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Background: Apoptosis resistance of hepatocellular carcinoma (HCC) often leads to treatment failure. Nonetheless, overcoming the
resistance of HCC to apoptosis by inducing necroptosis of tumor cells to bypass the apoptotic pathway may be a promising treatment
strategy. Sonodynamic therapy (SDT) has broad prospects in disease treatment because of its noninvasive characteristic and
spatiotemporal control. The combination of SDT and shikonin in the treatment of HCC is expected to be a new tumor treatment
method that can overcome apoptosis resistance.

Methods: In this study, the antitumor effect was evaluated using normal liver cell line WRL68, HCC cell line HepG2 and HepG2
xenograft mouse models. Indocyanine green (ICG) was loaded on nanobubbles (NBs) to construct ICG-loaded nanobubbles (ICG-
NBs). Combined sonosensitizer nanoplatforms with ultrasound (US) to achieve efficient SDT, the combination of SDT and shikonin in
treating HCC can activate shikonin-induced necroptosis. As a result, tumor cells that produced apoptosis resistance were destroyed by
necroptosis.

Results: The results indicated a successful preparation of ICG-NBs with a uniform particle size of 273.0 £ 118.9 nm spherical
structures. ICG-NB-mediated SDT, in combination with shikonin treatment, inhibited the viability, invasion, and migration of tumor
cells. SDT + shikonin treatment group caused a substantial increase in necroptotic cells. The increased degree of tumor necrosis and
the upregulated expression of receptor-interacting protein 3 kinase were observed in vivo studies, which indicated that the antitumor
effect was accompanied by enhanced necroptosis in the SDT + shikonin treatment group.

Conclusion: ICG-NB-mediated SDT combined with shikonin inhibits the growth of HCC by increasing the necroptosis of tumor
cells. Therefore, this combination therapy is a promising treatment strategy against the specific cancer.
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Introduction

Primary liver cancer ranks third in tumor incidence.'? Due to the lack of specific clinical manifestations, primary liver
cancer is already at the advanced stage at the time of diagnosis, resulting in poor prognosis of the disease.**
Hepatocellular carcinoma (HCC) is the main etiologic type of primary liver carcinoma.>® The current clinical targeted
therapeutics for advanced HCC, such as sorafenib, face drug resistance after several months of treatment, which reduces
the therapeutic efficacy.”® Thus, it is urgent to explore ways to improve drug resistance and the therapeutic effect of liver
cancer, which is an essential research direction for HCC treatment.

Bcl-2 and Bcl-XL mediated tumor cell apoptosis resistance is the cause of treatment failure in primary liver
cancer.”'® The necroptotic signaling pathway can eliminate apoptosis-resistant tumor cells by inducing cell death without
the apoptotic pathway.11 Necroptosis can overcome Bcl-2 and Bcel-XL-mediated apoptosis resistance, which may become
a new way to improve tumor resistance.'> Necroptosis, a novel mode of cell death distinct from necrosis and apoptosis,

International Journal of Nanomedicine 2023:18 7079-7092 7079
Received: 12 August 2023 © 2023 Tian et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 16 November 2023
Published: 28 November 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-6358-8134
http://orcid.org/0000-0002-7887-3421
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Tian et al Dove

was first proposed in 2005, with morphological features of necrotic cells.'*'> Moreover, necroptosis is regulated by
receptor-interacting protein 1 kinase (RIPK1) and RIPK3-mediated signaling pathways and hence, has been considered
a target for tumor therapy.'®?° Therefore, inducing necroptosis of tumor cells is an effective treatment to solve the
resistance of tumor cells to apoptosis.

Shikonin is a small molecular naphthoquinone compound extracted from the Chinese herbal medicine Lithospermum,
which exerts an antitumor effect.*' > In addition to the traditional mechanism of apoptosis, shikonin induces necroptosis

of tumor cells under inhibited apoptosis,* 2°

thus overcoming the issue of tumor resistance caused by anticancer drugs
through P-glycoprotein, Bcl-2, and Bel-XL. Moreover, shikonin has an efficient antitumor effect and can be combined
with other tumor treatments to overcome drug resistance caused by traditional treatment methods.

Noninvasive treatments, such as photodynamic therapy, have been applied in the clinical field with satisfactory
therapeutic effects.”” However, deep tumors cannot be eliminated due to insufficient penetration of light.® Although
derived from photodynamic therapy, SDT is based on ultrasound (US) and sonosensitizer; it also has deep tissue
penetration and low systemic toxicity, making it an ideal alternative approach.”*>* SDT exerts antitumor effects mainly
through US cavitation, the chemical effects of singlet oxygen and hydroxyl radicals, and the chemical effects of
sonosensitizers.>>>® Since tumor cells resist apoptosis, SDT has a limited impact on tumor treatment. Therefore, it can
be combined with other non-apoptotic tumor treatment methods to open a novel avenue of tumor treatment.®’*
Indocyanine green (ICG) is a synthetic, infrared-sensitive, fluorescent dye with low toxicity, no participation in
biotransformation in vivo, and rapid excretion. It is the only dye reagent approved by the United States Food and
Drug Administration for humans due to its high safety, and can also be used for multimodal imaging.**** ICG can be
activated by US to produce abundant reactive oxygen species (ROS) that are excellent sonosensitizers.*' However, the
utilization of ICG is restricted by its aggregation and rapid clearance in vivo.*>* Therefore, loading ICG with
nanobubbles (NBs) would improve these limitations. Also, US-mediated cavitation can enhance the production of ROS.

In this study, ICG-loaded nanobubbles (ICG-NBs) were constructed and combined with US to achieve efficient SDT.
Subsequently, SDT combined with shikonin therapy triggered increased necroptosis, improved the drug resistance caused
by tumor cell apoptosis resistance, and significantly improved the antitumor effects in vivo and in vitro, thereby SDT

combined with shikonin providing a new therapeutic approach for treating primary HCC (Scheme 1).
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Scheme | Schematic illustration of the preparation of ICG-NBs and ICG-NBs mediated sonodynamic therapy (SDT) sensitizing necroptosis against hepatocellular
carcinoma.
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Materials and Methods

Chemicals and Reagents

Avanti Polar Lipids (Alabaster, AL, USA) supplied DSPC and DSPE-PEG-2000. DCFH-DA, JC-1, and Annexin V-FITC
Apoptosis Detection Kit were obtained from Beyotime Biotechnology (Shanghai, China). Hoechst 33,342/PI was
purchased from Solarbio Technology (Beijing, China). ICG was obtained from Shanghai Yuanye Bio-technology
(Shanghai, China). Shikonin and necrostatin-1 (Nec-1) were procured from MCE Chemicals Technology (Shanghai,
China). The Cell Counting Kit-8 (CCK-8) was obtained from Sevenbio (Beijing, China).

Fabrication of ICG-NBs

The weight proportion of 1.2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1.2-distearoyl-sn-glycero-3-phos-
phoethanolamine (DSPE-PEG-2000) was 9:1. The lipid powder was dissolved in dichloromethane and methanol at
a volume ratio of 2:1 in a 50 °C water bath. After dissolution, the organic solvent was evaporated to form a phospholipid
film. The phospholipid membranes were solubilized in a PBS solution containing 50 pg/mL ICG. The mixture was
filtered through a micro-extruder 200 nm filter membrane (Avanti Polar Lipids). The filtrate was vacuum-sealed in
a bottle filled with perfluoropropane (C3;Fg) and placed in a dental amalgamator (YJT Medical Apparatus and
Instruments, Shanghai, China) for thorough mixing to produce ICG-NBs (Figure 1A). The whole process was carried
out in the dark.

Characterization

The morphology and distribution of ICG-NBs were observed under a transmission electron microscope (TEM, Hitachi,
Japan). The absorption spectra of ICG, NBs, and ICG-NBs were measured using a UV-vis-NIR spectrophotometer
(Agilent Technology, California, USA). Dynamic light scattering analyzer (DLS, Malvern Zetasizer Nano ZS90, UK)
was used to determine the size of particles and the zeta potential of ICG-NBs. At the same time, DLS was used to
evaluate the stability of ICG-NBs after 48 h in PBS and DMEM containing 10% fetal bovine serum (FBS). In order to
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Figure | Characterization of ICG-NBs. (A) The microstructure diagram of ICG-NBs. (B) Transmission electron microscopy image of ICG-NBs. (C) Transmission electron
microscopy image of ICG-NBs after storage for 48 h at 37°C. (D) Zeta potential of ICG-NBs and NBs. (E) The dynamic light scattering analyzer results showed the particle
size of ICG-NBs. (F) Ultraviolet absorption spectrum results showed the absorbance spectra of ICG, NBs, and ICG-NBs.
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examine the durability of ICG-NBs, TEM was used to observe any significant change in the particle size after 48 h of
storage at 37 °C. ICG in vitro release experiment was carried out at 37°C. The experimental group used US (3.0 W/em?,
60s) to irradiate the PBS solution of ICG-NBs, and the negative control (NC) group did not use US irradiation. Then, the
solution at different time points (0, 0.5, 1, 2, 3, 4, 8, 16, and 24 h) was centrifuged at 8000 rpm/min. The amount of ICG
in the supernatant was detected by UV-vis-NIR spectrophotometer, and the percentage of ICG release was calculated.

HepG2 Cell Culture

The human HCC cell line HepG2 and normal human liver cell line WRL68 were utilized in this study, as approved by the
Ethics Committee of Harbin Medical University. All the cells were purchased from the Cell Bank of Chinese Academy of
Sciences (Shanghai, China). The cells were grown in Dulbecco’s modified Eagle medium (DMEM, Gibco, Invitrogen,
USA) with 10% FBS in a 37 °C CO, incubator. Cell passage was performed every other day.

Cell Viability

The cells were seeded in 96-well plates at a density of 1x10% and grown overnight to ensure adhesion. After treatment
with shikonin (0.5, 1, 2, 5, 7.5, and 10 pM) for approximately 24 h, the cell viability was assessed by CCK-8 assay. Then,
the cells were treated (6, 12, 24, 36, and 48 h) with 50 uM Nec-1 and assayed for cell viability. The WRL68 cell line was
treated with different concentrations of ICG (25, 50, 75, 100, 125, and 150 pg/mL), and the cell viability was detected by
CCK-8 assay. Under similar experimental conditions, different concentrations of ICG and ICG-NBs (25, 50, 75, 100,
125, and 150 pg/mL) were applied for 4 h post or no to the US for 60s (3.0 W/cm?). The percentage of cell survival was
determined after ICG and ICG-NBs combined with US treatment and ICG treatment alone. The maximum half inhibitory
concentration (IC50) of ICG-NBs combined with US and shikonin was calculated. Finally, the cell survival rate at
a specific concentration was determined after combining the two treatment methods using CCK-8 assay. The absorbance
value was measured on a microplate reader (Promega Corp, Madison, WI, USA), and the relative cell viability was

calculated.

ROS Detection

The cells were seeded in 6-well plates (2 x 10> cells/well), and the medium was removed after 24-h incubation, and
DMEM, ICG-NBs, shikonin, and ICG-NBs+shikonin were added, respectively. ICG-NB and ICG-NBs+shikonin groups
were subjected to US treatment for SDT. Then, the medium of each group was replaced with DCFH-DA and incubated
for 20 min in the dark. Subsequently, the plates were rinsed with DMEM, and the fluorescence was examined under
a fluorescence microscope (LX71, Olympus, Tokyo, Japan), and the levels were measured using Image] software
(National Institutes of Health, Bethesda, MD, USA).

Changes in Mitochondrial Membrane Potential (MMP)

After various treatments, HepG2 cells were incubated for 20 min in JC-1 reagent before washing and resuspension in
chilled phosphate-buffered saline (PBS). The red and green fluorescence inside the cells was observed by fluorescence
microscopy and analyzed by Image] software.

Transwell Assay

The cells treated with DMEM, SDT, shikonin, and SDT+shikonin were seeded in a transwell chamber (Costar, USA)
with 8.0 um pores, and the chamber was placed in a 24-well plate. 5x10 cells were inoculated in the top chamber in 100
uL of FBS-free DMEM, while 800 pL. of DMEM containing 10% FBS was loaded into the bottom chamber to assess the
migration capacity of the cells. The top chamber was precoated with the Matrigel matrix. A similar protocol was applied
to detect cell invasion. After 24-h incubation, the cells in the bottom chamber were fixed with 4% paraformaldehyde,
stained with 0.1% crystal violet, and counted in three fields per well.
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Hoechst 33,342 and Propidium lodide (Pl) Staining

The cells were seeded, cultured overnight, and treated in different groups, as described above. Then, 5 pL. of Hoechst
33,342 and 5 pL of PI were incubated with the cells at 4 °C in the dark for 20 min. The intracellular fluorescence was
determined using a fluorescence microscope, and at least three random fields were examined for each sample.

Assessment of Cell Death by Flow Cytometry

The six groups of HepG?2 cells inoculated in 6-well plates were as follows: NC, SDT, shikonin, SDT combined with
shikonin, Nec-1+shikonin, and Nec-1+SDT+shikonin. Groups 1-4 were treated as described above, while Groups 5 and
6 were pretreated with 50 uM Nec-1 before treating the cells with shikonin and SDT+shikonin. Then, the cells were
washed twice with PBS, and 1x10* cells were resuspended in 195 pL binding fluid. Subsequently, the cells were stained
with PI and Annexin V-FITC in the dark for 15 min. After adding 400 puL of the binding buffer to each tube, apoptotic
and necrotic cells were quantified on a flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Following the
manufacturing guidelines, Annexin V-FITC+, PI- indicates apoptotic cells, while Annexin V-FITC+, PI+ indicates
necrotic cells. The percentage of cells in each quadrant was calculated using FlowJo software version 10.6.2.

Establishment of HCC Mouse Model and Treatment Methods

Female Balb/c mice without thymus were obtained from Vital River Laboratory Animal Technology (Beijing, China) for
in vivo studies. The animals were maintained in a pathogen-free environment, with a 12-h light/dark cycle, and
acclimatized to their surroundings for 3 days. Then, HepG2 cells (3 x 10° cells/each) were injected subcutaneously.
When the tumors developed to 100-150 mm?, the mice were divided into NC and experimental groups for the treatments.

The biodistribution of ICG-NBs was studied by fluorescence imaging in vitro and in vivo. ICG-NBs were injected
into HepG2 tumor-bearing mice via the tail vein at an experimental concentration (ICG concentration was 1 mg/kg). At
different times after intravenous injection (2, 4, 8, 12, and 24 h), the fluorescence intensity was recorded using a small
animal in vivo imager. The excitation wavelength is 705-780 nm, and the emission wavelength is 810-885 nm. The mice
were euthanized 24 h after the injection of the ICG-NBs, and the tumors, lungs, heart, liver, spleen, and kidneys of the
mice were collected for imaging to detect in vitro fluorescence signals. The experiment has been repeated three times,
and Bruker MI SE software was used to analyze the data.

The mice in each group were injected 50 pL ICG-NBs and shikonin mixture via tail vein injection for 14 days; PBS
was administered to the NC group. The drugs were administered once in 2 days, while the weight of each mouse was
measured on an electronic balance to assess the biosafety of the drug. The tumor size was estimated every 2 days using
Vernier calipers and at the end of the experiment on day 14. Then, the tumors and vital organs were fixed in 4%
paraformaldehyde, paraffin-embedded, and sectioned into 3—5-pm-thick slices. Hematoxylin/eosin (HE) staining was
used to determine the extent of necrosis within the tumors and the presence or absence of damage to relevant internal
organs (heart, lung, liver, kidney, and spleen). RIPK3 expression was detected in tumor samples by immunohistochem-
ical staining using specific antibodies. Five different view areas were observed under a microscope at 200x to capture the
images.

Statistical Analysis

All data were replicated three times, and the results were presented as the mean =+ standard deviation (SD). Comparative
analysis and data from each group were plotted using GraphPad Prism 9.0. The statistical differences among the groups
were examined using one-way analysis of variance (ANOVA). p < 0.05 indicated a significant difference between the
control and sample values.

Results

Fabrication and Characterization of ICG-NBs
ICG-NBs revealed uniform circular formations under TEM (Figure 1B). Also, the stability of ICG-NBs was assessed to
determine any significant change in the particle size after storage at 37 °C for 48 h (Figure 1C). The results showed that
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the p-value of particle size change after 48 h was 0.0847, indicating the stability of ICG-NBs. The zeta potential of the
ICG-NB surface was —1.089 = 0.067 mV, which was lower than that of NBs (—0.654 + 0.256 mV) (Figure 1D).
Consistent with TEM measurements, the size of ICG-NB particles tested by DLS was 273.0 £ 118.9 nm (Figure 1E).
DLS measured the particle size of ICG-NBs in PBS solution to be 277.2 + 135.4 nm after 48 h. The p-value of the
particle size difference compared with that before placement was 0.677 (Figure S1A). The particle size was 280.3 +
141.8 nm after 48 h in DMEM containing 10% FBS, compared with the particle size before placement and the p-value
was 0.548 (Figure S1B). The p-values after placement were not statistically significant, further indicating that ICG-NBs
had good biostability.

ICG-NBs showed an absorption peak at about 780 nm on the UV-vis-NIR spectrophotometer, consistent with the ICG
measurement results; at the same time, there is no absorption peak of NBs at 780 nm (Figure 1F), indicating that ICG was
successfully encapsulated into NBs. In the in vitro release experiment of ICG, it was observed that the release of ICG
was about 67.0 + 1.8% within 4 h after US irradiation at 37 °C, which was significantly higher than that of the NC group
(9.2 £ 1.7%), indicating that the US could effectively control the release of ICG (Figure S1C). The lower ICG release in
the NC group suggested that the PBS solution of ICG-NBs had higher biosafety.

Cell Cytotoxicity Assay of ICG and Shikonin

The cytotoxicity of ICG and ICG-NBs combined with US and ICG alone was compared using the CCK-8 assay. As
shown in Figure 2A, ICG alone did not affect the survival rate of HepG2 cells. Meanwhile, ICG alone did not affect the
survival rate of normal liver cell line WRL68 cells. It shows that ICG has high security (Figure S2). After ICG and ICG-
NBs were combined with the US, the cell viability was observed to be 69.4 £ 4.9% and 62.8 + 2.4%, respectively, when
the ICG concentration was 25 pg/mL. Therefore, under the action of the US, ICG-NBs have more potent cytotoxicity
than ICG (p < 0.001). The IC50 of ICG-NBs combined with the US was 57.77 pg/mL, so 50 pg/mL was selected as the
concentration of ICG-NBs in SDT treatment (Figure 2B).
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Figure 2 Cytotoxic effect of shikonin and SDT in HepG2 cells. (A) HepG2 cells were treated with ICG, ICG+US, and ICG-NBs+US for 24 h, and cell viability was analyzed
by CCK-8 assay. (B) The dose-effect curves of HepG2 cells to ICG-NBs+US. (C) Drug sensitivity of HepG2 cells to shikonin and SDT+shikonin. (D) The dose-effect curves
of HepG2 cells to shikonin. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

7084 "o International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=435104.docx
https://www.dovepress.com/get_supplementary_file.php?f=435104.docx
https://www.dovepress.com/get_supplementary_file.php?f=435104.docx
https://www.dovepress.com/get_supplementary_file.php?f=435104.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Tian et al

Similarly, the influence of different concentrations of shikonin and shikonin combined with SDT on cell viability was
evaluated by CCK-8 assay. The findings demonstrated that the cytotoxicity of shikonin on cells was concentration-
dependent (Figure 2C) with an IC50 value of 3.011 uM (Figure 2D). There was no significant difference in cell viability
between the shikonin + US treatment group and the simple shikonin treatment group (p > 0.05). The combination of
shikonin was combined with SDT, the cell survival rate decreased significantly, and compared to the shikonin group, the
difference was statistically significant (p < 0.05).

Hoechst 33,342 and Pl Double-Staining

The cell membrane’s structural integrity and the nucleus morphology were assessed by Hoechst 33,342/PI double-
staining, and the morphological features were associated with the mode of tumor cell death. Hoechst 33,342 is a blue
fluorescence dye that penetrates intact cell membranes and stains DNA, while PI does not penetrate the intact cell
membranes; hence, red fluorescence was detected only in necrotic cells. The cells in the SDT or NC group showed no red
fluorescence-producing cells, indicating that no cells underwent necrosis in these two groups (Figure 3A). In the shikonin

and combined treatment groups, the cells showed standard nuclear size and dark blue and dark red fluorescence,
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permeable cells in each group (scale bar: 50 um). (B) The number of necrotic cells in different treatment groups. (C) Flow cytometry combined with Annexin V/PI double-
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results from experiments of cell necroptosis in HepG2 cells. **¥p < 0.0001.
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indicating necrosis. Next, quantitative analysis was performed according to the number of cells producing red fluores-
cence in the field of view. The results showed that shikonin treatment effectuates necrotic cell death morphology in tumor
cells. Combination therapy further raised the number of HepG2 cells exhibiting necrotic cell death morphology. The
difference in the number of cells that lost their intact cell membrane structure differed significantly between the shikonin-
treated and combination-treated groups (p < 0.0001) (Figure 3B).

Flow Cytometry Detection of Necroptosis

The pattern of HepG2 cell death caused by the combination treatment was investigated using flow cytometry. The results
are shown in Figure 3C. Approximately 92.8 + 1.30% of the NC group (Annexin V-/PI-) comprised normal cells. On the
other hand, the percentage of cells in the Q2 region between the SDT-treated and the control groups did not differ
significantly, suggesting that SDT had little or no effect on tumor cell necrosis. In the shikonin therapy group, the
proportion of necrotic cells within the Q2 area was 32.5 + 2.03%, while that in the combination treatment group was 43.1
+ 1.33%. To further elucidate the death pathway, each of these two groups was treated with Nec-1. The impact of Nec-1
on cell viability was investigated using the CCK-8 test; the findings did not reveal any significant difference between the
Nec-1 and control groups (Figure 3D). Next, after pretreatment with Nec-1, necrotic cells in the Q2 area were decreased
to 3.9 £ 0.6% in the shikonin-treated group, which did not differ substantially from the control group (Figure 3E),
suggesting that shikonin induces necroptosis in HepG2 cells. In the combined treatment group, Q2 necrotic cell number
was decreased to 4.0 + 0.32% after pretreatment with Nec-1, which was similar to the control group, indicating that the
combined treatment group induced the necroptotic pathway. Taken together, the number of cells undergoing necroptosis

was considerably elevated in the combination treatment group compared to the shikonin treatment group (p < 0.05).

Detection of Intracellular ROS

As shown in Figure 4A, the green fluorescence of the NC group was weak. Treatment with SDT and shikonin alone produced
a strong green fluorescence compared to the NC group, and SDT or shikonin alone groups could have trace amounts of ROS. In
contrast, the green fluorescence rose significantly in the SDT+shikonin group compared to the remaining groups, confirming that
the SDT+shikonin treatment group had a strong ROS generation ability. The fluorescence intensity of different groups is shown in
Figure 4B. Compared to the NC group, the fluorescence level differed significantly in each group; also, the variation in
fluorescence intensity of the SDT+shikonin group was significantly different compared to the other groups (p < 0.05).

MMP Changes Affect Cell Death

The results of fluorescence microscopy are presented in Figure 4C. The cells in the NC group had an intense red and light
green fluorescence, suggesting that JC-1 aggregates in the mitochondrial matrix, with high levels of MMP. The combined
treatment group showed weak red and robust green fluorescence, suggesting that in the combination treatment group JC-1
monomers are formed but no not aggregate in the mitochondrial matrix. The cellular MMP declined significantly and
produced strong green fluorescence. The depolarization of the MMP was measured based on the ratio of red to green
fluorescence produced by the cell. As shown in Figure 4D, after SDT+shikonin combined treatment, the proportion of
JC-1 aggregates/monomers was significantly decreased compared to other groups (p < 0.0001), suggesting that a decrease
in MMP is linked to cell death due to the combination treatment.

Inhibition of HepG2 Cell Migration and Invasion Ability

Transwell assay was used to evaluate the effect of combination therapy on the invasive and metastatic capacity of HCC
by detecting the changes in the invasion and migration abilities of HepG2 cells after treatment for transwell assay. As
shown in Figure 5A and B, the number of cells undergoing invasion and migration was considerably lower in the group
receiving combination therapy compared to the other groups (p < 0.001). The findings showed that the combination
treatment suppressed the invasion and migration abilities of tumor cells.
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Evaluation of Anticancer Effect of SDT Combined with Shikonin in vivo

In vivo, fluorescence imaging was used to analyze the distribution of ICG-NBs in the mouse model, and images were
taken at different times after drug injection. The fluorescence signal gathered at the tumor site after ICG-NBs injection,
and a certain fluorescence intensity could still be detected at the tumor site after 24 h (Figure S3A). It shows that the
ICG-NBs can be well gathered in the tumor location. After 24 h, the main organs and tumors of mice were separated for
in vitro fluorescence imaging. The results showed that ICG-NBs had higher fluorescence intensity in the tumor site than
in other vital organs (Figure S3B).
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As demonstrated in Figure 6A, the tumor volume in the SDT combined with the shikonin group was significantly
smaller than that in either the control, shikonin, or SDT alone treatment groups on day 14 (p < 0.05). Moreover, tumor
weight was significantly reduced in the SDT combined with the shikonin treatment group compared to other groups
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staining of major organ slides of the mice at 14 days (scale bar: 50 um). (D) Body weight of mice as a function of time. (E) Images of HE-stained tumor tissue sections (scale
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on day 14 (Figure 6B). The vital organs, such as the heart, lung, liver, kidney, and spleen, were sliced and stained with
HE. The outcomes revealed that after 14 days of SDT combined with shikonin treatment, the pathological changes in the
main organs could be ignored, indicating that the approach was safe (Figure 6C). Therefore, SDT combined with
shikonin had a favorable effect against HCC in vivo, while weight measurements did not show any marked differences in
mice from different treatment groups, indicating that the treatment did not generate any side effects (Figure 6D).

HE staining results of the tumor tissue sections showed that the degree of tumor cell necrosis was more prominent in
the SDT combined with the shikonin treatment group than in other groups (Figure 6E and F). Furthermore, necroptosis is
usually accompanied by upregulated RIPK3 expression. Immunohistochemical staining with RIPK3-specific antibodies
showed that a large number of tumor cells displayed brown cytoplasm in the SDT+shikonin treatment group compared to
other groups, indicating an upregulated expression of RIPK3 in the SDT+shikonin group (Figure 6G and H). These
results indicated that shikonin can induce necroptosis, which is increased further in combination with SDT, indicating
that SDT sensitizes shikonin-induced necroptosis.

Discussion

Accumulating evidence demonstrates that HCC, with a low cure rate and poor prognosis, is the primary cause of cancer-
related deaths globally.**** Thus, practical strategies for the treatment of HCC are an urgent requirement.** Although it is
noninvasive and safe, SDT alone is not ideal and must be used in conjunction with other treatment approaches to enhance
the tumor-killing effect.*>*’ Necroptosis is a programmed cell necrosis.*® Herein, we used shikonin to induce necrop-
tosis, kill apoptotic-resistant tumor cells, and avoid multidrug resistance.

ICG can generate abundant ROS under US treatment and has a high safety profile; thus, it has been selected as the
sonosensitizer. In the present study, the hydrophilic heads of phospholipid NBs were loaded with ICG to prepare ICG-
NBs with improved biocompatibility and bioavailability. ICG-NBs enable the targeted release of the sonosensitive drug
ICG from NBs post-US. The US can cause cavity oscillation inside the ICG-NBs and cause the nanobubble to rupture
and release the drug. In addition, the physical impact, such as the cavitation effect of US damages the cytoskeleton and
cell membrane, increases the permeability of the target cells, and facilitates drug entry into the cells. The ICG-NBs
fabricated in this experiment showed a homogeneous spherical structure (Figures 1B and 1E).

ICG-NBs can markedly strengthen the therapeutic efficacy of SDT compared with ICG alone, which is related to the
damage of cell membranes by NBs under the action of the US. And because the lipid composition of NBs is similar to the
cell membrane, ICG is more easily internalized by HepG2 cells. The cytotoxicity of ICG-NBs-mediated SDT combined
with shikonin was further significantly enhanced (Figure 2A and C).

To further explore the way of cell death, morphological detection was first performed. Morphological changes are
essential factors in assessing cell death patterns. The morphological changes in necroptosis are distinguished from
apoptosis by impaired integrity of the cytoplasmic membrane, resulting in increased cell size and disrupted nuclear
organization.** To observe whether these necroptotic features occurred in different treatment groups, cell membrane
integrity and atomic morphology were assessed by Hoechst 33,342/PI double-staining. As shown in Figure 3A, shikonin
caused morphological changes in necrotic cells and the combination treatment pronounced the necrotic cell morphology.
The number of necrotic cells in different groups was quantified by flow cytometry, and the outcomes were similar to
those of Hoechst 33,342/PI double-staining. As a potent inhibitor, Nec-1 inhibits necroptosis but not apoptosis and thus
can distinguish between necroptosis and apoptosis. After pretreatment with 50 uM Nec-1 for 4 h, flow cytometry data
revealed a dramatically decreased percentage of necrotic cells, indicating that this cell death was via the necroptotic
pathway rather than necrosis secondary to apoptosis (Figure 3C). Interestingly, SDT in combination with shikonin
provides a novel approach to address drug resistance due to apoptosis resistance by enhancing necroptosis.

To further explore the reasons for the increase of necroptotic cells in the SDT + shikonin treatment group, ROS
were detected. The results showed that the production of ROS in the SDT + shikonin treatment group was
significantly increased (Figure 4A). The results of ROS production were consistent with the results of cell viability
experiments, indicating that the increase in ROS was an essential reason for the decrease in cell viability. Some
studies have demonstrated that ROS regulate the RIPK1/RIPK3 necrotic bodies-mediated signaling, leading to

50,51

necroptosis. SDT + shikonin treatment group generates a significant amount of ROS and promotes
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necroptosis-related protein production. SDT + shikonin treatment group may trigger the necroptosis of HepG2
cells through the production of a large amount of ROS and increase tumor cell mortality in the SDT + shikonin
treatment group.

Oxidative stress affects mitochondrial membrane stability. The stability of MMP underlies the normal function of mitochon-
dria to provide energy for tumor cells. The decrease in MMP indicates mitochondrial dysfunction. In the combined treatment
group, the MMP decreased markedly (Figure 4C), indicating a prominent mitochondrial dysfunction caused by the SDT +
shikonin treatment. The level of oxidative stress within tumor cells and the stability of MMP affect tumor cell invasion and
migration potential. The results of transwell experiments indicated that the inhibitory effect of the SDT + shikonin treatment
group on the invasion and migration of HCC was greater than the other groups (Figure 5A); thus, the SDT + shikonin treatment
could inhibit tumor invasion and metastasis.

The in vivo effect of the combination treatment was investigated using tumor-bearing mice. Compared to other therapies, the
tumor size and mass decreased drastically in the combined therapy group, demonstrating an excellent in vivo antitumor growth
effect of the combination treatment group (Figure 6A and B). On the other hand, the combination treatment did not affect the
mice’s body weight or vital organs, indicating its biosafety (Figure 6C and D). Initially, HE staining of the tumor tissue sections
illuminated the function of necroptosis in the antitumor impact in vivo, suggesting that the combination treatment group had
notably higher necrosis rates than the other treatment groups (Figure 6F). RIPK3 is a crucial mediator in the development of
necroptosis; hence, immunohistochemical staining using specific antibodies was employed to observe RIPK3 expression.>> The
findings revealed that the combined treatment group induces tumor cells to undergo necroptosis via upregulated RIPK3
expression (Figure 6H).

Nevertheless, the present study has some limitations. First, only the HepG2 cell line was assessed in this study, and
the effect of this treatment on other liver cancer cell lines is unknown. Second, the therapeutic effect and the long-term
impact of treatment in orthotopic liver cancer models were not evaluated. Future studies will explore the influence of
combined therapy on the orthotopic liver cancer model.

Conclusion

In conclusion, our study confirmed that SDT combined with shikonin is a new treatment for HCC. The possibility of ICG-
NBs as a new SDT sonosensitizer was proposed. We demonstrated for the first time that SDT combined with shikonin can
increase the necroptosis of tumor cells, which may be related to the increase of RIPK3 expression caused by the rise in ROS
production. SDT combined with shikonin can inhibit the growth, invasion, and migration of tumor cells. These findings
illustrated that SDT combined with shikonin may become a novel, noninvasive therapeutic option for HCC treatment.

Abbreviations

SDT, sonodynamic therapy; ROS, reactive oxygen species; US, ultrasound; HCC, hepatocellular carcinoma; MMP,
mitochondrial membrane potential; RIPK3, receptor-interacting protein 3; ICG, indocyanine green; ICG-NBs, ICG-
loaded nanobubbles.
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