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Antitumor Effect and Pharmacological Mechanism of Paclitaxel-
loaded Silk Fibroin Nanomaterials on H22 Subcutaneous Tumor
Model of Mouse Hepatoma
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Department of pharmacy, Anhui University of Chinese Medicine, Hefei City 230012, China

Abstract: This work was developed to analyze the adoption of paclitaxel-loaded silk fibroin nanoparticles
(SFNPs) in subcutaneous transplanted tumor model of mouse hepatoma to explore its anti-tumor effect.
Twenty-five specific pathogen-free (SPF) mice were selected to construct a subcutaneous tumor model
of liver cancer, and they were randomly rolled into control group, group A, group B, group C, and group
D, with five mice in each group. The silk fibroin was mixed with an organic solvent to prepare a
suspension, and the SFNPs were prepared through centrifugation, ultrasound, and other methods. The
paclitaxel-loaded SFNPs were prepared by mixing paclitaxel and silk fibroin aqueous solution,
centrifuging, washing, and dispersing. Then, the five groups of mice were intervened by different dosage
regimens to analyze the changes of various indicators. As a result, the prepared nanoparticles had
uniform particle size, uniform distribution, no adhesion, and the average particle size was less than 500
nm. The tumor volume of mice in groups C and D on the 7th, 9th, and 13th days of administration were
dramatically smaller than those in the control group, group A, and group B (P < 0.05). And the tumor
volume (154.49 £ 9.65 mm?) of mice in group D on the 13th day of administration was dramatically
smaller than that in group C (167.79 £ 9.72 mm?®) (P < 0.05). The tumor mass (0.89 = 0.14 g, 0.54 +
0.13 g, and 0.46 £0.11 g) of mice in groups B, C, and D was dramatically smaller than that in the control
group and group A (1.23 £0.12 g, 1.24 + 0.11 g) (P < 0.05), and that of group D was dramatically
smaller than groups B and C (P < 0.05). The apoptosis rates of tumor cells in groups C and D (46.38%,
48.23%) were greatly superior to those in the control group (16.7%,), group A (21.33%), and group B
(35.6%) (P < 0.05), and that of group D was greatly superior to that in group C (P < 0.05). In summary,
paclitaxel-loaded SFNPs can effectively improve the targeting effect and bioavailability of drugs in the
treatment of liver cancer, thereby improving the efficacy, and had a good application prospect.
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1. Introduction

Malignant tumors can invade and compress surrounding tissues and organs, and are easy to
metastasize and relapse, causing serious harm to human life and health and being a major public health
problem facing the world at present [1]. Liver cancer is a malignant tumor occurring in the liver, the
largest organ of the human body. It is generally classified into primary liver cancer and secondary liver
cancer according to its etiology and other factors [2,3]. Primary liver cancer includes hepatocellular
carcinoma, intrahepatic cholangiocarcinoma, cholangiocarcinoma, angiosarcoma, hemangioendo-
thelioma, and hepatoblastoma [4]. Most hepatocellular carcinoma mainly develops from cirrhosis.
Intrahepatic cholangiocarcinoma is the most common liver cancer, accounting for about 15% of liver
cancer. There are no obvious symptoms in the early stage of the disease, but with the aggravation of the
disease, patients may suffer from weight loss, loss of appetite, nausea and vomiting, abdominal pain,
and abdominal distention [5,6]. At present, studies on the etiology of liver cancer have not reached a
clear conclusion, and it is generally believed that it is related to gene mutations, most of which are
mutations caused by the acquired environment [7,8]. In addition, it may be associated with hepatitis
virus infection, cirrhosis, and other factors. The treatment of liver cancer includes local treatment
(surgical treatment, ablation, embolization, and radiotherapy) and systematic treatment (targeted drug
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therapy, immunotherapy, etc.). Corresponding treatment measures should be formulated according to
patients’ symptoms, disease stages, and types [9,10]. Targeted drugs can be used to treat cancer-causing
mutations, and targeted drugs are the first choice for patients with advanced liver cancer [11].

Paclitaxel is an anti-microtubule anti-tumor drug that has anti-tumor effects on some malignant
melanoma, leukemia, and malignant sarcoma cell lines [12,13]. The drug binds to microtubules and
prevents them from separating chromosomes when cells divide, leading to cell division, especially death
of rapidly proliferating cancer cells [14,15]. However, paclitaxel used in the treatment of tumor often
has certain side effects on patients. The patients are firstly manifested as nausea and vomiting caused by
gastrointestinal mucosal damage, loss of appetite, etc. In addition, patients are prone to nerve endings
damage and allergic reactions [16,17]. With the development of nanotechnology and the synthesis and
application of polymer materials with good biocompatibility or biodegradation, the research of novel
molecularly targeted drugs and their drug carriers in the field of tumor therapy has attracted increasing
attention [18,19].

Studies found that polymer carriers have good biocompatibility and targeting advantages, which can
play an important role in tumor therapy [20,21]. Therefore, silk fibroin protein was mixed with organic
solvent to prepare suspension, and silk fibroin protein nanoparticles were prepared through
centrifugation, ultrasound, and other methods. The silk protein nanoparticles loaded with paclitaxel were
prepared by centrifugation, washing, and dispersion after mixing of paclitaxel and silk protein solution.
Then, the anti-tumor effect of silk fibroin nanomaterial loaded with paclitaxel was studied in mouse liver
cancer model, to provide some basis for the treatment of malignant tumors.

2. Materials and methods
2.1. Experimental animals and grouping

Twenty-five healthy adult male specific pathogen-free (SPF) mice were purchased from the animal
experimental center, weighing about 28 g and aged 7-8 weeks. According to SPF animal feeding
requirements (temperature: 18-29°C, daily temperature difference <3°C, relative humidity controlled at
about 50%, fresh air ventilation times 10 times/h, airflow speed < 0.18m/s, pressure difference = 25Pa,
cleanliness at level 10,000, ammonia concentration 15mg/m?, feeding environment noise < 60 dB), they
were kept in a barrier system. The microbial status in the feeding, management, and experimental
operation of SPF animals was strictly controlled.

2.2. Preparation of SFNPs

Silk fibroin (Suzhou Simete Biotechnology Co., LTD.) was dissolved in water and stood for 2-8 h at
2-6°C to obtain a silk fibroin solution with a concentration of 10-50 mg /mL. The silk fibroin protein
solution was mixed with organic solvent ethanol (99.5%, Shanghai Jizhi Biochemical Technology Co.,
LTD.), methanol (99.5%, Shanghai Jizhi Biochemical Technology Co., LTD.), or acetone (99%,
Guangdong Wengjiang Chemical Reagent Co., LTD.) with a volume ratio of 1:4-8, and stirred (the
mixing temperature was 20-60°C), so that the nanoparticles suspension was obtained [22,23]. The
prepared nanoparticle suspension was centrifuged for 30 min at §,000-20,000 rpm and 4°C. After
centrifugation, the nanoparticles were re-dispersed and washed by deionized water and centrifuged again
to obtain precipitation [24,25]. The prepared nanoparticles were precipitated and mixed with water, and
the silk fibroin protein nanoparticles were obtained by ultrasonic treatment.

2.3. Preparation of paclitaxel-loaded SFNPs

2 mg paclitaxel (purity >99%, Jiangsu Yew Pharmaceutical Co., LTD.) was dissolved in ethanol
solution (Shanghai JiZhi Biochemical Technology Co., LTD.), with silk fibroin aqueous solution added
into it drop by drop, and the mixture was constantly stirred to make the solution milky white. The
undissolved impurities in the solution system were removed by filtration [26], centrifuged for 30 min at
2-5°C and 15,000-16,000 rpm, and the separated precipitates were re-dispersed. After repeated
centrifugal washing, water was added for ultrasonic re-dispersion to obtain silk protein nanoparticles
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loaded with paclitaxel [27,28]. Figure 1 showed the high gravity device prepared by silk fibroin protein
nanoparticles.

Tank1
Tank2

Figure 1. Hyper-gravity device system

2.4. Characterization and analysis of SFNPs

Information on various physical and chemical properties of the tested sample itself, such as
morphology and composition information, was obtained through scanning electron microscope (SEM)
(Suzhou Fei Shiman Precision Instrument Co., Ltd.).

The particle size of silk fibroin nanoparticles was determined by Brookheaven B1-900AT dynamic
light scattering (DLS), and the zeta potential was determined by Brookheaven Plus zeta potential. All
measurements were made 3 times at 25°C.

The uptake of silk fibroin nanoparticles was observed by Olympus fluorescence microscope
(Shanghai Pucher Optoelectronics Technology Co., Ltd.).

2.5. Construction of mouse liver cancer subcutaneous tumor model

H22 mouse hepatoma cell lines (purchased from Shanghai Tongwei Biotechnology Co., LTD.) were
thawed and centrifuged in a sterile environment of ultra-clean workbench, followed by addition of fetal
bovine serum and inoculation. 0.2 mL H22 mouse hepatocellular carcinoma cell line was inoculated into
the right back subcutaneous tumor of SPF mice to construct mouse hepatocellular carcinoma
subcutaneous tumor model. Five days after modeling, tumor growth and partial redness of skin were
observed on the back of mice. When the tumor volume of mice reached 100 mm?, the mice were
randomly divided into five groups, including control group and observation group (group A, B, C, and
D), with five mice in each group. After grouping, each mouse was labeled according to group.

On the same day after grouping, mice in control group were intraperitoneally injected with normal
saline, mice in group A were intraperitoneally injected with 65 mg/Kg silk fibroin, mice in group B were
intraperitoneally injected with 10 mg/Kg paclitaxel-loaded SFNPs, mice in group C were intra-
peritoneally injected with 10 mg/Kg paclitaxel-loaded SFNPs, and mice in group D were injected with
10 mg/Kg paclitaxel-loaded SFNPs around tumor after anesthesia. After that, mice were given drugs in
the above way on day 5, day 9, and day 13, respectively. The mice were sacrificed the next day after the
last drug administration. Tumor and viscera of mice in each group were removed for embedding,
hematoxylin-eosin staining (HE), and observation and recording.
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2.6. Observation indicators

The five groups of mice were given different drugs, and the serum, liver, and kidney function
indicators of mice were detected such as Alanine Transaminase (ALT) and Aspartate aminotransferase
(AST) content, liver tissue and tumor tissue staining, tumor volume change, and tumor inhibition rate.
The tumor tissue was prepared into single cell suspension and Annexin V FITC/PI staining method was
used to detect the proportion of apoptosis of tumor cells, where, the tumor volume calculation is shown
in equation (1).

V (mm)=0.4mn (1)

where, m represents the maximum tumor diameter (mm), z represents the minimum tumor perpendicular
to m. The calculation method of tumor inhibition rate is shown in equation (2).

Tumor inhibition rate= {1-(%)}100% (2)

0
V, represents the average tumor volume in the control group, and V, represents the average tumor

volume of the treatment group.

2.7. Statistical methods

Data processing was analyzed by SPSS 22.0. The measurement data were in the form of mean +
standard deviation (X + S), and the counting data were in the form of percentage (%). Analysis of variance
was used for pairwise comparison. P < 0.05 indicated that the difference was statistically significant.

3. Results and discussions
3.1. Silk fibroin nanoparticle characterization

Colloidal particles with a particle size in the range of 10 - 1,000 nm formed by encapsulating drugs
into carrier materials by chemical cross-linking or electrostatic adsorption are called nanoparticles, and
both water-soluble and lipid-soluble drugs can be used in nanoparticle delivery systems [29, 30]. In
addition, by linking some specific groups on the surface of nanoparticles, the specific binding effect can
be used to improve the uptake of nanoparticles by cells [31,32]. Figure 2 shows the SEM images of
SFNPs prepared by mixing silk fibroin with organic solvent and by centrifugation, ultrasound, and other
methods. Figure 2C, Figure 2D, Figure 2E, and Figure 2F show that the prepared nanoparticles had
uniform particle size, uniform distribution, no adhesion, and average particle size less than 500 nm.
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Figure 2. Electron microscope images of nanoparticle characterization.
Note: the scales in Figures A, B, C, D, E, and F indicated
100 pm, 50 pm, 10 pm, 5 um, 1 pm, and 500 nm, respectively
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3.2. Imaging of different solvents on nanoparticle size

To study the changes of particle size, polydispersity, and other properties of SFNPs prepared with
different solvents, ethanol, methanol, and acetone were used to prepare silk fibroin nanoparticles, and
their particle size and & potential were compared. The results were shown in Table 1. The results showed
that when the solvent was ethanol and the silk fibroin content was 5 mg/mL, the particle size of the
prepared nanoparticles was the smallest and the polydispersity of the nanoparticles was the lowest. When
ethanol, methanol, and acetone were used as solvents, the & potential of the solution system did not
change significantly. Therefore, ethanol was used as solvent in this study to prepare corresponding
nanoparticles.

Table 1. Changes of particle size and properties of nanoparticles

Silk fibroin/ Silk ﬁbro.l n Particle size . . & potential
Solvent paclitaxel concentration (nm) Polydispersity (mV)
(mg/mL)

Ethanol 5:1 2 203.1£2.4 0.161+0.018 -8.23
Ethanol 10:1 5 180.242.3 0.13+0.021 -19.83
Ethanol 5:1 5 156.3+1.98 0.108+0.017 -2.53
Ethanol 5:1 10 170.9+2.02 0.142+0.023 -12.14
Methanol 5:1 5 188.7+1.76 0.139+0.02 -2.45
Acetone 5:1 5 213.442.43 0.235+0.01 -2.3

3.3. Silk fibroin nanoparticle uptake results

Fluorescein was taken as the drug loaded on SFNPs, and the uptake of H22 mouse liver cancer cells
was analyzed. The fluorescence observation results were shown in Figure 3. Fluorescent spots were
observed in the cytoplasm and around the nucleus of the cells, but no green fluorescent spots were
observed in the nucleus, which indicated that the drug-loaded SFNPs (silk fibroin: paclitaxel =5:1; silk
fibroin concentration: 5 mg/mL) were absorbed by H22 mouse hepatoma cells in a short period of time,
thus exerting pharmacological effects on them.

Figure 3. H22 uptake of SFNPs

3.4. Effects of paclitaxel and silk fibroin concentrations on hepatocytes

To analyze the toxic effects of paclitaxel and silk fibroin on hepatocytes, the activity of mouse
hepatocytes at different concentrations was compared, and the results were shown in Figure 4. Among
the five groups of mice, the dosing regimens of mice in groups B, C, and D included paclitaxel, and the
dosing regimens of mice in groups A, C, and D included silk fibroin. Therefore, the cell activity of mice
in groups B, C, and D at different concentrations of paclitaxel and that of mice in groups A, C, and D at
different silk fibroin concentrations were compared, but no obvious cytotoxicity was found.
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Figure 4. Cytotoxic effects of paclitaxel and silk fibroin at different concentrations.
Note: A represented different paclitaxel concentrations; B represented different silk
fibroin concentrations

3.5. Changes in tumor volume and mass in five groups of mice

After the five groups of mice were administered according to different regimens, the tumor volume
and mass changes of each group of mice were measured and calculated on the 1Ist, 3rd, 5th, 7th, 9th, and
13th days of administration. The results were shown in Figure 5. Figure 5A showed the changes in tumor
volume of mice in the five groups on different days of administration. With the prolongation of time, the
tumor volume of the mice gradually increased, and the tumor volume of the control group, group A, and
group B continued to increase, but without substantial difference between them (P>0.05). On the 9th
day after administration, the tumor volume of group C and group D no longer increased, and then
gradually decreased. The tumor volume of mice in group C and group D on the 7th, 9th, and 13th days
of administration were dramatically smaller than those in the control group, group A, and group B (P <
0.05). And the tumor volume of mice in group D (154.49 + 9.65 mm?) on the 13th day of administration
was dramatically smaller than that in group C (167.79 £ 9.72 mm?) (P < 0.05).

Figure 5B showed the comparison results of tumor mass in mice in five groups. The tumor mass
(0.89+0.14 g,0.54 £ 0.13 g, and 0.46 + 0.11 g) of mice in groups B, C, and D was dramatically smaller
than that in the control group and group A (1.23 £0.12 gand 1.24 £ 0.11 g) (P <0.05), and that of group
D was dramatically smaller than groups B and C (P < 0.05).
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Figure 5. Changes in tumor growth in mice
Note: A: tumor volume; B tumor mass. (Compared with the control group, *P < 0.05;
compared with the group A, °P < 0.05; compared with the group B,
” < 0.05; compared with the group C, ¢P < 0.05.)

3.6. Changes of serum indicators in mice

After the five groups of mice were administered according to different regimens, the changes in
serum indicators of each group of mice were measured on the 1st, 3rd, 5th, 7th, 9th, and 13th day of
administration. The results were shown in Figure 6. Figure 6A showed the changes of ALT content of
mice in five groups on different administration days. With the prolongation of time, the serum ALT levels
of the five groups of mice were gradually increased, but the increasing trend was slow, and there was no
substantial difference in ALT levels among the five groups (P>0.05). Figure 6B showed the changes of
AST content of mice in five groups on different days of administration. With the prolongation of time,
the serum AST content of mice in groups A, B, C, and D did not show significant changes, while that of
the control group showed a slight increase and then gradually recovered. No substantial difference was
suggested in AST content among the five groups of mice (P>0.05).
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Figure 6. Changes of serum indicators in mice
Note: A: changes in ALT; B: changes in AST

3.7. Mouse tumor tissue staining results

Five groups of mice were administered, and then they were sacrificed after the administration. The
tumor of the mice was round or oval, the capsule was intact, and blood vessels could be seen around the
tumor. Figure 7 showed the results of HE staining of tumor tissue of mice in the five groups. The results
of HE staining showed that tumor cells were diffusely distributed and were mostly round or oval. In
group A and the control group, hyper-stained tumor cells were obviously arranged in crowded clusters
or cords, with larger nuclei and lymphocyte infiltration around the cells. In group B, some necrotic areas
were seen, and a small amount of tumor cells were distributed. In groups C and D, obvious necrotic areas
or focal necrosis were seen, and lymphocyte infiltration was seen. Hence, the prepared paclitaxel-loaded
SFNPs had a good inhibitory effect on the tumor growth of liver cancer model mice, that was, certain
anti-tumor effect.

Figure 7. HE staining of mouse tumor tissue (x400)
Note: A, B, C, D, and E represented the control group, group A, group B, group C, and group D, respectively

Figure 8 showed the results of HE staining of the liver tissue of mice in the five groups. Some
hepatocytes were scattered with deep nuclear staining, and some areas of hepatocytes appeared loose,
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swollen, and watery. No obvious pathological changes were found in the HE staining of hepatocytes in
the five groups of mice. Therefore, the prepared paclitaxel-loaded SFNPs did not cause obvious damage
to the normal liver and other tissues of mice.

Note: A, B, C, D, and E represented the control group, group A, group B, group C, and group D, respectively

3.8. Apoptosis of tumor cells in mice
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Figure 8. HE staining of mouse liver tissue (x400)

The apoptosis of tumor cells in five groups of mice was analyzed after drug intervention, and the
results were shown in Figure 9. The tumor cell apoptosis rates of the mice in the five groups were 16.7,
21.33, 35.6, 46.38, and 48.23%, respectively. The tumor cell apoptosis rate in group B was greatly
superior to that in the control group and group A (P < 0.05). Hence, paclitaxel had a certain inhibitory
effect on liver cancer cells, but the inhibitory effect was weak. The apoptosis rates of tumor cells in
groups C and D were greatly superior to those of the other groups (P < 0.05), and that of group D was
greatly superior to that in group C (P < 0.05). It may be because the paclitaxel-loaded SFNPs enhanced
the antitumor effect of the drug, and the effect of nanocarrier drug injection around the tumor was
significantly better than that of intraperitoneal injection. Figure 9B showed the comparison of tumor
inhibition rates of the five groups of mice. The tumor inhibition rates of five groups were 0.24, 1.28,
22.31, 54.51, and 60.23%, respectively. Among them, the tumor inhibition rates of group C and group
D were greatly superior to those of the other groups (P < 0.05), and that of group D was greatly superior

to group C (P < 0.05).
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Figure 9. Apoptosis of tumor cells in mice
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As a common malignant tumor in China, liver cancer accounts for more than 50% of liver cancer
worldwide. Due to the insidious onset of hepatocellular carcinoma, patients do not show any obvious
symptoms at the initial stage, so most patients have been diagnosed as intermediate and advanced stage
when they are found, and the best opportunity for surgical treatment has been missed [33,34]. In addition,
due to the particularity of liver cancer, no matter surgical treatment, interventional therapy, chemo-
therapy, or targeted drug therapy, the therapeutic effect of liver cancer is still far from ideal, and the
recurrence rate is high and survival rate is low [35,36]. Currently, the drugs used to treat liver cancer are
mainly through some new targeted drugs, which act on some special target molecules in the growth
regulation of liver cancer [37,38]. Chemotherapy is the use of drugs to destroy cancer cells. After the
drugs enter the blood and reach all areas of the body, they play a certain inhibitory or therapeutic effect
on the cancer that has spread to the distal organs [39,40]. However, Li et al. (2014) [41] found that after
commonly used chemotherapy drugs were introduced into patients, the amounts of drugs reaching the
tumor site was far less than the total amount of drugs given because the distribution in the body could
not be well controlled. In addition to killing the tumor, it is inevitable to cause certain damage to normal
tissues, organs, or cells, and weaken the therapeutic effect of drugs to a certain extent [42]. With the
continuous progression of science and medical level, the problem of poor distribution effect of drugs in
vivo and damage to normal tissue cells of patients becomes the focus. Nanomaterials, due to their
biocompatibility and small particle size, have become increasingly popular as anti-tumor drug carriers
[43].

In this work, SFNPs were prepared by centrifugation, ultrasound, and other methods after being
dissolved in organic solvents, and used as the carrier of the anti-tumor drug paclitaxel. To study the effect
of drug-loaded nanoparticles on hepatocellular carcinoma in mice, a subcutaneous transplanted tumor
model was established. H22 mouse liver cancer cell line was injected into the back of the mouse to
prepare the mouse liver cancer model. One week later, when the tumor volume of the mouse reached
100 mm?®, the modeling was successful. Scanning electron microscopy showed that the prepared
nanoparticles had uniform particle size, uniform distribution, no adhesion, and the average particle size
was less than 500 nm. Wang et al. (2020) [44] showed that SFNPs can improve the uptake of drugs in
cells, prolong the retention time of drugs, and have advantages of high efficiency, long-acting and
targeting in cells, which is conducive to improving the bioavailability of drugs. The results of the changes
of tumor volume in mice at different periods showed that the tumor volume of mice in group C and
group D on the 7th, 9th, and 13th days of administration were dramatically smaller than those of the
other groups (P < 0.05). And the tumor volume (154.49 + 9.65 mm?) of mice in group D on the 13th day
of administration was dramatically smaller than that in group C (167.79 + 9.72 mm?) (P < 0.05). The
tumor mass (0.89 = 0.14 g, 0.54 + 0.13 g, and 0.46 = 0.11 g) of mice in groups B, C, and D was
dramatically smaller than that in the other groups (1.23 £0.12 gand 1.24 + 0.11 g) (P <0.05), and that
of group D was dramatically smaller than group B and group C (P < 0.05), which was similar to the
results of Qian et al. (2020) [45]. It was concluded that the paclitaxel-loaded SFNPs can effectively
improve the targeting effect and bioavailability of the drug, and significantly inhibit the growth of tumor
cells, resulting in smaller tumor volume and lower tumor mass than other treatment groups. The
apoptosis rates of tumor cells in groups C and D (46.38%, 48.23%) were greatly superior to those in the
control group (16.7%), group A (21.33%), and group B (35.6%) (P < 0.05), and that of group D greatly
superior to that in group C (P < 0.05). It may be because the paclitaxel-loaded SFNPs enhanced the
antitumor effect of the drug, and the effect of nanocarrier drug injection around the tumor was
significantly better than that of intraperitoneal injection.

5. Conclusions

SFNPs loaded with paclitaxel can effectively improve the targeting effect and bioavailability of drugs
in the treatment of liver cancer, thus playing a role in improving the efficacy, which has a good
application prospect. However, the in vitro cytotoxicity test was not conducted in this study, which is
not representative. Therefore, the improvement and optimization in this aspect will be carried out in the
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follow-up study, so as to further explore the construction of nano drug delivery system of paclitaxel and
its application effect in tumor treatment. In conclusion, this work provides a theoretical basis for drug
therapy and targeted therapy of tumor.
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