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Abstract
AIM: To observe the curative effect of galactosylated 
chitosan (GC)/5-fluorouracil (5-FU) nanoparticles in 
liver caner mice and its side effects.

METHODS: The GC/5-FU nanoparticle is a nanomate-
rial made by coupling GC and 5-FU. The release ex-

periment was performed in vitro . The orthotropic liver 
cancer mouse models were established and divided 
into control, GC, 5-FU and GC/5-FU groups. Mice in the 
control and GC group received an intravenous injection 
of 200 μL saline and GC, respectively. Mice in the 5-FU 
and GC/5-FU groups received 200 μL (containing 0.371 
mg 5-FU) 5-FU and GC/5-FU, respectively. The tumor 
weight and survival time were observed. The cell cycle 
and apoptosis in tumor tissues were monitored by flow 
cytometry. The expression of p53, Bax, Bcl-2, caspase-3 
and poly adenosine 50-diphosphate-ribose polymerase 
1 (PARP-1) was detected by immunohistochemistry, 
reverse transcription-polymerase chain reaction and 
Western blot. The serum blood biochemical parameters 
and cytotoxic activity of natural killer (NK) cell and cy-
totoxicity T lymphocyte (CTL) were measured.

RESULTS: The GC/5-FU nanoparticle is a sustained 
release system. The drug loading was 6.12% ± 1.36%, 
the encapsulation efficiency was 81.82% ± 5.32%, 
and the Zeta potential was 10.34 ± 1.43 mV. The tu-
mor weight in the GC/5-FU group (0.4361 ± 0.1153 g 
vs  1.5801 ± 0.2821 g, P  < 0.001) and the 5-FU (0.7932 
± 0.1283 g vs  1.5801 ± 0.2821 g, P  < 0.001) was sig-
nificantly lower than that in the control group; GC/5-
FU treatment can significantly lower the tumor weight 
(0.4361 ± 0.1153 g vs  0.7932 ± 0.1283 g, P  < 0.001), 
and the longest median survival time was seen in the 
GC/5-FU group, compared with the control (12 d vs  
30 d, P  < 0.001), GC (13 d vs  30 d, P  < 0.001) and 
5-FU groups (17 d vs  30 d, P  < 0.001). Flow cytom-
etry revealed that compared with the control, GC/5-
FU caused a higher rate of G0-G1 arrest (52.79% ± 
13.42% vs  23.92% ± 9.09%, P  = 0.014 ) and apopto-
sis (2.55% ± 1.10% vs  11.13% ± 11.73%, P  < 0.001) 
in hepatic cancer cells. Analysis of the apoptosis path-
ways showed that GC/5-FU upregulated the expression 
of p53 at both the protein and the mRNA levels, which 
in turn lowered the ratio of Bcl-2/Bax expression; this 
led to the release of cytochrome C into the cytosol 
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from the mitochondria and the subsequent activation 
of caspase-3. Upregulation of caspase-3 expression de-
creased the PARP-1 at both the mRNA and the protein 
levels, which contributed to apoptosis. 5-FU increased 
the levels of aspartate aminotransferase and alanine 
aminotransferase, and decreased the numbers of 
platelet, white blood cell and lymphocyte and cytotoxic 
activities of CTL and NK cells, however, there were no 
such side effects in the GC/5-FU group. 

CONCLUSION: GC/5-FU nanoparticles can significant-
ly inhibit the growth of liver cancer in mice via  the p53 
apoptosis pathway, and relieve the side effects and im-
munosuppression of 5-FU.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION 
Hepatocellular cancer (HCC) is one the most prevalent 
malignancies[1,2]. Liver transplantation remains the most 
effective therapeutic option for HCC; however, due to 
the lack of  donors and the relatively high cost, a sub-
stantial number of  patients die while waiting for a donor 
liver[3,4]. The disadvantages of  most anti-cancer drugs 
that are currently available include low bioavailability, 
poor selectivity because they can act on both tumor cells 
and healthy cells, and immunosuppression that can cause 
complications and even patient death[5]. However, tar-
geted therapy for HCC may be useful because it is rela-
tively less expensive compared with the current therapies 
and it also produces fewer side effects[6,7]. 5-fluorouracil 
(5-FU) is a pyrimidine anticancer drug. Since its devel-
opment by Heidelberg in 1957, 5-FU has occupied an 
important position in the cancer chemotherapy field. 
Because 5-FU is highly effective against a broad spec-
trum of  malignancies, it is widely used in chemotherapy 
regimens against cancers such as hepatocellular, gastric, 

pancreatic and breast cancers; 5-FU is very important 
in the management of  liver cancer. 5-FU belongs to 
the cell cycle specific drugs and can be converted into 
fluorouracil deoxynucleotide to bind with thymidine syn-
thase, which leads to the disruption of  RNA, DNA and 
protein biosynthesis. However, because of  the similarity 
of  the nucleic acid metabolism pathways between tumor 
and normal tissues, 5-FU can also target normally prolif-
erating tissues, leading to bone marrow suppression and 
gastrointestinal reactions. Other disadvantages of  5-FU 
include irregular absorption, a short half-life, and rapid 
turnover, which require lengthy, high-dose intravenous 
administration to maintain its effective in vivo concen-
tration for a suitable period[8,9]; these disadvantages can 
significantly restrict the clinical application of  5-FU. 
The emergence of  a novel, sustained-release formula-
tion of  5-FU is of  clinical significance because it has 
fewer side effects compared to the regular 5-FU formu-
lation[10-12]. Galactosylated chitosan (GC) is a galactose 
ligand, with chitosan modifications on the molecular 
structure[13-15]. Asialoglycoprotein receptor (ASGPR) is 
a receptor found on the membrane of  hepatocytes fac-
ing the sinusoids, with specificity for glycoproteins with 
galactose or acetyl galactosamine at the end. Each hepa-
tocyte contains approximately two million binding sites 
for ASGPR[16]. The binding of  the galactose ligand with 
ASGPR induces liver-targeted gene transfer. Our lab 
previously synthesized a GC nanoparticle as a gene car-
rier and showed that the GC nanoparticle can success-
fully transfer genes into the liver in vitro and in vivo. We 
also confirmed that this nanoparticle material has a high 
selectivity to the liver and a low cytotoxicity[17]. In the 
present study, we synthesized GC/5-FU nanoparticles 
by combining the GC material with 5-FU, and tested its 
effect on liver cancer in vitro and in vivo. We found that 
the GC/5-FU nanoparticles can specifically target the 
liver and that the addition of  GC increases the cytotoxic-
ity of  5-FU and apoptosis mediated by the p53 pathway. 
GC/5-FU nanoparticles can ameliorate the side effects 
and immunosuppressive action of  5-FU.

MATERIALS AND METHODS
Reagents 
Chitosan (deacetylation degree > 85%) GC was synthe-
sized and stored by our group. HCl was from Shanghai 
Medpep, AR. LC-10A HPLC (Shimadzu, Japan), flow cy-
tometry (FACS Calibunr, United States). The immunohis-
tochemistry kit was from GBI, United States. Caspase-3 
and poly ADP-ribose polymerase 1 (PARP-1) antibodies 
were from Santa Cruz, CA, United States; Bax and Bcl-2 
antibodies were from Temecula, CA, United States; and 
p53 antibody was from Beverly, MA, United States. 

Mice and cell lines 
The mouse liver cancer cell lines (H22) were purchased 
from the Cancer Institute of  Fudan University, China. Fe-
male BALB/c mice, 7 wk of  age and weighing 25 g, were 
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obtained from the Department of  Experimental Animals 
of  Fudan University, China. All mice were housed in spe-
cific pathogen-free level B animal facility and animal ex-
periments were conducted following the guidelines of  the 
Animal Research Ethics Board of  Fudan University. 

Synthesis of GC/5-FU 
The 5-FU/GC was mixed at a mass ratio of  10:1 in so-
lution, using vortex oscillator (2500 r/min) for 30 s; the 
final concentration of  5-FU was 1.857 g/L. The product 
was kept at room temperature for 30 min to assess for 
further particle formation. The final product was kept at 
4 ℃. The drug loading and encapsulation efficiency were 
calculated according to the following equations: drug 
loading = the amount of  5-FU within nanoparticle/
nanoparticle mass × 100%; encapsulation efficiency = 
the amount of  5-FU within nanoparticle/total amount 
of  5-FU added × 100%. 

In vitro release experiment 
GC/5-FU nanoparticles (20 mg) were mixed with 30 
mL of  simulated body fluid (pH 7.4) in dialysis bags and 
incubated at 37 ℃ using a shaker with a fixed speed of  
60 r/min. Samples were taken at 0.5, 1, 2, 3, 4, 5, 6, 7, 
8, 9 and 10 d after mixing. The optical density (A) was 
measured at 265 nm by an automated microplate reader 
(Bio-Rad Inc, California, United States). The amount of  
5-FU released at different time points was calculated ac-
cording to a standard absorbance curve. The concentra-
tion and cumulative release rate were calculated accord-
ing to the standard curve equation. Each experiment was 
performed in triplicate. 

Animal model 
The subcutaneous liver cancer mouse model was estab-
lished using the mouse HCC cell line H22. After eutha-
nasia and dissection, fresh fast-growing tumor tissues 
were minced and made into a tumor cell suspension at a 
density of  6 × 104/L. Recipient mice were anesthetized 
by 20% urethane, followed by an injection of  50 μL of  
tumor cell suspension into the left liver lobe capsule. Ap-
proximately two min after completion of  the procedure, 
when there was no leaking, the abdomen was sutured 
and the orthotropic liver cancer mouse model was estab-
lished successfully[18]. 

Curative effect of GC/5-FU in the orthotropic liver cancer 
mouse model 
Five days after the establishment of  the orthotropic liver 
cancer mouse model, the tumor reached a size of  about 
4-6 mm in diameter (Figure 1). The mouse models were 
randomly assigned into 4 groups labeled as control, GC, 
5-FU and GC/5-FU. Mice in the control group received 
an intravenous injection of  200 μL saline. GC group 
received 200 μL GC nano-material. 5-FU and GC/5-
FU groups received 200 μL (containing 0.371 mg 5-FU) 
5-FU and GC/5-FU, respectively. The drugs were given 
continuously for 5 d starting from day 5 after the tumor 

was established. At day 15, 10 mice were sacrificed and 
the tumor growth was monitored. The remaining 15 
mice in each group were kept for survival analysis. 

Cell cycle and apoptosis analysis by flow cytometry 
The cell suspension was made of  1-2 mL tumor tissues 
from each individual group. Cells were washed three 
times by 0.1 mol/L phosphate buffered solution (PBS) 
and fixed by 70% ethanol. Cells were then incubated 
with 50 mg/L propidium iodide (Zhengzhou Sigma 
Chemical, Zhengzhou, China), 1.0% Triton X-100 and 
10 mg/L RNaseA for 30 min at 4 ℃ in dark. Cell cycle 
distribution was analyzed by flow cytometry. Prolifera-
tion index (PI) = (S + G2/M)/(G0/G1 + S + G2/M). 
Apoptosis was determined by staining cells with annexin 
V-FITC (Pharmingen, San Diego, CA, United States) 
and propidium iodide because annexin V can identify 
the externalization of  phosphatidylserine during the 
progression of  apoptosis and therefore can detect early 
apoptotic cells. To quantify apoptosis, cells were washed 
twice with cold PBS and resuspended in binding buffer 
at 1 × 103 cells/L. A quantity of  100 μL of  this suspen-
sion was transferred to a 5 mL culture tube with 5 mL 
of  annexin V-FITC and 10 mL of  20 mL/L propidium 
iodide, and analyzed using the flow cytometry.

Immunohistochemistry 
The 4 µm sections were deparaffinized by incubation at 
65 ℃. Sections were soaked in 3% H2O2 for 10 min at 
room temperature to deactivate endogenous peroxidases. 
Antigen retrieval was performed using a microwave. The 
primary antibody was incubated at 37 ℃ for 1 h in a hu-
midified chamber; the secondary antibody was incubated 
at 37 ℃ for 30 min. After washing, the sections were 
developed using diaminobenzidine, and counter stained 
with hematoxylin. After dehydration, the sections were 
analyzed under a light microscope[19]. p53 staining was 
mainly observed in the nucleus, which appeared brown 
and granular with little background. Caspase-3 staining 
was mainly present in cytoplasm, showing a brown gran-
ular staining pattern. PBS was used instead of  primary 
antibody for a negative control. The Image-pro plus 6.0 
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Figure 1  Establishment of the hepatic cancer mouse model. A: Liver can-
cer; B: Normal mouse liver.
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system was used to analyze five fields randomly chosen 
from each slide. The images were amplified 200-fold, 
converted into gray-scale so as to distinguish the positive 
staining area from background. The positive-stained area 
and the total area of  the field were measured by the sys-
tem and the area ratio was calculated using the following 
equation: staining area/total area × 100%. The stained 
area of  each individual slide was determined by averag-
ing the area ratio. 

Reverse transcription-polymerase chain reaction 
Primers were purchased from Shanghai R and S Biotech-
nology Co., Ltd. The oligonucleotide primers used were: 
Bcl-2: 5’-CGGGCTGGGGATGACTTCTCT-3’ (sense), 
5’-GCATCCCAGCCTCCGTTATCC-3’ (antisense); Bax: 
5’-AGACACCTGAGCTGACCTTGGAG-3’ (sense), 5’
-AGACACCTGAGCTGACCTTGGAG-3’ (antisense); 
PARP-1: 5’-TCCCAAGGACTCCCTCCGCATGG-3’ 
(sense), 5’-CTTTGCCTGCCACGCCTCCAGCC-3’ (an-
tisense); Caspase-3: 5’-TTGGAACAAATGGACCTG-3’ 
(sense), 5’-ACAAAGCGACTGGATGAA-3’ (antisense); 
P53: 5’-GTGGCCTCTGTCATCTTCCG-3’ (sense), 5’
-CCGTCACCATCAGAGCAACG-3’ (antisense); glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used as an internal control : 5’-ACCGCAAAGACTGT-
GGATGC-3’ (sense), 5’-TGAGCTTGACAAAGTGG 
TCG-3’ (antisense). Tissue total RNA was extracted by 
TRIZOL (Invitrogen, California, United States). Total 
RNA (1 μL) was used to reverse transcribe into cDNA 
using 0.5 μL AMV reverse transcriptase. Polymerase 
chain reaction (PCR) was performed using 2.5 μL cDNA, 
0.1 μL Ex Taq HS, 0.1 μL forward primer and 0.1 μL 
reverse primer. The PCR reaction conditions were as fol-
lows: 94 ℃ for 2 min, 35 cycles of  94 ℃ for 40 s, 50 ℃ 
to 6 ℃ for 40 s and 72 ℃ for 1 min, followed by 72 ℃ 
for 5 min. PCR products were kept at -20 ℃[20]. GAPDH 
was used as internal control. The PCR product (6 μL) 
was resolved in 2% agarose gel for 30 min at 120 V, 100 
mA, stained with ethidium bromide solution for 5 min, 
imaged by a ultraviolet gel imaging system, and analyzed 
by Quantity One software (Bio-Rad Inc, California, Unit-
ed States). The expression of  target genes was presented 
as the ratio of  target to internal control GAPDH. 

Western blotting analysis 
After the concentration was determined, the samples 
were loaded onto the 12% sodium dodecyl sulfate poly-
acrylamide gel electropheresis (SDS-PAGE) gel and 
resolved at 80 V followed by 120 V. Methanol-pretreated 
polyvinylidene difluoride (PVDF) membrane was then 
soaked in transfer buffer (pH 8.3, 25 mmol/L Tris-HCl, 
192 mmol/L glycine, 20% methanol) for 10 min. Pro-
teins on the SDS-PAGE gel were then transferred onto 
the PVDF membrane under 100 volts (V) for 70 min. 
The membrane was blocked by 5% FBS/PBS at 4 ℃ 
overnight. Primary antibodies were diluted at 1:2000 and 
incubated with a membrane for 3 min at room tempera-
ture. The membrane was then washed three times for 10 

min each with PBS containing 0.05% Tween 20. Goat-
anti-mouse immunoglobulin G secondary antibody 
(1:8000) was added to incubate with the membrane for 3 
h at room temperature, followed by washing three times 
using the same washing solution. The membrane was 
then developed for 1 min using an enhanced chemilumi-
nescence kit with equal volumes of  A and B solution[21]. 
After imaging, Image J version 1.44 software (National 
Institutes of  Health) was used to analyze the average 
density values. 

Analysis of blood biochemical parameters 
The animals were sacrificed by day 10 after treatment. 
Blood chemistry including the measurement of  alanine 
aminotransferase (ALT), aspartate aminotransferase 
(AST), blood urea nitrogen and creatinine was exam-
ined by a Fuji Drychem 3500 automated analyzer (Fuji 
Medical System Co. Ltd., Tokyo), the blood routine such 
as hemoglobin (Hbg), platelet (PLT), white blood cell 
(WBC), lymphocyte and neutrophil was detected by a 
Sysmex XS-800i automated analyzer (Sysmex Shanghai 
Ltd, Shanghai, China) .

Cytotoxic assay for natural killer cell and cytotoxicity T 
lymphocyte
Natural killer cell (NK) and cytotoxicity T lymphocyte 
(CTL) cytotoxic activity was measured by the 3-(4, 
5-dimethylthiazd-2-yl)-2,5-diphenyltentrazolium bro-
mide (MTT) colorimetry assay (Sigma, United States) 
as reported previously[17]. 1 × 104 YAC-1 as target cells 
were seeded in a 96-well plastic plates. Spleen cells used 
as effector cells were prepared from the mice and were 
simultaneously seeded in a 96-well plate at a 50:1 ratio of  
effector to target (E:T) in CTL assay. The effector cells 
from spleen cells were incubated with H22 target cells 
at a 50:1 ratio of  E:T. All cytotoxic activity assays were 
performed in triplicate.

The activities of  CTL and NK were calculated using 
the following formulas: CTL activity (%) = [1 - (AE + T 
- AE)/AT] × 100%; NK activity (%) = [1 - (AE + T - AE)/
AT] × 100%, where AE indicates the mean A value of  
effector cells, AT indicates the mean A value of  target 
cells, and AE + T indicates the mean A value of  effector 
cells + target cells.

Statistical analysis
All data was collected and expressed as mean ± SD. 
Analysis of  variance (ANOVA) was used to analyze data 
within the same group, one-way ANOVA was used to 
analyze data between groups, while the least significant 
digit method was used for pairwise comparison between 
groups. A value of  α = 0.05 and P < 0.05 was considered 
statistically significant. 

RESULTS 
Synthesis and characterization of GC/5-FU nanoparticles 
5-FU/GC nanoparticles were successfully synthesized, 
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and the radius of  the nanoparticles was 35.19 ± 9.50 
nm, which had a normal distribution (Figure 2A). Elec-
tron microscopy showed that the particles were in regu-
lar spherical shape, with a smooth surface, a uniform 
size, and no adhesion between nanoparticles (Figure 2B). 
The drug loading was 6.12% ± 1.36%, the encapsulation 
efficiency was 81.82% ± 5.32%, and the Zeta potential 
was 10.34 ± 1.43 mV. Figure 3 shows the in vitro release 
curve of  nanoparticles in simulated body fluid (37 ℃, 
pH 7.4). A rapid release was observed from 0 h to 12 h, 
with a cumulative release percentage of  32.4%, presum-

ably due to the diffusion of  surface 5-FU into the solu-
tion; a smooth slow-release occurred between day 1 and 
day 8, with a cumulative release percentage of  93.50%, 
indicating that the GC/5-FU nanoparticles have a sus-
tained release effect from days 1 to 8. From days 8 to 10, 
the release reached a plateau, with a cumulative release 
percentage of  95.70% at day 10.

Effect of GC/5-FU on tumor mass and survival in the 
mouse model 
The tumor samples were harvested and weighted 15 d 
after treatment (Figure 4A). The weight of  the tumor was 
0.4361 ± 0.1153 g in GC/5-FU group, 0.7932 ± 0.1283 g 
in 5-FU group, 1.3989 ± 0.2125 g in GC group and 1.5801 
± 0.2821 g in control group. The differences between the 
groups was statistically significant (P < 0.01). The tumor 
weight in the GC/5-FU and the 5-FU groups were sig-
nificantly lower than in the GC group and control group 
(P < 0.01) while tumor weight in the GC/5-FU group 
was significantly lower than in the 5-FU group (P < 0.01); 
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however, the tumor weight in the GC group and the con-
trol group was not different (P > 0.05). After the model 
was developed, the mice were randomly assigned to four 
groups with 15 mice each, and treated as described above. 
The survival of  the mice was monitored, and there was a 
100% mortality in all groups. The Kaplan-Meier survival 
curve (Figure 4B) showed that mice all the mice in the 
control group died between day 6 and day 14, with a me-
dian survival time of  12 d. In the GC group, all mice died 
between day 5 and day 16, the median survival time being 
13 d. There was no statistical difference in the survival 
time between the control and the GC groups (P > 0.05). 
Mice treated with 5-FU also all died between day 13 and 
day 24, with a median survival of  17 d. All mice in the 
GC/5-FU group died between day 15 and day 37, with a 
median survival time of  30 d. The median survival time 
of  mice treated with either 5-FU or GC/5-FU was sig-
nificantly longer than that of  mice in the GC or control 
groups; the longest median survival time was seen in the 
GC/5-FU group (P < 0.01 compared with the control, 
GC and 5-FU groups). 

Effect of GC/5-FU on cell cycle, proliferation and 
apoptosis of H22 cells 
Flow cytometry was used to analyze the liver cancer 
samples harvested 15 d after beginning the treatment. As 
shown in Figure 5A and B, the percentage of  cells in the 
G0-G1 phases was significantly higher in the GC/5-FU- 
and 5-FU-treated tumors (P < 0.01), while the PI was 
lower than that in the GC and control groups (P < 0.01), 
suggesting that GC/5-FU and 5-FU had an overt anti-
proliferative effect and arrested the tumor cells in the 
G0-G1 phases. The percentage of  apoptotic cells in the 
GC/5-FU and 5-FU groups was significantly increased 
when compared with that in the control and GC groups 
(P < 0.01). Also, the percentage of  apoptotic cells of  
GC/5-FU group was higher than that in the 5-FU group 
(P < 0.01), suggesting that GC is able to enhance the 
cellular influx of  5-FU, thereby improving the pro-apop-
totic effect of  5-FU (Figure 5C). 

GC/5-FU induced hepatic cancer cell apoptosis via 
activating the p53 pathway 
To understand which pathway(s) mediated the GC/5-
FU-induced apoptosis, we examined the expression of  
p53 at both protein and mRNA levels. Compared with 
the control and GC groups, the expression of  p53 was 
increased in the 5-FU and GC/5-FU groups, with the 
highest increase seen in the GC/5-FU group (P < 0.01, 
Figures 6, 7A and B). The ratio of  Bcl-2/Bax showed 
a decreasing tendency from control to GC to 5-FU to 
GC/5-FU groups (P < 0.01, Figure 7D); specifically, the 
ratio in 5-FU and GC/5-FU was significantly lower than 
that in the control and GC groups, with a lowest ratio 
observed in the GC/5-FU group (P < 0.01). GC/5-FU 
can also significantly induce the expression of  caspase-3 
in the tumor tissues (P < 0.01, Figures 6, 7A and B). The 
expression of  PARP-1 also displayed a decreasing ten-

dency from control to GC to 5-FU to GC/5-FU groups 
(P < 0.01, Figure 7C), with the most significant reduc-
tion seen in the GC/5-FU group. Therefore, it is likely 
that GC/5-FU was involved in upregulating the genes in 
the p53 pathway. 

Side effects of GC/5-FU 
In order to understand the side effect of  liver and kid-
ney function and blood cells, we examined the blood of  
the mouse model by day 10 after treatment. The levels 
of  AST and ALT in 5-FU group were obviously higher 
than those in control group (P < 0.01), while those in 
GC/5-FU group were lower compared with 5-FU group 
(P < 0.01), there were no differences among control, GC 
and GC/5-FU groups (P > 0.05). The numbers of  PLT, 
WBC and lymphocyte in 5-FU group were decreased 
more obviously as compared with the control, GC and 
GC/5-FU groups (P < 0.05 or < 0.01), however, there 
were no differences among these three groups (P > 0.05). 
The levels of  blood urea nitrogen, creatinine, Hbg and 
neutrophil were approximate in different groups (P > 
0.05), as shown in Table 1.

Cytotoxic activities of CTL and NK in mice 
We evaluated whether the GC/5-FU could affect the 
activity of  CTL and NK in vivo in mouse model. The 
harvested splenocytes were washed with PBS. The activ-
ity of  CTL and NK was detected by MTT colorimetry. 
Figure 8 shows that the cytotoxic activities of  CTL and 
NK cells were significantly decreased in 5-FU group 
compared with other three groups (P < 0.01), while the 
crosscurrent was found in GC group compared with 
5-FU group (P < 0.05). There were no differences be-
tween control and GC/5-FU groups. These results thus 
demonstrate that the GC/5-FU nanoparticles could 
ameliorate the decreased cytotoxic activities of  CTL and 
NK in 5-FU group.

DISCUSSION 
The utilization of  nanotechnology and nano-materials 
in the pharmaceutical field gave rise to the drug-
nanoparticle carrier-release system, which is a drug de-
livery system using nanoparticles as the drug carriers. A 
particle ranging from 0.1 nm to 100 nm is considered to 
be a nanoparticle[22]. The size of  a nanoparticle is very 
important for drug delivery, as the spaces between the 
cells in various tissues are different: it is now known that 
the aperture of  vascular endothelial within most normal 
tissues is 2 nm, the aperture of  the postcapillary venule 
is 6 nm, while that of  non-continuous tumor blood ves-
sels ranges from 100 nm to 780 nm[23,24]. The size of  the 
nanoparticles used in this study was approximately 35.19 
nm (Figure 2A), which is smaller than most nanoparti-
cles reported[25], allowing them to enter the space within 
tumor cells but restricting them from penetrating the 
normal tissues. Scanning electron microscopy revealed a 
spherical structure with a smooth surface and no adhe-
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sion between nanoparticles (Figure 2B), which is consis-
tent with previous reports[25,26]. In order to confirm the 
sustained release effect, we performed an experiment 
on GC/5-FU. The in vitro release curve of  GC/5-FU in 
simulated body fluid showed that the sustained release 
of  the nanoparticle lasted 1-8 d. Such sustained release 

effect makes the drug evenly distribute in the body, 
thereby increasing the half-life of  GC/5-FU in the cir-
culation system and decreasing the toxic effects of  5-FU 
on normal tissues[27]

. 

In order to evaluate the curative efficiency of  intrave-
nously injected GC/5-FU in a liver cancer mouse model, 
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Figure 5  The effects of different treatments on cell cycle, proliferation index and apoptosis index. A: Flow cytometry analysis of cell cycle distribution of mouse 
liver cancer cell line (H22) cells; B: Quantification of cell cycle distribution and proliferation index of H22 cells. Percentage of cells in G0-G1 in the galactosylated 
chitosan/5-fluorouracil (GC/5-FU) and 5-FU groups was higher than that in control and GC groups, while the proliferation index (PI) decreased significantly (P < 0.01); C: 
Quantification of apoptosis of H22 in different treatment groups. aP < 0.05, bP < 0.01 vs control group; cP < 0.05 vs 5-FU group. 
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A

B

Control (pv × 400)                                                                      GC (pv × 400)

   5-FU (pv × 400)                                                                      GC/5-FU (pv × 400)

Control (pv × 400)                                                                      GC (pv × 400)

   5-FU (pv × 400)                                                                      GC/5-FU (pv × 400)

Figure 6  Immunohistochemistry of p53 and caspase-3 in the tumor sections from mice with different treatments. A: p53 staining in the control and galacto-
sylated chitosan (GC) groups showed a scattered nuclear distribution pattern, in dark yellow or dark brown; while in 5-fluorouracil (5-FU) and GC/5-FU groups, p53 
showed a sheet staining pattern, which was more dramatic; B: Caspase-3 staining in the control and GC groups showed a scattered cytoplasmic distribution pattern, 
in dark yellow or dark brown; while in 5-FU and GC/5-FU groups, caspase-3 showed a sheet staining pattern, which was more dramatic in the GC/5-FU group. 
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some of  the mice were sacrificed and analyzed at day 15. 
As shown in Figure 4A, the tumor weight in mice treated 
with GC/5-FU and 5-FU was significantly less than that 
in the mice treated with GC or in the control; the weight 
of  GC/5-FU-treated tumors was even lower than the 
5-FU-treated tumors, while the GC- or control-treated 
tumors did not show any statistically significant differ-
ence. All mice died after treatment. In the control group, 

mice died between day 6 and day 14, with a median sur-
vival of  12 d; in the GC group, mice died between day 5 
and day 16, with a median survival of  13 d, showing no 
difference from the control group (Figure 4B, P > 0.05). 
Mice in the 5-FU group succumbed to a tumor-associ-
ated death between day 13 and day 24, with a median 
survival time of  17 d, while mice in the GC/5-FU group 
died between day 15 and day 37, with a median survival 
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Figure 7  Expression of p53, caspase-3, Bax, Bcl-2 and poly adenosine 50-diphosphate-ribose polymerase 1 in the tumor tissues from mice with different 
treatments. A: Quantification of p53 and caspase-3 expression as detected by immunohistochemistry and shown pictorially in Figures 6 and 7; B: mRNA levels of 
p53 and caspase-3 in individual tissues was measured by reverse transcription-polymerase chain reaction (RT-PCR), and normalized to glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH); C: Poly adenosine 50-diphosphate-ribose polymerase 1 (PARP-1) expression in individual tumor samples was determined by both RT-PCR 
and western blot analysis; results were normalized to GAPDH; D: Expression of Bcl-2 and Bax was quantified by both RT-PCR and Western blotting; the ratio of Bcl-2/
Bax was shown. aP < 0.05, bP < 0.01 vs control group; cP < 0.05, dP < 0.01 vs 5-fluorouracil (5-FU) group. GC: Galactosylated chitosan.
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time of  30 d. The survival time of  mice treated with 
either 5-FU or GC/5-FU was significantly longer than 
that of  mice in the control and GC groups, with the 
longest survival time seen in the GC/5-FU group. This 
result suggested that although GC alone cannot affect 
tumor growth, the conjugation of  GC to 5-FU improved 
the tumor suppressive effect of  5-FU. To determine the 
mechanism of  effect of  GC/5-FU nanoparticles on the 
hepatic cancer, we used flow cytometry to examine tu-
mor cell apoptosis. The results revealed that both 5-FU 
and GC/5-FU enhanced apoptosis when compared with 
either control or GC, and compared with 5-FU alone, 
GC/5-FU further increased the apoptosis index, sug-
gesting that GC improves the pro-apoptotic effect of  
5-FU by promoting its entry into the cells. In addition, as 
shown in Figure 5A and B, compared with control and 
GC treatment, 5-FU and GC/5-FU can increase the per-
centage of  cells in the G0-G1 phases, but lower the PI, 
suggesting 5-FU and GC/5-FU are cytotoxic to the pro-
liferating cells by arresting them in the G0-G1 phases; 
this is consistent with previously reported research[28,29]. 
Therefore, GC facilitates intracellular transport of  5-FU, 
improving the effects of  5-FU on tumor cell apoptosis 
and on inhibition of  the cell cycle. 

To further study whether the apoptosis induced 
by the GC/5-FU nanoparticles was mediated by the 
p53 pathway, we used immunohistochemistry, reverse 
transcription-PCR and Western blotting analysis to ex-
amine the expression of  p53, Bax, Bcl-2, caspase-3 and 
PARP-1. We found that the addition of  GC/5-FU and 
5-FU induced p53 expression at both the protein and the 
RNA levels; the strongest induction of  p53 was noted in 
the GC/5-FU group, and a moderate to strong induction 
seen in the 5-FU group (Figure 7A and B). The change 
of  Bcl-2/Bax ratio also showed a similar pattern. Admin-
istration of  GC/5-FU and 5-FU decreased the Bcl-2/Bax 
ratio, with the most dramatic reduction observed in the 
GC/5-FU group (Figure 7D). It is now known that Bax, 
belonging to the Bcl-2 family, is able to promote apop-
tosis. Although both Bax and Bcl-2 coexist in cells as 
dimers, each suppresses the function of  the other. Physi-
ologically, both Bax and Bcl-2 are present in cells in the 
same amounts, ensuring the normal growth of  the cells. 
If  Bcl-2 is overexpressed, the heterodimer Bcl-2/Bax 
is induced to suppress apoptosis, while if  the level of  
Bax increases, the formation of  Bax/Bax homodimer 
promotes apoptosis by antagonizing the anti-apoptotic 
effect of  Bcl-2[30]. Wild-type p53 induces Bax synthesis 
to mediate apoptosis, while mutant p53 can inhibit apop-
tosis leading to uncontrolled proliferation[31]. We also 
found that GC/5-FU was able to significantly enhance 
the expression of  caspase-3 (P < 0.01), which is known 
to be an important promoter of  apoptosis. Caspase-3 can 
be activated by cytochrome c in the cytosol, which is re-
leased from mitochondria under the control of  Bax and 
Bcl-2. Therefore, the ratio of  Bax and Bcl-2 determines 
the activation of  caspase-3[32,33]. Figure 7C shows a ten-
dency toward a decrease in PARP-1 expression from the 
control to the GC to the 5-FU to the GC/5-FU groups, 
with a most significant reduction in the GC/5-FU group. 
It has been reported that caspase-3 is a pivotal effecter 
in apoptosis. Activation of  PARP-1 after severe DNA 
damages results in depletion of  cellular energy. In order 
to prevent the consumption of  NAD+ and adenosine 
triphosphate, activated caspase-3 cleaves and inactivates 
PARP-1, leading to apoptosis[34]. Taking into consider-
ation all the above results, GC improved the apoptotic 
effect of  5-FU in hepatic cancer cells. The mechanism 
underlying GC/5-FU nanoparticle-induced apoptosis was 
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Figure 8  The activity of cytotoxicity T lymphocyte and natural killer cell 
was detected by 3-(4, 5-dimethylthiazd-2-yl)-2,5-diphenyltentrazolium 
bromide in the orthotopic transplant model of hepatocellular carcinoma. 
The cytotoxic activities of cytotoxicity T lymphocyte (CTL) and natural killer (NK) 
cells were significantly decreased in 5-fluorouracil (5-FU) group compared with 
other three groups (P < 0.01), while, the crosscurrent was found in galactosyl-
ated chitosan (GC) group compared with 5-FU group (P < 0.05). aP < 0.05, bP < 
0.01 vs control group; dP < 0.01 vs 5-FU group.

  Groups AST
(U/L)

ALT
(U/L)

BUN
(mmol/L)

Creatinine
(μmol/L)

Hbg
(g/L)

PLT
(×109/L)

WBC
(×109/L)

Lymphocyte 
(×109/L)

Neutrophil 
(×109/L)

  Control     92.79 ± 8.74   49.73 ± 4.83   23.74 ± 5.84    0.23 ± 0.09  117.32 ± 9.87    69.43 ± 8.94    6.32 ± 1.24    3.86 ± 1.34     2.18 ± 0.73
  GC     92.34 ± 7.65d   49.89 ± 5.13d   23.25 ± 6.54    0.24 ± 0.08  118.823 ± 10.85    71.43 ± 6.54d    6.53 ± 1.32d    3.95 ± 1.35d     2.17 ± 0.68
  5-FU   113.25 ± 7.65b   81.48 ± 6.81b   23.64 ± 5.45    0.25 ± 0.07  109.41 ± 10.73    55.63 ± 7.43a    3.83 ± 1.18b    1.57 ± 1.20a     2.75 ± 0.87
  GC/5-FU     93.42 ± 8.32d   48.97 ± 4.93d   22.94 ± 5.26    0.24 ± 0.05  116.38 ± 8.53    68.64 ± 7.38c    6.21 ± 1.04d    3.81 ± 1.17c     2.17 ± 0.71
  F value       8.227   33.222     0.020    0.058      0.868      4.349    5.498    4.249     0.712
  P value       0.002     0.000     1.012    0.941      0.482      0.018    0.008    0.024     0.526

Table 1  Serum levels of blood biochemical parameters in different groups by day 10

Data were expressed as mean ± SD. n = 5 in each group. aP < 0.05, bP < 0.01 vs control group; cP < 0.05, dP < 0.01 vs 5-fluorouracil group. AST: Aspartate 
aminotransferase; ALT: Alanine aminotransferase; BUN: Blood urea nitrogen; Hbg: Hemoglobin; PLT: Platelet; WBC: White blood cell; GC: Galactosylated 
chitosan; 5-FU: 5-fluorouracil.
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inducing the expression of  p53 at the protein and mRNA 
levels. The elevated p53 level can significantly lower the 
Bcl-2/Bax ratio which in turn promotes the release of  
cytochrome c from the mitochondria into the cytosol, 
leading to the activation of  caspase-3. Upregulation of  
the caspase-3 gene and protein contributed to the reduc-
tion of  PARP-1 at both the protein and mRNA levels, 
thus triggering apoptosis. Therefore, GC/5-FU-induced 
apoptosis is p53 dependent. 

5-FU is a common chemotherapy drug, and its com-
mon side effects are the suppression of  bone marrow[35], 
dysfunction of  liver and kidney and suppression of  im-
mune function[36-38], leading to a decreased efficacy and 
survival time of  the patients with cancer. In this experi-
ment, 5-FU increased significantly the levels of  AST 
and ALT, decreased obviously the numbers of  PLT, 
WBC and lymphocyte in tumor-bearing mice compared 
with the control group. The levels of  ALT and AST, the 
numbers of  PLT, WBC and lymphocyte, remained stable 
in GC/5-FU group compared with control group. It is 
indicated that GC nanoparticles can improve the damage 
of  liver function caused by 5-FU and the suppression 
state of  bone marrow. We found that the cytotoxic ac-
tivities of  CTL and NK cells by 5-FU were significantly 
inhibited, and the GC nanoparticles could relieve the 
suppression state of  NK and CTL cells by 5-FU, which 
is consistent with our previously reported experiments 
which verified that GC nanoparticles can stimulate the 
cytotoxic activities of  CTL and NK cells in tumor-bear-
ing mice[17]. So the GC/5-FU nanoparticles can alleviate 
the inhibition of  5-FU on the body’s immunity.

In conclusion, we demonstrated that GC is a good 
carrier for nano-material, especially 5-FU. GC/5-FU 
nanoparticles had a sustained release effect. GC/5-FU 
nanoparticles can also significantly inhibit the tumor 
growth in the orthotropic liver cancer mouse model, and 
this in vivo effect was stronger than that of  5-FU alone. 
The mechanism underlying GC/5-FU nanoparticles may 
be the elevated G0-G1 arrest and apoptosis mediated by 
the p53 pathway. GC/5-FU nanoparticles can ameliorate 
the side effects and immunosuppressive action of  5-FU.
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