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ARTICLE INFO ABSTRACT
Keywords: Effective systemic treatment for hepatocellular carcinoma (HCC) remains urgently needed. Sorafenib is the first
Hepatocellular carcinoma FDA-approved systemic treatment for HCC. However, individual HCC patents’ response to sorafenib varies
Tim-3 s?RNA greatly. How to enhance the anti-HCC effect of sorafenib is still a significant challenge. T cell immunoglobulin
S(I){rifiml:re d nanoparticle mucin-3 (Tim-3) is a newly identified immune checkpoint molecule and a promising target for HCC treatment.
I(;o- delgigew P Herein, we developed a novel pH-triggered drug-eluting nanoparticle (CC@SR&SF@PP) for simultaneously de-
livery of Tim-3 siRNA and sorafenib to HCC in situ. By a single emulsification method, a representative HCC
targeted-therapeutic drug sorafenib (SF) was encapsulated into the pH-triggered positive-charged mPEG5K-
PAE1O0K (PP) nanoparticles, followed by condensing of negative-charged Tim-3 siRNA. Then, carboxymethyl
chitosan (CMCS), an amphoteric polysaccharide with negative charge in the physiological pH and positive charge
in the acidic environment of the tumor, was eventually adsorbed onto the surface of nanoparticles. This co-
delivery nanoparticle rapidly and specifically accumulated in the tumor site of the liver and enhanced the tar-
geted, specific and multiple release of siRNA and sorafenib. Enhanced Tim-3 siRNA transfected into tumor cells
can not only directly inhibit the growth of tumor cells by knock down the expression Tim-3, but also induce the
immune response and enhance the recruitment of cytotoxic T cells to kill tumor cells. The following pH-triggered
sorafenib release from SF@PP NPs greatly inhibited the tumor proliferation and angiogenesis, resulting in
remarkable tumor growth inhibition in a mouse hepatoma 22 (H22) orthotopic tumor model. Thus, co-delivery of
Tim-3 siRNA and sorafenib via this novel pH triggered drug-eluting nanoparticle enhances their anti-tumor ef-
ficacy. We expect that such combination treatment strategy will have great potential in future clinical

applications.

1. Introduction addition, the remission rates of radiotherapy and chemotherapy for in-
termediate and advanced HCC are also very low [7]. The overall thera-
Hepatocellular Carcinoma (HCC) is one of the most common malig- peutic effect of HCC around the world is not satisfactory [8]. Sorafenib
nant cancers in clinical practice [1,2]. Due to the insidious onset of HCC, (SF), the first drug approved by the U.S. Food and Drug Administration
most patients are in the middle or late stage of the disease when they are (FDA) and the most commonly used drug for the systemic treatment of
diagnosed, thus missing the optimal period of surgical resection [3-6]. In HCQC, is an effective targeted chemotherapeutic agent against tumors by
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inhibiting angiogenesis, proliferation and invasion [9,10]. However, due
to poor aqueous solubility and various adverse effects such as elevated
blood pressure, diarrhea, hand-foot syndrome and skin rash/desquama-
tion, monotherapy with sorafenib is quite limited in clinical applications
[11-15]. Therefore, there is an urgent need to develop novel therapeutic
strategies and/or modality options of sorafenib for HCC [16].

The generation and metastasis of HCC is a multigene-related, multi-
factorial and multistep response process [17]. Gene therapy might be
potential to achieve good therapeutic effects of HCC. Meanwhile, more
and more researchers have proved that the combination therapy of gene
therapy and chemotherapy shows a synergistic therapeutic effect for HCC
[18-22]. PD-1 (programmed cell death protein 1) or PDL-1 (programmed
cell death 1 ligand 1) combined with sorafenib has been used for the
treatment of HCC and achieved a good synergistic therapeutic effect
[23-26]. It is expected to be a powerful therapeutic method in clinical
application. What's more, other strategies for combining gene therapy
with chemotherapy to treat HCC are also being investigated [27].

T cell immunoglobulin and mucin domain 3 (Tim-3), a novel immune
checkpoint molecule [28], plays a vital role in the development of HCC.
Studies have shown that, comparing with para-cancerous tissues and
normal liver cells, Tim-3 is overexpressed in both HCC tumor tissues and
cell lines, indicating that Tim-3 is associated with the occurrence of HCC
[29-31]. In preclinical studies, targeting Tim-3 has also been proved to
have anti-tumor efficiency. Meanwhile, clinical studies have also shown
that the high expression of Tim-3 in the tumor tissue of patients with HCC
often indicates poor prognosis [32-34]. All these suggest that inhibiting
the expression of Tim-3 might be a novel therapeutic strategy for HCC.
However, gene therapy is limited because of the poor targeting and
specificity, low transfection efficiency, lacking of therapeutic effect, etc.
[35-39]. More importantly, the potential virulence of commonly used
adenovirus and lentivirus gene vectors may trigger the host's immune
response and accelerate the host's clearance of vectors, which is a crucial
obstacle for its clinical application [40]. Therefore, exploring new gene
and drug delivery vectors to ensure the safety and improve the targeting
and delivery efficiency is particularly important [41].

In this study, we reported a tumor micro-environmental triggered
drug-eluting nanoparticle for simultaneous gene therapy and tumor
vascular-targeted therapy in a mouse hepatoma 22 (H22) orthotopic
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tumor model. As illustrated in Scheme 1, a representative HCC targeted-
therapeutic drug sorafenib (SF) was encapsulated into the pH-triggered
mPEG5K-PAE10K (PP) nanoparticle [42,43] by a simple single emulsi-
fication method. The formed sorafenib@mPEG5K-PAE10K nanoparticle
(SF@PP NP) was positively charged, which provided an excellent tem-
plate for negatively charged Tim-3 siRNA (SR) to condense on the surface
of the drug-carrying nanoparticles through electrostatic interaction. To
protect the condensed Tim-3 siRNA and reduce the toxicity of cations, pH
sensitive and negatively charged carboxymethyl chitosan (CMCS)
[44-46] was eventually adsorbed onto the surface of the nanoparticle.
This siRNA and sorafenib co-delivery system CMCS@Tim-3 siR-
NA&Sorfeinb@mPEG5K-PAE10K nanoparticles (CC@SR&SF@PP NPs)
can rapidly accumulate in the tumor site of liver and enhance the tar-
geted, specific and multiple release of siRNA and sorafenib in tumor
tissues due to its acidic environment. Enhanced Tim-3 siRNA transfection
greatly inhibited the expression of the target gene, induce the immune
response and enhance the recruitment of cytotoxic T cells to kill tumor
cells. Then, increased drug delivery of sorafenib into tumor tissues
further induced extensive tumor apoptosis by inhibiting the tumor
angiogenesis. In addition, the therapeutic effect of CC@SR&SF@PP NPs
on tumor size was in situ monitored by taking advantage of the biolu-
minescence of luciferase labeled H22 cells. The results demonstrated that
the as-proposed CC@SR&SF@PP NPs showed significant HCC inhibition
effect in situ and promised greatly potential a novel platform for gene and
drug co-delivery against other types of solid tumors.

2. Experimental section
2.1. Materials

Analytical grade chloroform, methanol, paraformaldehyde, triethyl-
amine (TEA) and acetonitrile (ACN, HPLC) were all obtained from
Sinopharm Chemical Reagent Co. Ltd. (China). Biological materials and
agents used in this study were listed as follows: sorafenib (SF, 99%,
Aladdin), mPEG5K-PAE10K ((average My 15000, Xi'an Ruixi Biological
Technology Co, Ltd), carboxymethyl chitosan (CMCS, My =
20,000-50000, carboxylation degrees: 87-90%, Solarbio Life Science,
China). D-Luciferin potassium salt, diethyl pyrocarbonate (DEPC) water,
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Scheme 1. Schematic representation of CC@SR&SF@PP NPs for co-delivery of Tim-3 siRNA and sorafenib in HCC treatment.
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Calcein-AM, and Hoechst 33,258 were purchased from Beyotime
Biotechnology (China); Lipoamine-2000 was purchased from Invitrogen
(Thermo Fisher Scientific, Waltham, MA, USA). CCK-8 was purchased
from Dojindo Co. LTD. All other reagents were of commercial special
grade and used without further purification. Tim-3 antibody, CD31
antibody (Abcam, England) and CD8-o antibody (Santa Cruz). All the
siRNAs used in this experiment were obtained from GenePharma Co, Ltd
(Shanghai, China). PCR oligo primers were synthesized by Takara
Biomedical Technology Co, Ltd (Beijing, China).

2.2. Mouse siRNA oligo sequence

Mouse-Tim-3 siRNA 307: sense: 5'-CCAGCAGAUACCAGCUAAATT-
3’; antisense: 5'- UUUAGCUGGUAUCUGCUGGTT-3’.

Mouse-Tim-3 siRNA 538: sense: 5'-GAGAAAUGGUUCAGAGACATT-
3’; antisense: 5'-UGUCUCUGAACCAUUUCUCTT-3’.

Negative control siRNA: sense: 5'- UUCUCCGAACGUGUCACGUTT
-3’; antisense: 5'- ACGUGACACGUUCGGAGAATT -3’.

2.3. Preparation of sorafenib-loaded mPEG5K-PAE10K nanoparticles
(SF@PP NPs)

Sorafenib-loaded mPEG5K-PAE10K NPs were prepared by a single
emulsification method. Briefly, 1 mg of sorafenib was dissolved in 1 mL
of chloroform/methanol (1:1, V/V), and the solution was added dropwise
into the stirred solution containing 10 mg of mPEG5K-PAE10K in 10 mL
of chloroform/methanol (1:1, V/V). Then, the mixture was gently stirred
at room temperature for 1 h, followed by adding dropwise into 10 mL of
stirred DEPC water and sonication using a probe-type sonifier (Ningbo
Xinzhi Biotechnology Co. LTD, Scientz-950 E) at 275 W for 4 min, with
the pulse turned off for 1.5 s after 8 s sonication to prevent heat build-up.
After evaporating the organic solvent using a rotary evaporator, the
sorafenib-loaded NPs (sorafenib@ mPEG5K-PAE10K, SF@PP) dispersed
in DEPC water were centrifuged through ultrafiltration using an Amicon
Ultra-15 Centrifugal Filter Unit with 100 kDa MW cut-off (Millipore) at
4000 rpm for 20 min to remove excess sorafenib. The filtrate was
collected and excess sorafenib was determined through high perfor-
mance liquid chromatograph (HPLC). The measurement was performed
on a Phenomenex luna C18 4.6 x 250 mm column, using a mobile phase
of water-ACN (37:63, v/v) + 0.03% TEA. The flow rate was 1.0 mL/min
and the detection wavelength was 265 nm. The drug loading efficiencies
(DLE) of sorafenib in the PP NPs were calculated by the following
formula:

DLE (wt. %) = (weight of initial drug-weight of residual drug)/weight
of mPEG5K-PAE10K.

At last, the suspension was passed through syringe filters (0.45 pm,
Millipore) and the as-synthesized SF@PP NPs stock solution was stored in
DEPC water at 4 °C for further use.

2.4. Preparation of Tim-3 siRNA and sorafenib co-loaded mPEG5K-
PAE10K NPs (SR&SF@PP NPs)

5 pL of 20 pM Tim-3 siRNA (the weight ratio of Tim-3 siRNA 307:538
= 1:1) dissolved in DEPC water was mixed with different volume of 1
mg/mL (concentration of sorafenib) SF@PP NPs. Excess DEPC water was
added to make sure the reaction volume was 100 pL. The mixture was
vortexed vigorously for 15 s and incubated at room temperature for 30
min. Agarose gel electrophoresis was used to determine the optimal mass
ratio of siRNA and SF@PP NPs. The SR&SF@PP NPs stock solution was
stored in DEPC water at 4 °C for further use.

2.5. Preparation of CMCS encapsulated SR&SF@PP NPs
(CC@SR&SF@PP NPs)

For the preparation of CC@SR&SF@PP NPs, the resulting SR&SF@PP
NPs were simply added dropwise into stirred CMCS solution of different
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concentrations and kept at room temperature for 30 min. Agarose gel
electrophoresis was used again to determine the optimal mass ratio of
siRNA and CMCS. The CC@SR&SF@PP NPs solution was stored in DEPC
water at 4 °C for further use.

2.6. Characterizations

Transmission electron microscopy (TEM) was conducted on an H-
7650 TEM (Hitachi, Japan) at 80 kV, after negatively staining the
nanoparticles with 2% (wt./vol.) uranyl acetate. UV-Visible (UV-Vis)
absorption spectra were recorded on a UV-1900 Spectrophotometer
(Shimadzu). Malvern Zetasizer Nano ZS (Malvern Instruments, Malvern,
UK) was used to measure particle size and zeta potential by dynamic light
scattering. High performance liquid chromatography (HPLC) analysis
was conducted on a Shimadzu HPLC system, which consisted of a 20 A
UV detector, a 20 A pump and a temperature control column oven.
Agarose gel was scanned on a BIO-RAD gel imaging system.

2.7. Invitro drug releasing

The release behavior of sorafenib from CC@SR&SF@PP NPs was
studied at 37 °C in PBS with pH 7.4 and 6.5. In a typical experiment, 1 mL
of CC@SR&SF@PP NPs solution (sorafenib concentration: 0.1 mg/mL)
was transferred into a dialysis bag with a My cut-off of 8-14 kDa. The
dialysis bag was tied up with cotton thread and immersed into 13 mL of
PBS with pH 7.4 or 6.5 (To increase the dispersion of sorafenib, 1% (v/v)
Tween-80 was added into PBS solutions [15,47]) at 37 °C under constant
shaking (150 rpm). 500 pL of released medium was taken out at desired
time intervals (i.e., 0,0.5,1, 1.5, 2, 3,5, 7,17, 24, 41, 48, 65 and 72 h) for
HPLC measurement in the same way as mentioned above. An equal
volume of corresponding fresh medium was replenished. The release
experiments were conducted in triplicate. The results presented were the
average data.

2.8. Cell culture

Murine hepatic cancer cell line Hepa 1-6 and H22 were purchased
from Procell Life Science & Technology Co, Ltd (China). Human umbil-
ical vein endothelial cells (HUVECs) were purchased from BeNa Culture
Collection (China). Luciferase or green fluorescent protein (GFP) labeled
H22 cells (Luc-H22 or GFP-H22) were constructed by gene transfection
with LV-LUC-PURO lentiviruses following the manufacturer's guidelines
(HANBIO, China). H22 cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with 10% fetal bovine
serum (FBS) and 1% Penicillin-Streptomycin Solution (P/S). HUVECs
were cultured in MCDB131 medium supplemented with 20% FBS,
growth factor additives and 1% P/S. Hepa 1-6 cells were cultured in
Dulbecco's Modified Eagle Medium (DMEM) with 10% FBS, 1 mM of
Sodium Pyruvate and 1% P/S. All the cell lines were cultured at 37 °C
with 5% CO,.

2.9. Invitro cellular uptake assay

Hepa 1-6 cells were seeded into 6-well cell culture plates at 1 x 10°
cells/well and incubated with fresh culture medium overnight. Cells
were washed with PBS buffer for three times and dispersed in 1 mL of
opti-MEM culture medium. 10 pL of Cy3-Tim-3-siRNA (20 pM, using
Lipo2000 following the manufacturer's guidelines), Cy3-Tim-3-siRNA
(20 pM) or CC@SR&SF@PP NPs (siRNA equivalents, incubation at pH
6.5 or 7.4) were added respectively and repeat three times for each
group. The culture plates were incubated at 4 °C to avoid nonspecific
adsorption for 6 h. Cells were washed three times with PBS before
fluorescence imaging (Nikon Ti-S inverted fluorescence microscope,
magnification: 100x).
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2.10. Tubule formation assay

Tubule formation assay was performed referring to the literature
[48]. Briefly, 50 pL per well of thawed Matrigel Matrix was added into
precooled 96-well culture plates. The plates were then incubated at 37 °C
for 30 min to gel. 2 x 10* cells/well of HUVECs cultured in MCDB131
medium (pH 6.5) containing 5 pg/mL of sorafenib, CC@SR&SF@PP NPs
or equivalent CC@PP NPs were added to the matrigel-coated 96-well
plates. The plates were incubated at 37 °C, 5% CO; for 20 h. Then, the
culture medium was removed, and the cells were washed for three times
with PBS. 100 pL of 4 pg/mL Calcein-AM solution was added, followed by
incubating for another 20 min. Then, dye solution was removed and the
cells were washed for three times with PBS again. The cells were fixed
with 4% paraformaldehyde at 4 °C. Micro-tubes formed were photo-
graphed using the Cytation 5 of BioTek.

2.11. Invitro Tim-3 interference assay

H22 cells were seeded into 6-well cell culture plates at 5 x 10° cells/
well and incubated with fresh culture medium for 24 h. Culture medium
was removed trough centrifuge. Cells were washed with PBS and
dispersed in 1 mL of opti-MEM culture medium. 5 pL of Cy3-Tim-3-siRNA
(20 pM, using Lipo2000 following the manufacturer's guidelines),
CC@PP NPs or CC@SR&SF@PP NPs (siRNA equivalents, incubation at
pH 6.5) were added respectively. After 6 h, 1.5 mL of fresh culture me-
dium was replenished. Cells were collected at 72 h, and protein was
extracted respectively for western blot analysis and semiquantitative
analysis (compared with NC group) of protein band was conducted with
Image J software.

2.12. Invitro cytotoxicity assay

The cytotoxicity of different groups of nanoparticles was measured
through cell counting kit-8 (CCK-8) assay. Briefly, H22 cells were seeded
into 96-well cell culture plates at 5 x 10> cells/well and incubated with
fresh culture medium containing various PP NPs or siRNA & sorafenib,
respectively, at siRNA concentrations at 0, 0.125, 0.25, 0.5, 0.75, 1.25
and 2.5 pg/mL (n = 5), at 37 °C under 5% CO3 for 72 h 10 pL of CCK-8
reagent was added, followed by another 2 h’ incubation. Absorbance at
450 nm of each well was measured using the Multilable Reader VARI-
OSKAN FLASH (Thermo Fisher). The cell growth viability was calculated
through the formula shown below: Viability (%) = (mean of absorbance
value of treatment group/mean absorbance value of control) x 100. In
addition, cell growth viability-sorafenib concentration curves of every
group were plotted respectively. ICs( of each group was calculated by the
fitted curves and the final ICsos were presented as mean + SD.

2.13. The orthotopic tumor model of hepatocellular carcinoma

Normal Balb/c mice were supplied by the Medical Animal Test Center
of the Xi'an Jiaotong University and all the experiments were performed
with the Guidelines for the Care and Use of Research Animals. The
orthotopic tumor model of hepatocellular carcinoma was established as
follows: Male Balb/c mice (5-6 week) were anesthetized by inhaling
isoflurane using a small animal anesthesia machine. After skin prepara-
tion and disinfection, the abdomen was opened in the middle, and the
middle lobe of the liver was pulled out with a cotton swab. 1 x 10° of
Luc-H22 cells dissolved in 50 pL of PBS were injected into the liver using
a 1 mL syringe. The middle lobe of the liver was inserted gently into the
abdominal cavity, the abdomen was sutured layer by layer, and the
incision was disinfected by iodophor. The mice were put back to the
original feeding environment for ~1 week after anesthesia and
consciousness.
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2.14. In vivo tumor uptake assay

For in vivo fluorescence imaging, tumor-bearing BALB/c mice were
injected intravenously with a portion of 100 pL of Cy5-Tim-3 siRNA or
CC@SR&SF@PP NPs (siRNA concentration of ~0.5 mg/mL) respec-
tively. Fluorescence Images were obtained 6 h post injection using the
Xenogen IVIS SPECTRUM small animal imaging system. The mice were
anesthetized by 5% chloral hydrate and mice's organs were fully exposed
before imaging. After imaging, major organs including lung, heart, kid-
neys, liver and spleen were harvested and imaged on the same imaging
system.

To analyze the distribution of drugs in mice tumor, tumor tissues were
embedded with optimal cutting temperature compound (OCT). Tumor
tissue slices were obtained on the RWD Minux FS800 and adhered to the
slides. Then, the slices were fixed in 4% paraformaldehyde for 15 min.
Next, 10 pg/mL Hochest 33,258 solution was used for nuclear staining
for 10 min. The slices were washed again with PBS, protected by anti-
fade PVP mounting medium. Fluorescence images were acquired on
the multiphoton confocal microscopy Leica TCS SP8 DIVE system.

2.15. In vivo anticancer assay

The tumor-bearing mice were divided randomly into six groups (n = 5
for each group), including PBS, CC@PP, SR&SF, CC@SR@PP,
CC@NSR&SF@PP and CC@SR&SF@PP NPs (Tim-3 siRNA 0.5 mg/mL,
sorafenib: 2.0 mg/mL, PP: 20 mg/mL, CMCS: 0.5 mg/mL). 100 pL of
different materials were injected intravenously at day 1, 4, 7, 10 and 13
with dosage of 2.5 mg/kg siRNA and 10 mg/kg sorafenib. One day after
drug injection, after intraperitoneal injection with 150 pL of 15 mg/mL
D-Luciferin potassium salt solution, tumor sizes were measured through
the intensity of bioluminescence by the Xenogen IVIS SPECTRUM small
animal imaging system (USA). Mice were sacrificed three days after the
final drug injection. The whole livers were sampled and weighted. 20 mg
of fresh tumor tissues were collected for western blot analysis and
remaining livers were fixed in 4% paraformaldehyde for further use.
Semiquantitative analysis (compared with PBS group) of protein band in
western blot analysis was conducted with Image J software.

2.16. Histology and immunohistochemistry

The immunohistochemistry analysis of tumor vascular density, Tim-3
and CD8 were carried out by Servicebio (Wuhan, China) after obtaining
the tumor sample. TUNEL assay was done completely based on the
manufacturer's protocol of the Cell Death Detection Kit (Roche, Penzberg,
Germany) by Freethink (Nanjing, China). The positive area and tumor
vascularity were determined in 10 high-power fields per slide ( x 400)
using Image-Pro Plus analytical software.

2.17. Statistical analysis

Data were expressed as means + standard deviation. The statistical
difference between two groups was determined using a one-way ANOVA
(Origin 2022). p-values less than 0.05 were considered statistically sig-
nificant. (*: p < 0.05, **: p < 0.001, ***: p < 0.001.)

3. Results and discussion

3.1. Preparation, characterization and drug release of the
CC@SR&SF@PP NPs

To verify the successful preparation, the above-obtained
CC@SR&SF@PP NPs were systematically characterized. Transmission
electronic microscopy (TEM) image in Fig. 1(a) illustrated the good
dispersibility and uniform spherical appearance of the nanoparticles with
a diameter of 50.49 + 5.34 nm. By monitoring the entire synthetic pro-
cess using the dynamic light scattering (DLS) measurement (Fig. S3), we
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Fig. 1. (a) TEM image of CC@SR&SF@PP NPs (50.49 + 5.34 nm). (b) UV-Vis absorbance spectra of CC@SR&SF@PP NPs and equivalent of SF@PP NPs, Tim-3 siRNA,
CMCS, PP NPs and sorafenib. The mass ratio of mPEG5K-PAE10 K/sorafenib/Tim-3 siRNA/CMCS in CC@SR&SF@PP NPs was 40:4:1:1 and the concentration of
sorafenib was 1.0 pg/mL for UV-Vis absorbance analysis. (¢) The hydrodynamic diameters of CC@SR&SF@PP NPs at day 0 (~132 nm) and day 30 (~153 nm), stored
in DNA/RNA free sterile water at 4 °C. (d) In vitro sorafenib release curves from CC@SR&SF@PP NPs over time in PBS buffer at pH 7.4 and pH 6.5.

further demonstrated the successful formation of CC@SR&SF@PP with a
hydrodynamic diameter of ~132 nm. The negative charge (—3.39 +
0.13 mV) was due to the presence of CMCS, an amphoteric poly-
saccharide which is negatively charged in the physiological pH and
positively charged in the acidic environment of the tumor. Before
entering the tumor tissue, the absorbed CMCS on the surface of
CC@SR&SF@PP NPs protected the condensed siRNA and reduced the
cationic toxicity of NPs. The optimal mass ratio of mPEG5K-PAE10K/
sorafenib/Tim-3 siRNA/CMCS was determined to be 40:4:1:1 by using
agarose gel electrophoresis and high performance liquid chromatography
(HPLC) in Fig. S2. We also investigated the photo-physical properties of
CC@SR&SF@PP NPs. Compared with absorbance spectra of equivalent
of SF@PP NPs, free Tim-3 siRNA and PP NPs, the peak height, peak area
and peak shape of CC@SR&SF@PP NPs showed the characteristics of
superposition peak (Fig. 1(b)). Therefore, we concluded that both sor-
afenib and siRNA were loaded into PP NPs. The typical superposition
absorbance peak of CC@SR&SF@PP NPs at ~269 nm. We also demon-
strated that the encapsulated drugs could be continuously released under
acidic environment of tumor tissue. As shown in Fig. 1(d), the pH-
dependent drug release profile from the CC@SR&SF@PP NPs was
investigated by dialysis and HPLC. Under acidic physiological conditions
(PBS, pH = 6.5), the release of sorafenib from CC@SR&SF@PP NPs
became fast and maintained a steady release rate with increasing incu-
bation time and more than 90% of sorafenib was released after incuba-
tion for 72 h. However, when incubated under normal physiological
conditions (PBS, pH = 7.4), CC@SR&SF@PP NPs showed a relatively low
release rate and even ceased releasing after 48 h, resulting in the
maximum drug release rate of less than 40%. These results indicated that
CC@SR&SF@PP NPs have great potential to be an ideal tumor
microenvironment-triggered drug delivery system for tumor treatment.
What's more, the stability analysis results showed that the

CC@SR&SF@PP NPs maintained high colloidal stability even after 30
days of storage in DNA/RNA free sterile water (Fig. 1(c)).

3.2. Evaluation of in vitro efficacy and safety of CC@SR&SF@PP NPs

3.2.1. CC@SR&SF@PP NPs enhanced the cellular uptake of Tim-3 siRNA
in acidic environment

To investigate the bioactivities of various components of
CC@SR&SF@PP NPs, we then performed a series of in vitro experiments.
To evaluate the influence of CMCS charge reversal on cellular uptake of
CC@SR&SF@PP NPs, Hepa 1-6 cells were incubated for 6 h in a culture
medium containing Cy3-Tim-3 siRNA or CC@SR&SF@PP NPs, at pH 7.4
or 6.5. As shown in Fig. 2(a), the Cy3-Tim-3 siRNA uptake intensity of
Hepa 1-6 cells treated by CC@SR&SF@PP NPs at pH 6.5 was comparable
to that treated by siRNA&Lipo2000 complex, whereas the cells treated by
Cy3-Tim-3 siRNA alone or CC@QSR&SF@PP NPs at pH 7.4 showed faint
fluorescence. These results were mainly due to the charge reversal of
CMCS in the acidic environment. The pH sensitive CMCS shell became
positively charged at pH 6.5, and fell off from the surface of
CC@SR&SF@PP NPs, followed by the exposure of SR&SF@PP NPs to
cells and the cellular uptake. Encouraged by good results, we further
investigated that whether the system could knock down the expression of
Tim-3 at the cellular level. siRNA&Lipo2000 complex, CC@SR&SF@PP
NPs or CC@PP NPs were used to carry out siRNA transfection experi-
ment. Western blot analysis in Fig. 2(d and e) illustrated that the
knockdown rate of Tim-3 by CC@SR&SF@PP NPs (Relative Tim-3
expression compared with NC groups: 0.191 + 0.010) was comparable
to that of siRNA&Lipo2000 complex (Relative Tim-3 expression
compared with NC groups: 0.139 + 0.013), whereas CC@PP NPs
(Relative Tim-3 expression compared with NC groups: 0.913 + 0.047)
showed weak effects. These results indicated that pH-sensitive
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Fig. 2. (a) Invitro cellular uptake assay of Hepa 1-6 cells treated with siRNA or CC@SR&SF@PP NPs in different pH conditions. (b) The tube images of HUVECs cells
induced under 37 °C for 20 h with 5 pg/mL of PBS, sorafenib, CC@QSR&SF@PP NPs or equivalent CC@PP NPs. (c) Concentration-dependent cell viability of H22 cells
with different treatments for 72 h (n = 5) (d, e) In vitro Tim-3 Interference Assay. Western blot and quantitative analysis (compared with NC group) of Tim-3 extracted
form H22 cells treated with different nanoparticles or siRNA. (*: p < 0.05, **: p < 0.001, ***: p < 0.001.)

CC@SR&SF@PP NPs showed great potential as an ideal platform for
enhancing the delivery of siRNA into tumor cells in the acidic environ-
ment of the tumor.

3.2.2. CC@SR&SF@PP NPs enhanced the cellular uptake of sorafenib

Sorafenib is a representative tumor vascular-targeted therapeutic
drug for HCC and displays the broad anticancer spectrum in clinical
practice. To assess the anti-angiogenic effect of sorafenib loaded onto the
surface of PP NPs, we performed a tubule formation assay by culturing
HUVECs with different treatments. As shown in Fig. 2(b), under the
stimulation of serum, HUVEC cells formed a complete network structure.
At sorafenib concentration of 5 pg/mL, CC@SR&SF@PP NPs showed a
little weak effect to inhibit tubule formation, compared with free sor-
afenib. This result attributed to that, the incubation time of this experi-
ment was 20 h and only ~40% of sorafenib was released from the
nanoparticles. Moreover, compared with negative control, ~80% of tu-
bules were still suppressed even with less amount of released sorafenib,
whereas CC@PP NPs showed a negligible or weak influence.

3.2.3. CC@SR&SF@PP NPs inhibited the proliferation of H22 cells in vitro

To evaluate the cytotoxicity of CC@SR&SF@PP NPs, a standard CCK-
8 assay was executed in vitro (Fig. 2(c)). CC@QSR&SF@PP NPs showed
good cancer-killing effect with much lower half-maximal inhibitory
concentration (ICsg: 0.50 & 0.07 pg/mL) in comparison to that of SR&SF
(1.12 + 0.28 pg/mL), CC@NSR&SF@PP NPs (2.91 + 0.39 pg/mL) and

CC@SR@PP NPs (7.59 + 1.24 pg/mL). These results suggested the intact
retention of the anti-Tim-3 expression, anti-angiogenesis ability and
cancer cell lethality of CC@SR&SF@PP NPs, which showed great po-
tential for tumor growth inhibition in vivo.

3.3. Invivo accurate delivery and enhanced siRNA uptake of
CC@SR&SF@PP NPs

Next, we further investigated the capability of CC@SR&SF@PP NPs
to enhance the delivery of loaded Cy5-Tim-3 siRNA and sorafenib to
tumor tissues. As shown in Fig. 3(a), there was strong fluorescence in-
tensity throughout the abdominal cavity treated with Cy5-Tim-3 siRNA
for 6 h, indicating the rapid clearance of naked siRNA in vivo. In contrast,
CC@SR&SF@PP NPs containing the same amount of Cy5-Tim-3 siRNA
showed clear fluorescence solely on the liver and even more clusters were
observed in the tumor sites of liver, demonstrating the in vivo stability
and successfully enhanced delivery of siRNA to tumor regions. The ex
vivo images of various tissues and organs in Fig. 3(b) further confirmed
the higher accumulation of nanoparticles in tumors tissues on the liver,
whereas naked siRNA was metabolized rapidly through the liver and
kidneys. To prove the ability of accurate cellular delivery and release of
CC@SR&SF@PP NPs at tumor regions, tumor tissue slices were obtained
following the white dotted line in Fig. 3(b). As shown in Fig. 3(c), an
enhanced Cy5 fluorescence signal was observed in the tumor site of the
slices treated by CC@SR&SF@PP NPs, mainly distributed at the



C. Song et al.

()

High  Bioluminescence Brightfield CyS

Low

CC@SR&SF@PP

siRNA

Materials Today Bio 16 (2022) 100350

(b)

Heart Liver

Spleen

Lung Kidney gigp
CC@SR&SS@PP

siRNA
»,

Low

S N !
Hoechst 33258

CC@SR&SF@PP

siRNA

1 mm 1 mm

Fig. 3. Invivo tumor uptake assay. (a) Bioluminescence, brightfield and Cy5 fluorescence images of the tumors recruited obtained 6 h after the mice were injected with
CC@SR&SF@PP NPs (up) or free Tim-3 siRNA (down). (b) Ex vivo merge images of tissues and organs obtained 6 h after the mice were injected with CC@SR&SF@PP
(up) or free Tim-3 siRNA (down). The white dotted line shows the direction and approximate position of the slice. (¢) Tumor slices images at 6 h after intravenous

injection of different formulas.

periphery of the liver lobe, corresponding to the location of tumor growth
in Fig. 3(b). This result attributed to the excellent ability of
CC@SR&SF@PP NPs releasing drugs accurately in the slightly acidic
microenvironment of tumor tissues. In contrast, due to the non-specificity
of naked siRNA, tumor slices treated by naked siRNA showed uniform
fluorescence distribution. Both the live images and tumor slices images
illustrated that CC@SR&SF@PP NPs could be accurately delivered and
triggered by the acidic microenvironment of tumor tissues to release
loaded siRNA to tumor cells. Meanwhile, as shown in Fig. S4, the in vivo
cytotoxicity assay indicated that no observable tissue damage, necrosis,
or inflammation was observed in slices treated by CC@SR&SF@PP NPs,
either at the short term of 1 day or the long term of 7 days, which fully
demonstrated that the CC@SR&SF@PP NPs were relatively safe for use in
vivo.

3.4. In vivo anti-tumor efficacy of CCQSR&SF@PP NPs in a H22
orthotopic tumor model

3.4.1. CC@SR&SF@PP NPs inhibited the growth of tumors in vivo
Encouraged by the promising in vitro and in vivo results obtained
above, we assessed the in vivo antitumor efficacy of CC@SR&SF@PP NPs
in a mouse hepatoma 22 (H22) orthotopic tumor model. On the basis of in
vitro experiment and in vivo tissue uptake property, CC@SR&SF@PP NPs
were administered to the mice for five times every three days through tail
vein injection, with PBS, CC@PP NPs, CC@NSR&SF@PP NPs,
CC@SR@PP NPs and SR&SF groups as control. The administration
dosage was 2.5 mg/kg for Tim-3 siRNA and 10 mg/kg for sorafenib. Due
to the high sensitivity resolution of the bioluminescence, we monitored
the tumor growth throughout the experimental process. As shown in
Fig. 4(a), both CC@SR@PP NPs and CC@NSR&SF@PP NPs showed an
unsatisfying effect on inhibiting tumor growth. Combination of therapy
with Tim-3 siRNA and sorafenib based on free diffusion (SR&SF) could

partially inhibit tumor growth. However, a nearly stagnant growth of
tumors was observed after continuous injection of CC@SR&SF@PP NPs,
suggesting the synergistically enhanced therapeutic effect of combing the
Tim-3 siRNA for gene-therapy and sorafenib for tumor vascular-targeted
therapy in vivo. In contrast, gradual increase of tumor volume was
observed in the control groups and CC@PP NPs groups. By measuring the
bioluminescence intensity of tumor tissues, the tumor growth curves
were also achieved (Fig. 4(b)). The results further proved that only by
combining the synergistically enhanced therapeutic effect of gene ther-
apy and tumor vascular-targeted therapy could we achieve the remark-
able tumor growth inhibition. Finally, the mice were sacrificed at day 16
after first injection and the whole livers were sampled. As expected, the
group treated with CC@QSR&SF@PP NPs exhibited the lowest level of
tumor growth (Fig. 4(c)).

3.4.2. CC@SR&SF@PP NPs enhanced the tumor cellular uptake of Tim-3
siRNA in acidic environment in vivo and the knock down of Tim-3

Next, a series of immunohistochemical examinations of the dissoci-
ated tumor tissues after continuous administration of CC@SR&SF@PP
NPs and the controls were performed. As shown in Fig. 5(a, b), benefiting
from the protective effect of CMCS shell and the pH-trigged delivery
system, both CC@SR&SF@PP NPs and CC@SR@PP NPs could promote
the delivery of the Tim-3 siRNA into tumor tissues and enhance the
transfer of Tim-3 siRNA into tumor cells. The expression of Tim-3 in
tumor tissues were reduced significantly (Relative Tim-3 expression
compared with PBS group: CC@SR&SF@PP NPs: 0.083 + 0.002;
CC@SR@PP NPs: 0.1413 + 0.021). Due to the instability, non-specific
adsorption and rapid clearance by liver and kidney of the naked siRNA
in vivo, Tim-3 siRNA and sorafenib based on free diffusion (Relative Tim-
3 expression compared with PBS group: SR&SF: 0.461 + 0.061) could
only partially inhibit the expression of Tim-3 in vivo. In contrast, CC@PP
(Relative Tim-3 expression compared with PBS group: 0.862 + 0.043)
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Fig. 4. (a) In vivo real-time visualization of tumors in the H22 orthotopic tumor-bearing mouse. Bioluminescence images were acquired by intraperitoneal injection
with 150 pL of 15 mg/mL D-Luciferin potassium salt solution on day 2, 5, 8, 11 and 14 (one day after drug injection) respectively. (b) Tumor volume growth curves of
mice after various treatments (n = 5). Tumor sizes were measured through the intensity of bioluminescence by the Xenogen IVIS SPECTRUM small animal imaging
system. (c) Representative photos of livers collected from mice at day 16 after different treatments.

and CC@NSR&SF@PP (Relative Tim-3 expression compared with PBS
group: 0.950 + 0.114) showed negligible effects. This effect was verified
by immunohistochemical examination of the dissociated tumor tissue
slices. As shown in Fig. 5 (c, d), the brown areas indicated the expression
of Tim-3 in tumor tissues after treatment by different groups. By quan-
titative analysis of the brown area, we found that, compared with the
negative control of PBS and CC@PP groups, ~80% of the expression of
Tim-3 was knocked down after being treated by free Tim-3 siRNA and
sorafenib groups. However, the percentage of inhibition raised to more
than 95% when it came to CC@SR&SF@PP NPs or CC@SR@PP NPs
groups. This result verified effectively the significantly enhanced siRNA
delivery and transfection ability of CC@SR&SF@PP NPs, indicating that
this pH-sensitive CC@SR&SF@PP NPs could be an ideal platform for
enhancing the delivery of siRNA into tumor cells in the acidic environ-
ment of the tumor in vivo and then enhanced the tumor inhibition.

3.4.3. CC@SR&SF@PP NPs induced the immune response and enhanced
the recruitment of cytotoxic T cells to kill tumor cells in vivo

Considering that Tim-3 was also a novel immune checkpoint mole-
cule, we also tested the expression of CD8 in tumor tissues to prove that
whether knockdown of Tim-3 could also enhance the immune response
of mice. As shown in Fig. 5(e), as expected, much more CD8 were
detected in tumor tissues treated by CC@SR&SF@PP NPs with red
fluorescence densely distributed throughout the tumor tissue, indicating

that a large number of cytotoxic T cells were recruited to kill the tumor
cells. There was also a small amount of CD8 detected in SR&SF treated
groups. In contrast, CD8 expression was rare in PBS treated tumor tissues.
These results indicated that enhanced Tim-3 siRNA transfection by
CC@SR&SF@PP NPs could greatly inhibit the expression of the target
gene, induce the immune response and enhance the recruitment of
cytotoxic T cells to kill tumor cells.

3.4.4. CC@SR&SF@PP NPs promoted the delivery of sorafenib and induced
the enhanced inhibition of tumor vasculature

What” more, we also measured the density of blood vessels in tumor
tissue slices. As demonstrated in CD31 immune staining in Fig. 6(a), there
was a net organization of small and large vessels with an apparent lumen
structure by CC@SR@PP NPs, CC@PP or PBS groups. Some middle-sized
and small vessels were still observed in tumor slices treated by SR&SF
group. In contrast, both CC@SR&SF@PP NPs and CC@NSR&SF@PP NPs
treated groups formed very small undeveloped vessels, due to the
encapsulation of sorafenib into PP NPs, confirming again the importance
of sorafenib delivery and pH-triggered release in tumor therapy. Quan-
titative analysis of pathologic vascularity revealed a 95% reduction in
tumor vascular density after treated with CC@SR&SF@PP NPs. Terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
staining further confirmed more regions of apoptotic cells in the
CC@SR&SF@PP NPs group than in the control groups (Fig. 6(b)). These
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result indicated the synergistically enhanced in vivo tumor growth sup-
pression of this combined gene therapy and tumor vascular-targeted
therapy strategy.

Inspired by the good therapeutic effect of PD-1 or PDL-1 combined
with sorafenib in treatment of HCC reported in literature, we focused on
the novel immune checkpoint molecule Tim-3 [23,24]. Tim-3 had been
proved overexpression in both HCC tumor tissues and cell lines and

10

knocking down the expression of Tim-3 had been proved to have
anti-tumor efficiency. However, limited by the poor targeting, low
specificity, low transfection efficiency and the potential virulence of
commonly used adenovirus and lentivirus gene vectors [36,39], the
clinical application of Tim-3 remains challenging. In this paper, posi-
tively charged SF@PP NPs provided an excellent template for negatively
charged Tim-3 siRNA to condense on its surface through electrostatic
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interaction. CMCS, being an amphoteric polysaccharide, possesses
pH-sensitive property, since it bears both acidic and basic groups. CMCS
shows negative charge in the physiological pH and positive charge in the
acidic environment of the tumor. Therefore, the following absorbed
CMCS protected the condensed Tim-3 siRNA in physiological environ-
ment and reduced the toxicity of cations. In acid environment of tumor
tissues, CMCS underwent charge reversal process, released the protected
Tim-3 siRNA to achieve the accurate release and enhanced enrichment of
siRNA in tumor tissues. In general, nanoparticles with high surface
charge density are more easily to be recognized and quickly cleared by
the reticuloendothelial system (RES) in vivo. Negative or nearly neutral
charged nanoparticles with particle size less than 300 nm can avoid the
nonspecific capture of RES [37]. Polysaccharide modification on the
surface of nanoparticles can give the carrier the ability of “invisibility”
and prolong the blood circulation time of the carrier, so that the carrier
has more chances to enter the tumor tissues through enhanced perme-
ability and retention (EPR) effect [44]. Compared with free siRNA and
free sorafenib, the final obtained pH-sensitive CC@SR&SF@PP NPs, with
the hydrodynamic diameter of ~132 nm and negative charge of ~ -3.39
mV, enhanced the delivery of Tim-3 siRNA into tumor tissues and
improved gene transfection greatly inhibited the expression of the target
gene. Meanwhile, CC@SR&SF@PP induced the immune response and
enhanced the recruitment of cytotoxic T cells to kill tumor cells. Then,
increased delivery of sorafenib into tumor tissues further induced
extensive tumor apoptosis by inhibiting the tumor angiogenesis and the
enhanced recruitment of cytotoxic T cells by knocking down of Tim-3
expression could promote the anti-HCC efficiency of sorafenib.

4. Conclusion

In summary, a novel tumor micro-environmental triggered drug-
eluting nanoparticle (CC@SR&SF@PP) for simultaneous delivery of
Tim-3 siRNA and sorafenib was developed by a single emulsification
method. In this nanoparticle, being a pH-sensitive amphoteric poly-
saccharide absorbed on the surface of the nanoparticle, CMCS protected
the condensed siRNA and reduced cationic toxicity of CC@SR&SF@PP
NPs. After entering the tumor tissues, CMCS underwent charge reversal
and then released the loaded siRNA to realize the precise enhanced
release of siRNA in tumor tissues. Enhanced therapeutic siRNA delivery
into solid tumors directly inhibited tumor cells and more cytotoxic T cells
were recruited to further kill tumor cells. The following tumor micro-
environment triggered sorafenib release from SF@PP NPs greatly
inhibited the tumor angiogenesis and further enhanced the inhibitory
effect on tumor growth. We expect that such simultaneous gene therapy
and tumor vascular-targeted therapy strategy may also be applicable for
other types of tumors, and will have great potential in future clinical
applications.
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