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A B S T R A C T

Hepatocellular carcinoma (HCC) is one of the most lethal malignancies worldwide. Sorafenib (Sf) is currently the
first-line treatment for HCC. However, due to the side effects and unsatisfied efficiency of Sf, it is urgent to
combine different therapeutic agents to inhibit HCC progression and increase the therapeutic efficacy. Here, our
study constructed a Sf and KIAA1199-siRNA co-loaded liposome Sf-Lp-KIAA, which was prepared by electrostatic
interaction of KIAA1199-siRNA and Sf loaded liposome (Sf-Lp). The particle size, zeta potential, the in vitro
cumulative release was investigated. The physical and chemical properties were characterized, and the inhibition
of HepG2 growth and metastasis in vitro was investigated. The cellular uptake of the co-loaded liposome was
significantly higher than that of free siRNA, and the drug/siRNA could be co-delivered to the target cells. Sf-Lp-
KIAA could significantly inhibit the growth, migration, invasion and down-regulate KIAA1199 expression of
HepG2 cells in vitro than that of single Sf treated group. In addition, the co-delivery liposome accumulated in the
HepG2 subcutaneous tumor model and suppress tumor growth after systemic administration without induce
obvious toxicity. The present study implied that the co-delivery of Sf and KIAA1199-siRNA through the co-loaded
liposomes exerted synergistic antitumor effects on HCC, which would lay a foundation for HCC therapy in the
future.

1. Introduction

As one of the common malignant tumors, hepatocellular carcinoma
(HCC) has an insidious onset and poor prognosis. The high recurrence
rate and metastasis rate have become the main problems affecting the
clinical efficacy of HCC(Ahn et al., 2021). It is an urgent issue to explore
suitable strategies to inhibit the growth and metastasis of tumor cells to
improve the treatment effect of HCC. Sorafenib (Sf) is a first-line
chemotherapy drug for the treatment of HCC worldwide. However, Sf
is effective in only 30 % of HCC patients, inducing different adverse
events such as high blood pressure, abdominal pain, gastrointestinal or
skin diseases(Tang et al., 2020), patients who discontinue sorafenib may
have tumor recurrence(Desar et al., 2009). The poor solubility and rapid
clearance of Sf cause low distribution in tumor tissues(Gopakumar et al.,

2022; Kong et al., 2021). On the other hand, it has been found that a
certain dose of Sf can increase the invasion and metastasis of HCC
{Jiang, 2018 #24}{Zhang, 2012 #23}.

Although many Sf monotherapies have been investigated to improve
its solubility and antitumor efficacy, the clinical benefits did not show
enough potential(Caputo et al., 2022; Chirayil & Kumar, 2022; Rimassa
et al., 2023; C. Yang et al., 2023). Therefore, combined or multiple
therapeutic strategies have been proposed as a promising therapeutic
modality to enhance the anti-tumor ability of Sf as well as regulate the
process of proliferation and migration of liver cancer cells (C. Jiang
et al., 2018; X. Wang et al., 2022; C. Yang et al., 2023; You et al., 2016).

Currently, combination of antitumor agent with small interfering
RNA (siRNA) has been considered as an alternative approach(Safaei
et al., 2023). RNA interference (RNAi) therapy plays an essential role in
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tumor combination therapy owing to precise knockdown of oncogene
through siRNA(Safaei et al., 2022), which consequently reduce systemic
toxicity caused by chemotherapy drugs. KIAA1199, an important
member of the KIAA gene family, is overexpressed in human liver cancer
tissues and metastatic HCC cell lines(H. Kim et al., 2020; D. Wang et al.,
2020). It has been reported that KIAA1199 regulates the progression of
hepatocellular carcinoma by affecting the epithelial-mesenchymal
transition process and is significantly associated with the five-year sur-
vival rate and prognosis of liver cancer patients (Z. Jiang et al., 2018).
Henceforth, the combination of siRNA approach for targeting KIAA1199
gene with traditional chemotherapy drugs could be implemental for
enhancing therapeutic efficiency of HCC.

Given that the physicochemical properties of siRNA and chemo-
therapeutic drugs are different, it is crucial to design one singular system
capable of packing these two therapeutic agents and synchronously
delivering drug/siRNA to the intended site. For example, PAMAM
dendrimers were designed to co-encapsulate Bcl-2 siRNA and curcumin
for cervical cancer treatment(Ghaffari et al., 2020). A Hela cancer cell
membrane-biomimetic PLGA-based nanocarrier was designed to co-
deliver PTX and siRNA targeting HPV18-E7(C. Xu et al., 2020). Car-
boxymethyl chitosan-modified liposomes were prepared for co-delivery
of Sf and Cy3-siRNA(Yao et al., 2015).To date, liposomes have gradually
become a representative nanocarrier for combined or multiple therapies
due to their low toxicity, simple preparation process, and the ability to
simultaneously encapsulate drugs of different properties(Eftekhari et al.,
2019; Ye et al., 2021). In this study, a Sf and KIAA1199-siRNA co-loaded
liposome Sf-Lp-KIAA1199 was developed, motivating by the hypothesis
that KIAA1199-siRNA could improve the therapeutic effect of Sf and co-
delivery of two antitumor agents would exert synergetic antitumor ef-
fects. The physicochemical properties, the in vitro and in vivo antitumor
ability of Sf-Lp-KIAA1199 were investigated, which would provide an
alternative idea for the treatment of HCC.

2. Material and methods

2.1. Materials

Sorafenib was purchased from Solarbio Life Sciences (Beijing, China);
egg phospholipid PC-98 T was purchased from AVT Pharmaceutical Co.,
Ltd. (Shanghai, China); (2,3-Dioleoyloxy-propyl)-trimethylammonium-
chloride (DOTAP), N-(carbonyl-methoxypolyethyleneglycol-2000)-1,2-
distearoyl-sn-glycero-3-phosphothanolamine (DSPE-PEG2000) were pur-
chased from Avanti Polar Lipids (Alabaster, USA); Cholesterol was pur-
chased from Solarbio Life Sciences (Beijing, China); KIAA1199-siRNA,
FAM labeled non-sense siRNA (FAM-siRNA), Cy3 labeled non-sense
siRNA (Cy3-siRNA), Non-targeted control siRNA (NC-siRNA) were syn-
thesized by RiboBio Co., Ltd. (Guangzhou, China); Agarose was purchased
from Aladdin Co., Ltd. (Beijing, China); CCK-8 kits were purchased from
Beyotime Biotechnology Co., Ltd. (Shanghai, China); Transwell chambers
and BioCoatTM matrix invasion chambers were purchased from Corning
Life Sciences(NY, USA); KIAA1199 antibody was obtained from Biotech
Co., Ltd. (Beijing, China); HRP conjugated secondary antibody was ob-
tained from Boster Biological Technology Co., Ltd. (Wuhan, China); HRP
labeled GAPDH antibody was purchased from Kangcheng Biological En-
gineering Co., Ltd. (Shanghai, China); The PVDF membrane was pur-
chased from Millipore (Billerica, USA); All other chemical reagents were
of analytic grade or above.

The HepG2 cells were obtained from Shanghai Cell Bank and
cultured in RPMI 1640 medium with 10 % fetal bovine serum. BALB/c
nude mice (Male, 4–6 weeks old, 16–20 g) were purchased from
Guangzhou Ruige Biological Technology Co., LTD (Guangzhou, China).
All the animal experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals.

2.2. Preparation of Sf and KIAA1199-siRNA co-loaded liposomes

Liposome was prepared by thin film dispersion-extrusion method. In
brief, DOTAP, PC-98 T, cholesterol, DSPE-PEG2000 and Sf
(5:9:4.5:0.9:1, mol/mol) were dissolved in ethanol at 45℃. A lipid film
was formed after rotary evaporation and then was hydrated with 5 %
glucose for 20 min at 40℃. Subsequently, the Sf loaded liposomes (Sf-
Lp) were obtained by extruding through 400 and 200 nm polycarbonate
membranes using a LF-1 Mini liposome extruder (Ottawa, Canada). The
blank liposomes (Lp) were prepared by the same method above. Then,
the Sf-Lp and KIAA1199-siRNA solution were mixed in a certain pro-
portion and incubated for 10 min to obtain Sf and KIAA1199-siRNA co-
loaded liposomes (Sf-Lp-KIAA). The preparation process of Sf and non-
targeted control siRNA co-loaded liposomes (Sf-Lp-NC) was similar
with that of Sf-Lp-KIAA.

2.3. Particle size and zeta potential

The particle size distribution and zeta potential of liposomes were
measured by a dynamic light scattering method using the Malvern
Zetasizer Nano ZS (Malvern, UK). The samples were diluted to 10 μg/mL
lipid concentration with double distilled water and placed in the sample
pool. Measurements were tested at a 90◦ angle at 25℃.

2.4. Morphology

Sf-Lp or Sf-Lp-KIAA diluted with distilled water was placed in a
copper grid, dried and stained with 2 % phosphor tungstic acid. The
excess liquid was absorbed by filter paper and the sample was observed
under a JEM-2010HR high-resolution transmission electron microscope
(Tokyo, Japan).

2.5. Agarose gel electrophoresis

The siRNA binding ability was performed by gel retardation assay.
The 2 % agarose gel containing 0.1 µL /mL Goldview was prepared, and
Sf-Lp-KIAA at different weight ratios of DOTAP and siRNA was loaded
into individual gel wells for electrophoresis with a voltage of 90 V for 15
min. After electrophoresis the gel images were photographed through a
gel imaging system (Liuyi Biotechnology, Beijing, China).

2.6. Loading efficiency

To measure the encapsulation efficiency of Sf in the liposomes, 0.1
mL Sf-Lp was dispersed in 0.4 % Tween 80-PBS solution and centrifuged
for 30min at a rotating speed of 16,000 r/min. Then the supernatant was
transferred to a 10 mL volumetric bottle with ethanol to determine the
amount of free Sf in the supernatant by HPLC(Yao et al., 2015). An
appropriate amount of Sf-Lp was taken into a 10 mL volumetric bottle
and demulsified with ethanol. The total amount of the drug was deter-
mined by HPLC. The encapsulation efficiency (EE) and drug loading
(DL) of Sf were calculated according to the following formula.

EE(%) =
Wt − W
Wt

× 100%

DL(%) =
Wd
W0

× 100%

Where Wt is the total amount of Sf, W is the weight of Sf in the super-
natant, Wd is the weight of encapsulated Sf and W0 is the total amount
of Sf and lipids.

2.7. In vitro release

The in vitro release of Sf from Sf-Lp-KIAA was investigated by dy-
namic dialysis method. A volume of 2 mL Sf-Lp-KIAA in a dialysis bag
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(molecular weight: 8000–14000 Da) was immersed into 13 mL PBS
containing 1 % (w/v) Tween 80 and constant oscillated (100 rpm/min)
at 37℃for 48 h. 2 mL sample was taken out at 0.5, 1, 2, 4, 8, 12, 24 and
48 h, respectively, and an equal amount of isothermal release medium
was added after each sampling. The concentration of Sf in samples were
determined by HPLC at the detection wavelength of 265 nm.

2.8. Cellular uptake

To investigate the cellular uptake by HepG2 cells, FAM-siRNA was
used to prepare co-loaded liposome Sf-Lp-FAM. The HepG2 cells were
seeded in a 12-well plate at the density of 104 cells per well and cultured
at 37℃ overnight. After that, the original mediumwas removed and the
cells were gently rinsed with PBS three times, then the free FAM-siRNA
or Sf-Lp-FAM diluted with serum free RPMI-1640 culture medium was
added into the corresponding wells respectively. The final concentration
of FAM-siRNA in each well is 20 nM. At the end of 4 h incubation, the
cells were washed three times with PBS, and photographed with inver-
ted fluorescent microscope (Nikon, TE2000E, Tokyo, Japan). Then the
cells were digested and collected with trypsin, and FAM positive cells
were detected by a flow cytometry (BD, Franklin Lakes, USA).

2.9. Cellular co-delivery

Coumarin-6 and Cy3-siRNA was incorporated to prepare co-loaded
liposome Cou-Lp-Cy3 to evaluate the cellular co-delivery. HepG2 cells
were placed in 12-well plates at a density of 5 × 104 per well and
cultured at 37℃. The Cou-Lp-Cy3 was diluted in the medium of serum-
free RPMI-1640 and then added into corresponding wells. The final
concentration of Cy3-siRNA and Coumarin 6 was 20 nM and 0.4 μM,
respectively. After that, the cells were washed with cold PBS solution for
three times and fixed with 4 % paraformaldehyde for 15 min. Then 5 μg/
mL DAPI solution was added to stain nucleus and incubated at 37℃ for
10 min. The cellular co-delivery was observed and photographed under
an inverted fluorescence microscope.

2.10. In vitro cytotoxicity

Cytotoxicity was detected by Cell Counting Kit-8 (CCK-8) assays.
HepG2 cells were cultured in 96-well plates with a density of 4× 103 per
well and then replaced with serum-free medium. Free Sf was dissolved in
Tween 80-ethanol (1:1, v/v). Different groups were diluted to a certain
concentration with serum-free medium and added into 96-well plates, in
which the final concentration of Sf was 1–32 μM and the final concen-
tration of KIAA1199-siRNA was 50 nM. After incubation for 48h, the
CCK-8 was added to each well and incubated for 1 h. After the treatment
period, the absorbance was measured at 450 nm using an enzyme
marker to calculate the cell survival rate.

2.11. Cell migration and invasion assays

To evaluate cell migration and invasion, HepG2 cells were seed in
12-well plates with a density of 5× 104 per well, and then replaced with
serum-free medium. Free Sf or Sf-contained liposomes were added into
each well, where the Sf concentration was 8 μM and the KIAA1199-
siRNA concentration was 50 nM, respectively. After incubation for 6
h, the serum medium was replaced with complete medium and the cells
were continuously cultured for 42 h. The cells were harvested and added
into the upper transwell chamber with the non-coated matrigel mem-
brane (for migration assay) or with coated by matrigel (Corning Life
Sciences, Corning, USA) for invasion assay. After incubation for another
24 h, the transwell chambers were washed with PBS solution, the
migrated or invaded cells on the upper side of chambers were fixed with
90 % ethanol and stained in 0.1 % crystal violet, then photographed by
an optical microscope and were quantified in five independent fields in
each sample. The experiments were repeated three times and the data

are showed as the means ± SD.

2.12. Real-time qPCR

RNA was extracted from the cells using a Total RNA Extraction Kit
(Promega, Shanghai, China) and reverse-transcribed using a first-strand-
cDNA synthesis kit (Thermo, Beijing, China). PCR was performed using
SYBR Green/ROX qPCR Master Mix (Thermo, Beijing, China) and
quantitatively assessed on a Step One real-time PCR system (Applied
Biosystems, CA, USA). Gene expression level was normalized to GAPDH
mRNA using the 2–ΔΔCT method. The primer sequences in the Real
time-qPCR for GAPDH and KIAA1199 were 5′-ACTCCTCCACCTTT-
GACGCT-3′(GAPDH-forward), 5′-GGTCTCTCTCTTCCTCTTGTGC-3′
(GAPDH-reverse), 5′-GATGTGCTCGTACTCCCTCG-3′(KIAA1199-for-
ward) and 5′-CGGTTGTTGAGGCAATGTGG-3′(KIAA1199-reverse),
respectively.

2.13. Western blot analysis

The cells were lysed in RIPA buffer on ice, total proteins were
extracted from the cells and the total protein concentration was deter-
mined by BCA protein assay Kit. 40 µg of proteins were separated by
8–10 % SDS-PAGE (Bio-rad, Hercules, CA) and transferred to PVDF
membranes (Millipore, Bedford, USA), then PVDF membranes were
blocked with 5 % bovine serum albumin (BSA) and subsequently incu-
bated with primary antibodies anti-KIAA1199 (1:500 dilution) over-
night at 4 ◦C, GAPDH (1:5000 dilution) was detected as an internal
control. Afterwards, the PVDF membranes were then washed in TBST
(0.02 M TBS with 0.1 % Tween-20) three times and then incubated with
HRP-conjugated goat anti-rabbit secondary antibody (1:5000 dilution)
for 1 h, the protein blot was exposed by using the enhanced chem-
iluminescence (ECL) reagents (Applygen, Beijing, China). Image J soft-
ware was used to analyze the gray value of the blot.

2.14. Animal models

The xenograft tumor models were established by subcutaneously
inoculation of 0.1 mL HepG2 cell suspension (1 × 107 cells) into the
right flank of the mice. The width and length of the tumor was measured
by the caliper and the tumor volumes were calculated by the formula:
V=L×W2/2, where L is the longest diameter and W is the shortest
diameter perpendicular to length.

2.15. In vivo real-time fluorescence imaging

When the tumors reached to 200 mm3, the HepG2 tumor-bearing
nude mice were intravenously administrated by the free near-infrared
dye Dir and Dir/KIAA-siRNA co-loaded liposomes (Dir-Lp-KIAA) at the
Dir dose of 0.2 mg/kg. The in vivo imaging system (BLT AniView100,
Guangzhou, China) was used to monitor the Dir fluorescence signal at
different time intervals. After 24 h of administration, the mice were
sacrificed to collect the tumor and the major tissues (heart, liver, spleen,
lung, kidney) for imaging under the live imaging system.

2.16. In vivo antitumor efficacy

After the tumor reached to approximately 80–130 mm3, the HepG2
tumor-bearing mice were divided into 6 groups randomly (n = 3) and
were intravenously administrated by different preparations: 5 % glucose
solution (control group), free Sf (7 mg Sf/kg), Sf-Lp (7 mg Sf/kg), Sf-Lp-
NC (7 mg Sf/kg and 1.0 mg NC-siRNA/kg), Sf-Lp-KIAA (7 mg Sf/kg and
1.0 mg KIAA-siRNA/kg) and blank Lp group every two days for six times.
During the period, the tumor sizes and body weights were measured
every other day. At the end of the treatment, the mice were euthanized,
the harvested tumors were weighted and photographed. Then the tu-
mors and main organs were collected and fixed by 4 %
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paraformaldehyde for further studies.

2.17. H&E and TUNEL assay

The hematoxylin and eosin (H&E) staining was used to evaluate the
pathological changes in tumor tissues. Additionally, the TUNEL staining
was used to detect the tumor cell apoptosis. Briefly, the fixed tumors
were paraffin embedded, sectioned, deparaffinized and subjected to
H&E staining assay or TUNEL assay kit instructions. The major organs
including heart, liver, spleen, lungs, and kidneys were also treated with
H&E staining to assess the organ-specific toxicity. The sections were
deparaffinized, stained by immunohistochemistry test and observed
under an optical microscope (Eclipse Ts2, Nikon, China).

2.18. Statistical analysis

The data are presented as the means± standard deviations (SD) from
at least three repeated experiments. Inter-group differences were tested
using one-way analysis of variance (ANOVA). P<0.05 was considered
statistically significant (‘*’ as presented), P<0.01 was considered
extremely statistically significant (‘**’ as presented).

3. Results

3.1. Preparation and characterization of Sf-Lp-KIAA

The Sf-Lp morphology was observed by transmission electron mi-
croscopy (TEM), which was spherical and rounded in shape (Fig. 1A).
The average particle size measured by laser particle analyzer was (182.5
± 6.1) nm with the PDI of 0.153 ± 0.012, and the zeta potential was
(39.7 ± 2.2) mV (Fig. 1B.C). The encapsulation efficiency was (88.2 ±

2.6) %, and the Sf loading was (5.1 ± 0.1) %.
Upon Sf-Lp and KIAA1199-siRNA mixing at room temperature,

electrostatic interactions led to co-loaded liposomes (Sf-Lp-KIAA) for-
mation over a range of DOTAP/ KIAA1199-siRNA mass ratios from 20:1
to 200:1. Agarose gel electrophoresis was used to perform the most
suitable combination of Sf-Lp and siRNA, with free siRNA as the control.
Meanwhile, the particle size and zeta potential of Sf-Lp-KIAA with
different mass ratios were determined. The results of agarose gel elec-
trophoresis (Fig. 1G) showed that the free siRNA migrated with elec-
trophoresis and appeared bright bands. After the addition of Sf-Lp, the
siRNA bands became shallow, and when the DOTAP/siRNA mass ratio
reached 80:1, the siRNA bands disappeared completely. According to
the results of particle size and zeta potential measurement (Fig. 1H.I),
when the mass ratio of DOTAP to siRNA increased, the particle size
reduced and the zeta potential reversed from negative to positive. When
the mass ratio reached 80:1, the particle size tended to stable and the

Fig. 1. Characterization of sorafenib single-loaded liposomes (Sf-Lp) and co-loaded liposomes (Sf-Lp-KIAA). A, Transmission electron microscopy (TEM) image of Sf-
Lp. B, C, Particle size and zeta potential distributions of Sf-Lp. D, TEM image of Sf-Lp-KIAA. E, F, Size distribution and zeta potential of Sf-Lp-KIAA. G, Agarose gel
electrophoresis of Sf-Lp-KIAA at varying DOTAP/siRNA mass ratios. H, Particle size and PDI of Sf-Lp-KIAA at varying DOTAP/siRNA mass ratios. I, Zeta potential of
Sf-Lp-KIAA at varying DOTAP/siRNA mass ratios. Scale bar, 200 nm.
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change of potential tends to be gentle. When the mass ratio exceeded
160:1, the particle size increased further, indicating that the optimal
ratio was 80:1. Under these conditions, the mean particle size of Sf-Lp-
KIAA is (214.07 ± 4.04) nm, the PDI is 0.247 ± 0.027, and the zeta
potential is (28.6 ± 1.1) mV (Fig. 1E.F). The morphology observed by
transmission electron microscopy showed the multilayer structure of
lipoplex which formed by the compression of siRNA(Koide et al., 2016)
(Fig. 1D). The cumulative release of Sf from Sf-Lp-KIAA and free drug
solution was studied in PBS-Tween media at 37℃. As shown in Fig. 2,
free Sf were released from Sf solution reached 55.0 % during the first 6 h
and approximately 85 % was tested at 12 h. Compared with the rapid
release of Sf solution, Sf-Lp-KIAA showed significant slower release
behavior without initial bursts and 61 % of Sf released from the nano-
particulate system at the end of study period. The sustained release time
coupled with the absence of burst release could minimize adverse effects
in systemic treatments.

3.2. In vitro cellular uptake and co-delivery experiments

To investigate the cellular uptake of Sf-Lp-KIAA qualitatively and
quantitatively, the fluorescent labeled FAM-siRNA was substituted for
KIAA1199-siRNA to prepare the co-loaded liposome Sf-Lp-FAM. After
incubation with HepG2 cells for 4 h, the fluorescence microscope was
employed to observe the cellular internalization. Fig. 3A showed that
the free siRNA group exhibited almost invisible fluorescence, whereas
more obvious green fluorescence could be observed in the Sf-Lp-FAM
group, indicating that the free siRNA was difficult to enter cells due to
mediummolecular weight and negative-charge density(Yonezawa et al.,
2020), and the positively charged liposomes could improve the siRNA
cell uptake, which was consistent with the corresponding flow cytom-
etry analysis results. As shown in Fig. 3B, the positive rate of FAM in the
free siRNA group was only about 1.2 %, while the positive rate of FAM in
the Sf-Lp-FAM group was significantly higher (P<0.01).

The advantage of co-loaded carriers is to co-deliver drugs with
different properties to the same target to create synergies(Eftekhari
et al., 2019). In order to study the co-delivery ability of the co-loaded
liposomes, Cy3-siRNA was substituted for KIAA1199-siRNA and
coumarin-6 was substituted for Sf to obtain co-loaded liposome Cou-Lp-
Cy3 with double fluorescence labeling. In Fig. 4, the red fluorescence
was Cy3-siRNA, the green fluorescence was coumarin-6, blue fluores-
cence was the cell nucleus stained by DAPI, and yellow fluorescence in
the merged view represented the co-localization of red fluorescence
(Cy3-siRNA) and green fluorescence (coumarin-6). The results showed
that Cy3-siRNA and coumarin-6 have entered in the cells at 1 h incu-
bation time, and the yellow spots appeared in the overlaps. After 4 h, the
red fluorescence and the green fluorescence signals were enhanced in
respective panels, the yellow fluorescence area in the merged image was
also increased, indicating that the co-loaded liposomes could co-deliver
siRNA and drugs to the same cell, and the delivery ability would increase
with time.

3.3. In vitro cytotoxicity

The cytotoxicity of different groups incubated with HepG2 cells for
48 h was investigated by CCK-8 method. As shown in Fig. 5, the blank
liposomes exhibited approximately 25 %-31 % toxicity only between the
high concentration of 16 μM and 32 μM (equal to Sf dose), which was
attributed to the positive charge of the liposomes. The other groups
exhibited a dose-dependent cytotoxicity. The half maximal inhibitory
concentration (IC50) value of free Sf, Sf-Lp, Sf-Lp-NC and Sf-Lp-KIAA
was 11.22, 23.50, 28.19, 14.74 µM, respectively. The cell viability and
IC50 of Sf-Lp-NC was slightly higher than that of Sf-Lp owing to its
relative lower surface charge. Furthermore, IC50 of Sf-Lp-KIAA was
obviously lower in contrast to that of Sf-Lp and Sf-Lp-NC, implying that
silencing the KIAA1199 expression could enhance the tumor inhibition
of Sf in vitro and nonsense-sequence siRNA had no significant effect on
proliferation inhibition. Additionally, though free Sf formulation
showed higher cytotoxicity against cells at the concentration from 16 to
32 µM and the lowest IC50, it was not suitable for systemic adminis-
tration because of its organic solvent.

3.4. Cell migration and invasion assays

To explore the impact of co-loaded liposomes on HCC metastasis in
vitro, transwell models with or without Matrigel were used to detect the
effects of Sf-Lp-KIAA on cell migration and invasion, respectively. As
illustrated in the cell migration results (Fig. 6A), after 48 h incubation,
the invasion abilities of Sf solution, Sf-Lp and Sf-Lp-NC treated cells was
stronger than that of the control or Lp group, whereas the invading cells
in the Sf-Lp-KIAA treatment group was significantly less than that in
other groups. Similar to the invasion assay, more migrating cells were
observed in the Sf solution group and Sf-Lp group, and the Sf-Lp-KIAA
largely inhibited cell migration compared to other groups (Fig. 6B).
Collectively, these results suggested that the single-Sf use might promote
the invasion and migration of HepG2 cells, while combination of Sf and
KIAA-siRNA would attenuate these effects.

3.5. Assessment of KIAA1199 mRNA and protein levels

The expression of KIAA1199 in cells was investigated by RT-qPCR
and Western Blot assay, and the results were shown in Fig. 7A and B.
Blank Lp had little silencing ability. The KIAA1199mRNA level in free Sf
treated group, Sf-Lp group and scrambled siRNA loaded Sf-Lp-NC group
was similar (P>0.05), while the Sf-Lp-KIAA group showed remarkably
decreased level compared to other groups. The Western Blot result also
indicated that Sf-Lp-KIAA the co-loaded liposome Sf-Lp-KIAA could
effectively inhibit the expression of KIAA1199 protein.

3.6. In vivo distribution of Sf-Lp-KIAA

The accumulation in tumor sites of the co-loaded liposomes were

Fig. 2. Sf release profiles from Sf solution or Sf-Lp-KIAA in vitro. (means ± SD, n = 3).
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investigated by intravenously injecting the fluorescence probe Dir and
KIAA-siRNA co-loaded liposomes (Dir-Lip-KIAA) into tumor-bearing
mice at the Dir dosage of 2 mg/kg, free Dir was given as the positive
control. As Fig. 8A exhibits, no obvious signal was detected at the tumor
site in free Dir group during 24 h, while the Dir-Lp-KIAA group showed
an enhanced signal in the tumor from 6 h to 24 h. At 24 h post-injection,
tumor tissues and major organs were excised for further imaging. Fig. 8B
and C showed that the Dir-Lp-KIAA displayed an evident tumor accu-
mulation compared with free Dir at the 24 h time point, which was
consist with the living image result.

3.7. In vivo antitumor efficiency and systemic toxicity

The antitumor efficiency and systemic toxicity of different formula-
tions were evaluated in HepG2 subcutaneous xenograft mice. As shown
in Fig. 9A, tumor volume of all groups exhibited varying degrees of
growth. The tumor volume inhibiting rates of Sf solution, Sf-Lp, Sf-Lp-
NC and Sf-Lp-KIAA were 16.36 %, 21.56 %, 29.93 % and 52.06 %,
respectively, while the blank liposome alone could not inhibit tumor
growth, exhibiting synergistic inhibitory effects of Sf and KIAA1199-
siRNA. The result was confirmed by detecting the weight of isolated
tumor tissues at the end of treatment, tumor weight of the Sf-Lp-KIAA

Fig. 3. Uptake characteristics of FAM-siRNA or sorafenib and FAM-siRNA co-loaded liposomes (Sf-Lp-FAM) in HepG2 cells. A, Fluorescence microscopy images and
flow cytometric analysis of cellular uptake in cells. B, Quantitative analysis of the cellular uptake (means ± SD, n = 3, **p < 0.01).

Fig. 4. Fluorescence microscopy images of HepG2 cells after incubated with Coumarin-6 and Cy3-siRNA co-loaded liposomes (Cou-Lp-Cy3) for 1 h and 4 h.
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group was the lowest among all the treatment groups (P<0.01, Fig. 9B).
Body weights of mice in all groups did not show significant loss (Fig. 9C),
illustrating the satisfactory biocompatibility of the co-loaded liposomes.
The H&E staining results of heart, liver, spleen, lung and kidney were
shown in Fig. 10. No significant pathological changes were observed in
major organs compared with control group. H&E staining and TUNEL
staining of tumor sections showed that the Sf-Lp-KIAA markedly
decreased the number of tumor cells and effectively enhanced tumor
apoptosis compared to those in other groups (Fig. 10).

4. Discussion

The mechanism of tumor occurrence and development is extremely
complex, making it difficult to achieve effective treatment through
monotherapy(Woodcock et al., 2011). Therefore, current strategies have
focus on assembling different formulations into a single nanocarrier in

order to generate an enhanced synergistic effect that overcomes the
impediments of monotherapy. In this study, positively charged lipo-
somes were prepared to co-load Sf and KIAA1199-targeted siRNA. The
hydrophobic Sf was encapsulated in the phospholipid bilayer, and the
cationic lipid DOTAP in the lipid membrane could efficiently compress
hydrophilic siRNA to achieve drug and gene co-loading at the optimal
potential.

An ideal drug/siRNA co-loaded delivery nanocarrier should reach
and accumulate in tumor site, internalize into tumor cells and success-
fully release different therapeutic agents into the same cells to fully exert
synergistic effects(Liu et al., 2019; Yi et al., 2022). This study verified
that the co-loaded liposomes could overcome the membrane barrier,
enter into cells and co-deliver Sf and siRNA into the same target cell. The
co-delivery liposomes Sf-Lp-KIAA was subsequently revealed to lead to a
great cytotoxicity and gene-silencing in HepG2 cells. Besides, the cell
survival rate of all groups was above 70 % under the final concentration
that Sf was 8 μM and KIAA1199-siRNA was 50 nM, ensuring that the
liposomes can be transfected without causing obvious cytotoxicity in
following cell experiments.

The motility and invasion of tumor cells is highly related to tumor
progression. Despite the primary tumor growth inhibition effect, some
evidence indicated that chemotherapeutic drugs could initiate metas-
tasis(Li et al., 2022; Su et al., 2023). As the first-line chemotherapy drug
for the treatment of HCC worldwide, Sf therapy has been reported
inducing cell invasion and migration through modulated the EGF-
induced epithelial-mesenchymal transition (EMT) by KIAA1199(Z.
Jiang et al., 2018). In this study, though free Sf and Sf-Lp could inhibit
HepG2 cells growth in vitro, these Sf single formulation induced sig-
nificant migration or invasion compared with the untreated control
group, which was in agreement with other studies(H. Wang et al., 2014;
J. Xu et al., 2017; Y. Xu et al., 2019). What’s more, although drug-free
nanoparticulates may limit cell motion range and inhibit tumor cell
removal (Cheng et al., 2022), the negligible invasion or migration in Lp
treated group illustrated that the blank liposome had no effect on cell

Fig. 5. Cytotoxicity on HepG2 cells after treated with Sf solution, Sf-Lp, Sf and
nonsense-siRNA co-loaded liposomes (Sf-Lp-NC), Sf-Lp-KIAA, blank liposomes
(Lp) for 48 h (means ± SD, n = 3, *P<0.05, **P<0.01).

Fig. 6. In vitro inhibition of cell migration and invasion. A, Representative images (Scale bar: 100 μm) and invasion rate of HepG2 cells after treated with different
formulations for 48 h. B, Representative images (Scale bar: 100 μm) and migration rate of HepG2 cells after treated with different formulations for 48 h (means ± SD,
n = 3, *P<0.05, **P<0.01).
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invasion or migration. The PCR and Western Blot results suggested co-
delivery of KIAA1199-siRNA with Sf could inhibit the invasiveness
and metastatic potential in hepatocarcinoma in vitro model.

The in vivo distribution experiments exhibited that the co-loaded
liposomes accumulated in tumor tissue after 24 h tail intravenous in-
jection, it was mainly due to the EPR effect of PEGylated nanocarriers,
which was a prerequisite for internalization and co-delivery of the co-
loaded liposomes into the tumor cells. In addition, the liposomes
showed higher uptake in liver, which was predominantly owing to the
fact that liver macrophages or the abundant blood vessel could promote
uptake and retention of 100–200 nm cationic liposomes in livers(J. Y.
Kim et al., 2012; T. Yang et al., 2014). Furthermore, this phenomenon
remind that the co-delivery liposomes may be suitable for the HCC
therapy and research. Regarding to the in vivo antitumor experiment,
the Sf solution just exhibited a mild antitumor effect, which did not
completely correspond to the result of CCK-8 experiment. It mainly due
to the cytotoxicity of the solvent (Tween 80-ethanol). The in vivo anti-
tumor data demonstrated that Sf-Lp-KIAA showed the highest thera-
peutic effect as compared with control group and Sf formulation alone,
suggesting that KIAA1199 was an effective therapeutic target for HCC
treatment that could improve the therapeutic effect of Sf through the co-
delivery liposome. In summary, we successfully prepared a Sf and
KIAA1199-siRNA co-loaded liposome as a co-delivery platform in order
to synergetic inhibit HCC. The liposome was able to co-deliver Sf and

KIAA1199-siRNA to HepG2 cells, suppress cell proliferation, mitigate Sf-
induced metastasis in vitro, and block tumor growth in vivo without
obvious adverse side effects. which may serve as a potential strategy for
the treatment of HCC. Our further study will focus on the inhibition of
growth and metastasis on a HCC orthotopic tumor model by the co-
delivery liposomes. Further efforts to confirm the antitumor effect of
this delivery system in vivo will be warranted in our future study.
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Fig. 9. In vivo anti-tumor effect. A, Tumor growth curves in nude mice treated with different formulations (means ± SD, n = 3). B, Body weight changes for the
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tumors (means ± SD, n = 3, **p < 0.01).
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