed.34 The maximum absorption wavelength of the

GC–FUA dialysate was 273 nm; this was consistent with the

maximum absorption wavelength of FUA. So, FUA was released

Scheme 2. GC and GC–FUA synthesis.

Figure 2. FTIR spectra of (a) FUA, (b) GC–FUA, (c) GC, and (d) CS.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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from the GC–FUA nanoparticles. The linear standard curve of

FUA was determined to be y 5 0.0533x 1 0.0129 (R2 5 0.9986),

and the linear standard curve of 5-FU was determined to be

y 5 0.0476x 1 0.0114 (R2 5 0.9991), where x is the concentration

and y is the absorbance.

As shown in Figure 5, the control group, 5-FU-loaded GC

nanoparticles, almost achieved 100% drug release within 4 h. In

contrast, rapid release was observed in the GC–FUA nanopar-

ticles from 0 to 2 h, with a cumulative release percentage of

47%, which was presumably due to the diffusion of the surface

FUA into the solution. A sustained slow release was recorded

between 4 and 8 h, with a cumulative release percentage of

51.94–61.63%. This indicated that the GC–FUA nanoparticles

had a prolonged release for 4–8 h. After 48 h, the release

reached a plateau, with a cumulative release percentage of

96.4% at day 7. The results indicated that the GC–FUA nano-

particles, developed by a chemical synthesis method to integrate

FUA, was more stable than conventional nanocarriers which

encapsulated drug physically. Thus afforded a sustained slow-

release profile.

Scheme 3. Self-assembled nanoparticles based on GC–FUA and TPP. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Figure 3. Particle sizes of the GC–FUA nanoparticles: (A) freshly prepared GC–FUA nanoparticles (average diameter 5 160 nm) and (B) GC–FUA nano-

particles after static settlement for 7 days (average diameter 5 548 nm). [Color figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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CONCLUSIONS

A novel formulation, GC–FUA nanoparticles with chemically

conjugated 5-FU, was successfully designed and developed. The

preparation conditions were mild and simple. The chemical

structure and morphology were investigated by a combination

of analytic techniques, including FTIR spectroscopy, 1H-NMR,

and SEM. The in vitro drug-release study showed that the

resulting GC–FUA nanoparticles displayed a slow-release ability

compared with the 5-FU loaded GC nanoparticles. Further in-

depth studies will be carried out to improve the stability of the

nanoparticles and to investigate the biological toxicity, targeting

capacity, in vivo pharmacokinetics, and biodistribution of GC–

FUA nanoparticles for treating liver cancer.
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