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Biodegradable polymer nanoparticle drug delivery systems are characterized by targeted drug delivery, improved
pharmacokinetic and biodistribution, enhanced drug stability and lowered side effects; these drug delivery systems
are widely used for delivery of cytotoxic agents. The galactosylated chitosan (GC)/5-fluorouracil (5-FU) nanoparticle is a
nanomaterial made by coupling GC, a polymer known to have the advantages described above, and 5-FU. The GC/5-FU
nanoparticleis a sustained release system, it was showed that the peak time, half-life time, mean residence time (MRT) and
area of under curve (AUC) of GC/5-FU were longer or more than those of the 5-FU group, but the maximum concentration
(Cmax) was lower. The distribution of GC/5-FU in vivo revealed the greatest accumulation in the hepatic cancer tissues,
and the hepatic cell was the target of the nanoparticles. Toxicology research showed that the toxicity of GC-5-FU was
lower than that of 5-FU in mice. In vivo experiments showed that GC/5-FU can significantly inhibit tumor growth in an
orthotropic liver cancer mouse model. GC/5-FU treatment can significantly lower the tumor weight and increase the
survival time of mice when compared with 5-FU treatment alone. Flow cytometry and the TUNEL assay revealed that

compared with 5-FU, GC/5-FU caused higher rates of G -G, arrest and apoptosis in hepatic cancer cells.

Introduction

5-fluorouracil (5-FU) is, a water-soluble fluorinated pyrimidine
analog still widely used anti-neoplastic agents.'® It is an anti-
metabolite of the pyrimidine analog type used for treating vari-
ous types of solid tumors such as the cancer of liver,* stomach,’
colon,® pancreas,” breast,® etc. alone or in combination. 5-FU is
rapidly absorbed through the blood capillaries into systemic cir-
culation with plasma halflife of 10-20 min, hence high doses
(400-600 mg/m?* weekly) are required to achieve therapeu-
tic concentration.” This results in relatively low levels of drug
near the site of action with the subsequent loss of efficacy and
increased risk of serious side effects such as bone marrow depres-
sion, gastrointestinal tract reaction, leucopenia and thrombo-
cytopenia.'®! 5-FU exhibits its activity by interfere with DNA
synthesis by blocking the production of pyrimidine nucleotide
dTMP from dUMP in de novo DNA synthesis. This also affects
the growth of normal cells and causes adverse side effects. It is
desirable to be administered once or twice a week, preferably as
a long-acting injectable formulation and targeted to the desired

site.”? The therapeutic efficacy of 5-FU can be increased by bind-
ing the drug to carriers such as biodegradable nanoparticles.'*'
Biodegradable nanoparticles (NPs) are receiving considerable
attention for the delivery of therapeutic drugs. The literature
emphasizes the advantages of nanoparticles over microparticles”
!¢ The submicron size of nanoparticles offers a

number of distinct advantages over microparticles, including rel-

and liposomes.

atively higher intracellular uptake compared with microparticles.
To target tumor cells more selectively, active targeting based on
antibodies or receptor mediated targeting with cancer specific
ligands are developed. Galactosylated chitosan (GC) is a galac-
tose ligand, with chitosan (CS) modifications on the molecular
structure.”” Asialoglycoprotein receptor (ASGPR) is a receptor
found on the membrane of hepatocytes facing the sinusoids,
with specificity for glycoproteins with galactose or acetyl galac-
tosamine at the end. Each hepatocyte contains approximately 2
million binding sites for ASGR."® The binding of the galactose
ligand with ASGPR induces liver-targeted gene transfer. Our lab
previously synthesized a GC nanoparticle as a gene carrier and
showed that the GC nanoparticle can successfully transfer genes
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Figure 1. Particle size and scanning electron microscope (SEM) image of
GC/5-FU. (A) Particle size graph showing the diameter of GC/5-FU (35.19
+9.50 nm). (B) SEM image of GC/5-FU. The particles show spherical
structure with a smooth surface and no adhesion between nanopar-
ticles.

Table 1. Pharmacokinetic parameters of 5-FU and GC/5-FU

Parameters 5-FU GC/5-FU
Ke (min™) 0.046 + 0.007 0.002 £ 0.0003
Ton (min) 16.4 = 2.51 406.4 + 54.74
T (min) 4.47 £0.06 1254 £13.71
C. . (pgmL) 57.65 % 5.22 4.64+0.46
AUC(Oﬂm)(pdg-min-mL*) 1074.2 £ 101.12 2701.8 = 180.69
MRT, __, (min) 16.3 +3.08 569.4 + 39.80

5-Fu, 5-flurouracil; T, ,, half-life times; AUC, areas under curve; MRT,:

mean residence time; C__, the maximum concentration; T__, the peak
time of concentration.

into the liver in vitro and in vivo. In the present study, we also
confirmed that this nanoparticle material has a high selectivity
for the liver, more stability and sustain release and a low cyto-
toxicity,” and we synthesized GC/5-FU nanoparticles by com-
bining the GC material with 5-FU, GC/5-FU nanoparticles is
a sustained release, its peak time, half-life time, mean residence
time (MRT) and area of under curve (AUC) were longer or more

than those of 5-FU. Meanwhile, distribution of the GC/5-FU
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in the tissue and toxicity experiment suggested that GC/5-FU
was a high targeting drug on the liver cancer with lower toxicity.
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 was concluded to be elevated
G,-G, arrest and apoptosis.

Results

Synthesis and characterization of GC/5-FU nanoparticles.
5-FU/GC nanoparticles was successfully synthesized, the radius
of the nanoparticles was 35.19 + 9.50 nm, which had a normal
distribution (Fig. 1A). Electron microscopy showed that the
particles were regular spherical shapes, with a smooth surface, a
uniform size, and no adhesion between nanoparticles (Fig. 1B).
The drug loading was 6.12 + 1.36%, the encapsulation effi-
ciency was 81.82 + 5.32%, and the Zeta potential was +10.34 =
1.43 mV. Figure 2 showed the in vitro release curve of nanopar-
ticles in simulated body fluid (37°C, pH 7.4). A rapid release was
observed from time 0 to 12 h, with a cumulative release percent-
age of 32.4%, presumably due to the diffusion of surface 5-FU
into the solution; a smooth slow-release occurred between day 1
and day 8, with a cumulative release percentage of 93.50%, indi-
cating the GC/5-FU nanoparticles have a sustained release effect
during days 1 to 8. During days 8 to 10, the release reached a pla-
teau, with a cumulative release percentage of 95.70% at day 10.

Preliminary pharmacokinetics of GC/5-FU in mice. The
Cmax of 5-FU group appeared within 5 min, and then the con-
centration stepped down quickly. The concentration was near 0
after 4—6 h. The concentration of GC/5-FU was slowly increased
and reached to the Cmax of it about 2 h, then the concentration
stepped down slowly and maintained within 30-60 h. GC/5-FU
group’s Cmax of 5-FU in plasma were lower than that of the
5-FU group, but the half-life time was obviously longer than that
of 5-FU group (Fig. 3). Table 1 showed that besides prolong of
half-life, the Tmax, mean residence time (MRT) in the GC/5-FU
group were longer than those in the 5-FU group. Meanwhile, the
area of under curve reflecting the drug absorption or release into
the blood in GC/5-FU group increased significantly and reached
2.7-fold than that of 5-FU group. Taken from above data, we
confirmed that GC/5-FU is a sustained release and effective drug
which have longer half-time, MRT and AUC.

Determination of in vivo liver-targeting of GC/5-FU. An
equation of y = 2.5721x + 0.6851 (r = 0.9956) was derived based
on the linear relationship between 5-FU data points ranging
from 0.1 to 20 mg/L and the 5-FU peak. The in vivo concentra-
tion of 5-FU in mice can be calculated by the above equation.

When the orthotropic liver cancer mouse model had been
developed, 5-FU and GC/5-FU were injected through tail vein
in model mice or normal mice. Thirty minutes after injection,
the 5-FU concentration was measured in the following organs
and tissues: heart, liver, spleen, lung, kidney, muscle, brain
and liver cancer (only in the mouse model). Figure 4A shows
that in normal mice the 5-FU concentration in the same tissue

showed a significant difference between 5-FU and GC/5-FU
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group (p < 0.01). The 5-FU concentra-
tion in the liver in GC/5-FU group was
significantly higher (over 1.5-fold) than
that in 5-FU group (p < 0.01), while, the
5-FU concentration of GC/5-FU group
in other tissues was significantly lower
than that of 5-FU group (p < 0.01): heart,
spleen, lung, kidney, muscle and brain,
respectively. In model mice, as shown in
Figure 4B, the 5-FU concentration of
liver and liver cancer tissue in GC/5-FU
group was increased significantly than
that in 5-FU group (p < 0.01), the 5-FU
concentration of liver cancer tissue in
GC/5-FU group was over 2-fold in 5-FU
group. The 5-FU concentration of other
tissue in model mice was the same trend
as normal mice.

Toxicity of GC/5-FU in mice. In con-
trol group, mice displayed different degree
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Figure 2. The in vitro release curve of nanoparticles in simulated body fluid (37°C, pH 7.4, n = 3).
A rapid release was observed from time 0 to 12 h, with a cumulative release percentage of 32.4%;
a smooth slow-release occurred between days 1 and 8, with a cumulative release percentage of
93.50%. During days 8 to 10, the release reached a plateau, with a cumulative release percentage

toxicity on the mental disorder, drinking,

of 95.70% at day 10.

depression and locomotion, even death.
Median lethal dose (LD50) means the
dose of 50% death on animal, reflecting the degree of drug toxic-
ity. Our results showed that LD50 of 5-FU injection was 197.36
mg/kg and its 95% confident interval was 153.89-240.83 mg/
kg. In experiment group, no dead mice were found after admin-
istration of GC/5-FU at dose of 775, 912, 1073, 1262 and 1485
mg/kg, respectively. If concentration of GC/5-FU was further
increased, more precipitated solid substance would be appear and

difficult to take effect on the mice. Meanwhile, 25 pwL/g was the
maximum volume of injection in mice. Therefore, according to
requirement of acute experimental toxicity guidelines of chemical
medicine by Chinese Food and Drug Administration, the maxi-
mum dose method was to judge the acute toxicity of drug. We
continuously observed 20 mice, male and female in half, for 14 d

after injection of GC/5-FU at dose of 1,485 mg/kg and no found

60 - S 80
‘l .',)::) [
P 45
.90 L 10 |
g
2 40 | IR 5s L
= - “2
S 35 : N
® 30 10 |
S 254 D e
O :
S 20 ! 0 0.5 1
© 15 :
10

—e— GC/5-FU

15 20

Time (h)

25 30 35 40 45 50

Figure 3. Concentration-time curves of 5-FU and GC/5-FU from 5 min to 48 h in mice after tail vein injection (n = 150). The Cmax of 5-FU group
appeared within 5 min, and then the concentration stepped down quickly. The concentration was near 0 after 4-6 h. The concentration of GC/5-FU
was slowly increased and reached to the Cmax of it about 2 h, then the concentration stepped down slowly and maintained within 30-60 h. GC/5-FU
group’s Cmax of 5-FU in plasma were lower than the 5-FU group, but the half-life time was obviously longer than that of 5-FU group.
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Figure 4. Model mice and normal mice were treated with i.v. 5-FU or GC/5-FU, 5-FU concentration in different tissues was determined 30 min post-
injection; results were shown as an average * standard deviation (n = 5). (A) 5-FU concentration in different tissues in normal mice. The 5-FU concen-
tration in the liver in GC/5-FU group was significantly higher (over 1.5-fold) than that in 5-FU group. (B) 5-FU concentration in different tissues in model
normal mice. The 5-FU concentration of liver and liver cancer tissue in GC/5-FU group was increased significantly than that in 5-FU group, the 5-FU
concentration of liver cancer tissue in GC/5-FU group was over 2-fold in 5-FU group.

death of mice. Observation of the final death animal, degenera-
tion and necrosis of viscera were not found in both groups. The
maximum dose of GC/5-FU was 1,485 mg/kg, which cannot
cause death of mice. Thus, we considered the dose of 1,485 mg/
mL as the maximum tolerance dose (MTD) of GC/5-FU. All
those results suggested that the toxicity of GC/5-FU is low and it
may have potential clinical application.

The effect of GC/5-FU on the tumor mass and survival
in the mouse model. The tumor samples were harvested and
weighted 15 d post-treatment (Fig. 5A). The weight of the tumor
in each group 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 difference between the
groups was statistically significant (p < 0.01). The tumor weight
in the GC/5-FU group and the 5-FU were significantly less than
those in the GC group and control group (p < 0.01); tumors in
the GC/5-FU group were significantly less compared with the
5-FU group (p < 0.01); however, the tumors in the GC group and
the control group were 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
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described above. The survival of the mice was monitored; the
mice in all groups demonstrated 100% mortality. The Kaplan-
Meier survival curve (Fig. 5B) showed that mice in the control
group demonstrated 100% mortality, with all the mice dying
between days 6 and 14. The median survival time was 12 d. In
the GC group, mice also had 100% mortality, with mice dying
between days 5 and 16, and the median survival time being 13 d.
There was no statistical difference between the survival of mice
in the control or GC groups (p > 0.05). Mice treated with 5-FU
also had 100% mortality, with mice dying between days 13 and
24, with a median survival of 17 d. All mice in the GC/5-FU
group died between days 15 and 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 significantly 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 6-FU groups).

The effect of GC/5-FU on the cell cycle, proliferation and
apoptosis of H22 cells. Flow cytometry was used to analyze
the liver cancer samples harvested 15 d after beginning treat-
ment. As shown in Figure 6A and B, the percentage of cells in
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the G -G, phases was significantly higher in the GC/5-FU- and
5-FU-treated tumors (p < 0.01), while the proliferation index
(PI) was lower than that in the GC and control groups (p < 0.01),
suggesting GC/5-FU and 5-FU had an overt anti-proliferative
effect and arrested the tumor cells in the G —G, phases. The PIin
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 and thereby
improving the pro-apoptotic effect of 5-FU (Fig. 6C).

Apoptosis was detected using the TUNEL assay on the tumor
sections. As presented in Figure 7, the tumor samples from the
control and GC groups showed little apoptosis; the addition of
5-FU induced sporadic apoptosis, while GC/5-FU induced a
high degree of apoptosis which showed a clustered distribution.
Quantification of the apoptosis index (A, Fig. 8) under a higher
magnitude microscopy identified a statistically significant differ-
ence between the GC/5-FU group (Al = 21.34%) and the 5-FU
group (Al = 14.74%, p < 0.05), both of which were higher than
that in the GC and control groups (p < 0.01).

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 delivery system using nanopar-
ticles as the drug carriers. A particle ranging from 0.1 to 100 nm
is considered to be a nanoparticle.® 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 vessels ranges from 100 to
780 nm.??¢ The size of the nanoparticles used in this study was
approximately 35.19 nm (Fig. 1A), which is smaller than most
nanoparticles reported,”” allowing them to enter the space within
tumor cells but restricting them from penetrating the normal tis-
sues. SEM analysis revealed a spherical structure with a smooth
surface and no adhesion between nanoparticles (Fig. 1B), which
is consistent with previous reports.?”?® The drug loading rate of
the nanoparticles was determined to be 6.12 + 1.36%, the encap-
sulation efficiency was 81.82 + 5.32%, and the Zeta potential
was +10.34 + 1.43 mV. All those results suggested that GC/5-FU
nanoparticle could be considered as a carrier-release drug to treat
tumor. However, whether GC/5-FU is a sustain release and
higher targeted drug with less toxicity.

Thus, the following experiment in vivo or vitro were per-
formed to reveal the characteristics of GC/5-FU about its
preliminary pharmacokinetics including release, distribution,
elimination, and its toxicity. First, an experiment was completed
to confirm the sustained release effect of GC/5-FU, in vitro.
The release curve of GC/5-FU in simulated body fluid showed
that the sustained release of the nanoparticle lasted from days 1
to 8. Such sustained release effect makes the drug evenly distrib-
uted in the body, which indicates increasing on the half-life of
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Figure 5. The curative effect of GC/5-FU on liver cancer in the ortho-
topic transplant model of hepatocellular carcinoma. (A) Five days after
the tumor was established, GC/5-FU, 5-FU, GC or PBS was given to the
mice. Tumor weight was measured at day 10. (B)Treatment was given as
described previously and the survival was monitored. The median sur-
vival for control, GC, 5-FU and GC/5-FU groups were 12, 13,17 and 30 d,
respectively. Compared with control or GC group, **p < 0.01; compared
with 5-FU group, #p < 0.01.

GC/5-FU in the circulation system and decreasing on the toxic
effects of 5-FU on normal tissues.”” Then, the further change of
pharmacokinetic parameters of GC/5-FU in vivo was observed,
such as half-life time, the maximum of concentration, mean
residence time, etc. In this experiment, pharmacokinetic param-
eters of 5-FU and its GC nanoparticles in mice showed that
GC/5-FU nanoparticles groups’ Cmax of 5-Fu in plasma were
lower than the 5-FU group, the half-life times and MRT were
prolonged and the areas under curve were higher. It indicated
that 5-FU, which embeds to GC nanoparticles, slowly released
to blood with the carrying nanoparticles slowly degraded. The
absorption and disposition in body of nanoparticles is different
from macrobead matter because of its small architecture. Maybe
it would solve the problem of short plasma half-life, severe side
effects with high doses.?®?' In order to comprehend the phar-
macokinetics better, we determined concentration of 5-FU to
detect the distribution of GC/5-FU in major organs in our later
experiments. These results showed that in normal mice, com-
pared with the 5-FU, the concentration of 5-FU in the liver
cancer tissue in GC/5-FU was higher (over 1.5-fold) than in
5-FU group. In model normal mice, the 5-FU concentration of
liver and liver cancer tissue in GC/5-FU group was increased
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Figure 6. The effects of different treatments on cell cycle, proliferation index and apoptosis index. (A) Flow cytometry analysis of cell cycle distribu-
tion of H22 cells. (B) Quantification of cell cycle distribution and proliferation index of H22 cells. Percentage of cells in G ~G, in the GC/5-FU and 5-FU
groups was higher than that in control and GC groups, while the proliferation index decreased significantly (p < 0.01). (C) Quantification of apoptosis of
H22 in different treatment groups. Compared with control or GC group, **p < 0.01; compared with 5-FU group, #p < 0.01.
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Figure 7. In situ apoptosis detected by TUNEL assay. Few apoptotic cells can be detected in control or GC groups; scattered distributed apoptotic cells
can be observed in the 5-FU-treated group and massive clustered apoptotic cells were seen in the GC/5-FU group.

significantly than that in 5-FU group, the 5-FU concentration
of liver cancer tissue in GC/5-FU group was over 2-fold in 5-FU
group. All those suggested that GC/5-FU has a high targeting
on the liver cancer, indicating which would be a potential drug
to treat hepatic tumor. Besides investigation on pharmacokinet-
ics of GC/5-FU, we also observe its toxicity or side effects. In
present study, it is found that MTD of GC/5-FU is 1,485 mg/kg
body weight while LD50 of 5-FU is 197.36 mg/kg, which enough
to confirm the toxicity of drug in former was lower than latter.
Therefore, GC/5-FU was an effective drug on liver cancer with
high targeting and lower toxicity.

In order to evaluate the curative efficiency of intravenously
injected GC/5-FU in a liver cancer mouse model, some of the
mice were sacrificed and analyzed at day 15 post-injection. As
shown in Figure 5A, the tumor weight in mice treated with
GC/5-FU and 5-FU was significantly obviously less than that
in mice treated with GC or control; GC/5-FU-treated tumors
were even less than the 5-FU-treated tumors, while the GC- or
control-treated tumors did not show any statistically significant
difference. The survival of all groups of mice after treatment
was monitored, and all mice in all groups died. In the control
group, mice died between days 6 and 14, with a median survival
12 d; in the GC group, mice died between days 5 to 16, with a
median survival 13 d, showing no difference from the control
group (Fig. 5B, p > 0.05). Mice in the 5-FU group succumbed to

www.landesbioscience.com

tumor-associated death between days 13 and 24, with a median
survival time of 17 d, while mice in the GC/5-FU group died
between days 15 and 37, with a median survival 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 (p < 0.01). 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 and the TUNEL assay to exam-
ine tumor 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 fur-
ther increased the apoptosis index, suggesting that GC improves
the pro-apoptotic effect of 5-FU by promoting its entry into the
cell. In addition, as shown in Figure 6A and B, compared with
control and GC treatment, 5-FU and GC/5-FU treatment can
increase the percentage of cells in the G —G, phases (p < 0.01)
but lower the PI (p < 0.01), suggesting 5-FU and GC/5-FU are
cytotoxic to proliferating cells by arresting them in the G -G,
phases; this is consistent with previously reported research.?%
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.
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according to the standard curve equation. Each
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Preliminary pharmacokinetics of GC/5-FU.
One hundred and twenty mice were randomly
divided into two groups with 60 mice in each
group, one group for administration with 5-FU
solution (1.857 mg/mL) at a dose of 0.371 mg every

mouse and the anther group of GC/5-FU nanopar-
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Figure 8. Bar graph showing quantification of the apoptotic index (Al) in hepatic
cancer tissues with different treatments. Al increased from control to GC to 5-FU to
GC/5-FU (p < 0.01). Compared with control or GC group, **p < 0.01; compared with

ticles at an equivalent drug dose to the 5-FU group.
At5and 30 minand 1, 2, 4, 8, 12, 16, 24 and 48 h
after administration through tail vein injection, the

blood sample was drawn from the neck vein of mice

Materials and Methods

Reagents.  1-ethyl-3-(3-dimethylaminopropyl) ~ carbodiimide
hydrochloride (EDC), Chitosan (CS, degree of deacetylation,
> 85%), N-hydroxysuccinimide (NHS), RNase and 5-Bru were
purchased from Sigma. GC-5-FU nanoparticle was synthesized
and stored by our group. 5-FU was purchased from Shanghai
Xudong Haipu Pharmacetutical Co., Ltd. The TUNEL assay kit
was from Roche; and the immunohistochemistry kit was from
GBI

Mice and cell lines. The mouse liver cancer cell line (H22)
were purchased from the Cancer Institute at Fudan University.
BALB/c mice, 7 weeks of age and weighing 20-25 g, were
obtained from the Science Department of Experimental Animals
of Fudan University in China. All mice were housed in SPF level
B animal facility and animal experiments were conducted fol-
lowing 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 solution, using vortex oscillator (2,500 rpm) for
30 sec; the final concentration of 5-FU was 1.857 mg/mL. The
product was kept at room temperature for 30 min to assess for
further particle formation. The final product was kept at 4°C.
The drug loading and encapsulation efficiency were calculated
according to the following equations: drug loading = the amount
of 5-FU within nanoparticle/ nanoparticle mass x 100%; encap-
sulation efficiency = the amount of 5-FU within nanoparticle/
total amount of 5-FU added x 100%.

Preparation of 5-FU standard curve. Standard solution was
added to 0.5 mL of serum to make a 5-FU solution with a final
concentration of 0.1, 0.2, 0.5, 1.0, 5.0, 10 and 20 mg/L, respec-
tively. Linear regression was used by placing the 5-FU concentra-
tion on the x-axis and the measured 5-FU peak area as y-axis.

In vitro release experiment. Nanoparticles (20 mg) were
mixed with 30 mL of simulated body fluid (SBF, pH 7.4) in dial-
ysis bags and incubated at 37°C using a shaker with a fixed speed
of 60 rpm. Samples were taken at 0.5, 1, 2, 3,4, 5,6, 7, 8,9 and
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in two groups (six mice in each sub-group), respec-
tively. All blood samples were collected in heparinized tubes and
were immediately centrifuged (3,000 r/min, 10 min). Plasma
samples were obtained and stored in a 4°C freezer.

Concentration of GC/5-FU in different tissues. To investi-
gate the targeting of GC/5-FU on liver cancer, after the tumor was
established in the mouse model, the mice (n = 10) were randomly
assigned into 5-FU and GC/5-FU group, with 5 mice in each
group. As a control, ten normal mice were also were randomly
divided into 5-FU and GC/5-FU group, each group had 5 mice.
5-FU of 15 mg/kg in mice, or GC/5-FU (containing the same
5-FU) was injected through tail veil. Tissues and organs including
heart, liver, spleen, lung, kidney, muscle, brain and liver cancer
(only in the mouse model) were harvested 30 min post-injection.
After washing with saline, 0.5 to 1.0 g of tissues was homogenized
and 0.5 mL was taken for determination of 5-FU concentration.

Toxicity of GC/5-FU. A hundred of mice were randomly
divided into two groups, each group subdivided into five sub-
groups with 10 mice in each sub-group. The acute toxic reac-
tion and the main viscera pathological morphology of mice were
evaluated after given 5-FU or GC/5-FU by intravenous injection
via vena caudalis with different doses, respectively. In control
group, five sub-groups mice were given 5-FU at a dose of 142,
190, 253, 338 and 450 mg/kg, respectively; in the experiment
group, GC-5-FU was given at dose of 775, 912, 1,073, 1,262
and 1,485 mg/kg respectively, in each sub-group. We mainly
observed the behavior, mental, drinking, sleep, locomotion and
number of death from 0 days to 2 weeks. The main viscera patho-
logical morphology of mice was observed by an anatomical struc-
ture through the unaided eye. Importantly, we will calculate the
LD50 of 5-FU or maximum tolerance dose (MTD) of GC-5-FU
at vein injection to evaluate its toxicity for mice.

Animal model. The subcutaneous liver cancer mouse model
was established by using the mouse hepatocellular cancer cell line
H22. After euthanasia and dissection, fresh fast-growing tumor
tissues were minced and made into a tumor cell suspension at
the density of 6 x 10’/mL. Recipient mice were anesthetized by
20% urethane, followed by an injection of 50 nL of tumor cell
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suspension into the liver left lobe capsule. Approximately 2 min
after completion of the procedure, when there was no leaking,
the abdomen was sutured and the orthotropic liver cancer mouse
model was established successfully.?®

Observation of the curative effect of GC/5-FU in the ortho-
tropic liver cancer mouse model. Five days after the establish-
ment of the hepatic tumor, it reached about 4 to 6 mm in diameter
(Fig. 9). The mice with tumors were randomly assigned into four
groups labeled as control, GC, 5-FU and GC/5-FU. Mice in the
control group received 200 pL saline through an intravenous
injection. Mice in the GC group received 200 pL GC nanomate-
rial. Mice in the 5-FU and GC/5-FU groups received 200 pnL
(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, all model 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 from 1 to 2 mm?® of tumor tissue from each
individual group. Cells were washed three times by 0.1 mol/L
PBS and fixed by 70% ethanol. Cells were then incubated with
50 mg/L PI, 1.0% Triton X-100 and 10 mg/L RNaseA for 30 min
at 4°C in dark. Apoptosis and cell cycle distribution were ana-
lyzed by flow cytometry.”! Proliferation index (PI) = (S+G,/M)/
(G, /G,+S+G,/M).

TUNEL assay for detection of in situ apoptosis. Liver tumor
sections (4 pm) were fixed using 4% PFA, followed by digestion
with 0.02 mg/L proteinase K for 30 min at room temperature.
Sections were soaked in 3% H,O, for 5 min at room tempera-
ture to deactivate endogenous peroxidases. Sections were then
soaked in balance buffer for 20 min, followed by incubation with
a solution containing 1:20 terminal deoxynucleotidyl transferase
(TDT) enzyme at 37°C for 1.5 h. After washing, the antibody
was added and incubated for 30 min at 37°C. Diaminobenzidine
was used to develop the section after a second round of washing.
Negative control was performed by using ddH,O instead of TDT.
Apoptotic cells were recognized if the nucleus stained brown or
tan.”>? At least 1,000 cells were counted by DMR+Q550 system
(Laica) from at least 10 scopes. The apoptotic index (AI) was
calculated accordingly.

Statistics. All data was collected and expressed as an average +
standard deviation. ANOVA was used to analyze data within the

Liver cancer

Figure 9. Establishment of the hepatic cancer mouse model. (A) Liver
cancer; (B) normal mouse liver.

same group, one-way ANOVA was used to analyze data between
groups, while the LSD method was used for pairwise comparison
between groups. A value of a = 0.05, p < 0.05 was considered
statistically significant.

Conclusion

We demonstrated that GC is a good carrier for nano-material,
especially 5-FU. GC/5-FU nanoparticles is a sustained release
and highly targeted drug with lower toxicity, its peak time, half-
life time, mean residence time and AUC were longer or more
than those of 5-FU. GC/5-FU is an effective drug on liver can-
cer with high targeting and less toxicity. 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 was concluded to be elevated G -G, arrest and
apoptosis.
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