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Abstract: 1 

Rationale: Current therapies for hepatocellular carcinoma (HCC) are hampered by treatment failure and 2 

recurrence due to the remaining treatment-resistant liver cancer stem cells (CSCs). Stemness and epithelialï3 

mesenchymal transition (EMT) are regarded as two fundamental characteristics of liver CSCs necessary for 4 

cancer progression; thus, drugs that simultaneously target both characteristics should prove effective in 5 

eliminating HCC and impeding recurrence. In this study, we developed new arsenic trioxide (ATO)-based 6 

nanoparticles (NPs), which are expected to be more effective than the current HCC therapy, and explored their 7 

potential mechanism.  8 

Methods: A ñone-potò reverse emulsification approach was employed to prepare the ZnAs@SiO2 NPs. HCC 9 

cell lines, MHCC97L and Hep3b, were used to analyze the antitumor activity of ZnAs@SiO2 NPs in vitro and 10 

in vivo by quantifying cell growth and metastasis as well as to study the effect on stemness and EMT. SHP-1 11 

siRNA was used to validate the role of the SHP-1/JAK2/STAT3 signaling pathway in mediating inhibition of 12 

stemness and EMT by ZnAs@SiO2. 13 

Results: Compared with the current ATO treatment, ZnAs@SiO2 NPs promoted apoptosis and significantly 14 

inhibited proliferation, migration, and invasion of both MHCC97L and Hep3b cells. In the in vivo assay, 15 

ZnAs@SiO2 NPs inhibited tumor growth by 2.2-fold and metastasis by 3.5-fold as compared to ATO. The 16 

ZnAs@SiO2 NPs also inhibited tumor spheroid formation in vitro and tumor initiation in vivo and induced 17 

significant changes in the expression of stemness markers (CD133, Sox-2, and Oct-4) and EMT markers (E-18 

cadherin, Vimentin, and Slug) both in vitro and in vivo. These effects of ZnAs@SiO2 that correlated with 19 

prognosis of HCC were mediated by the SHP-1/JAK2/STAT3 signaling. 20 

Conclusions: ZnAs@SiO2 NPs can effectively suppress tumor initiation, growth, metastasis, and inhibit 21 

stemness and EMT through regulation of SHP-1/JAK2/STAT3 signaling pathway in liver cancer cells in vitro 22 

and in vivo. Thus, ZnAs@SiO2 NPs have immense potential for HCC treatment in the future.  23 

 24 
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Introduction 1 

Liver cancer was recently estimated to be the sixth most common cancer and the fourth most common cause of 2 

cancer-related deaths worldwide in 2018. Hepatocellular carcinoma (HCC) comprises 75ï85% of primary liver 3 

cancer [1]. Though conventional HCC therapies, including surgical excision, ablation, chemotherapy, and liver 4 

transplantation, have been somewhat effective, cancer relapse and metastasis remain its most serious 5 

complications. Although molecular agents targeting the signaling mechanisms involved in the progression and 6 

recurrence of HCC have been explored [2], the long-term prognosis of patients with HCC is still poor. One 7 

reason for the limited efficacy of these therapeutic strategies is due to the self-renewal and drug resistance ability 8 

of a small number of cancer cells, known as cancer stem cells (CSCs). Thus, to improve outcomes in HCC 9 

therapy, it is critical to identify new methods that target both differentiated tumor cells and CSCs [3]. 10 

 11 

Despite initial successful therapy, a small population of CSCs embedded in tumors fuels tumor growth and plays 12 

a significant role in cancer relapse and metastasis [4]. CSCs, which undergo the aberrant differentiation of 13 

progeny cells, were reported to have characteristic surface markers and express stem cell genes [5]. Subsets of 14 

liver CSCs are phenotypically marked by CD133 [6]. Their elevated expression of sex-determining region Y-15 

box 2 (Sox-2) and Octamer-binding transcription factor 4 (Oct-4) is related to stemness [7-9]. The ability of 16 

CSCs to form tumor spheroids in non-adhesive cultures in vitro, and to induce tumors on serial transplantation 17 

into immunodeficient mice, is also a manifestation of their pluripotency [10]. A further hallmark of CSCs is a 18 

high degree of epithelialïmesenchymal transition (EMT), which has been linked with cancer aggression and 19 

drug resistance. EMT activation is also closely related to stemness and therefore exacerbates tumor-initiating 20 

potential of CSCs [11, 12]. Although these two aspects of CSCs may be connected, recent studies indicate that 21 

they may occur in parallel via activation through independent pathways [13]. Thus, antitumor strategies that 22 

emphasize the dual inhibition of stemness and EMT in CSCs, as well as in the differentiated cancer cells, may 23 

enhance the ability of antitumor therapy to block tumor recurrence [5]. 24 

 25 

Arsenic trioxide (ATO) has been approved as a first-line treatment in acute promyelocytic leukemia (APL) by 26 

the U. S. Food and Drug Administration because of its remarkable ability to induce complete remission [14]. 27 

ATO has also been reported to be efficacious against other malignant tumor cell lines, such as mammary cancer, 28 

prostate carcinoma, and HCC [15]. Despite the success of ATO in treating APL, it proved unsatisfactory in 29 

treating solid tumors in vivo [16]. A multicenter phase II clinical trial also reported that ATO monotherapy did 30 

not significantly benefit patients with HCC [17]. Currently, ATO is approved by the China Food and Drug 31 

Administration only for the palliative treatment of patients with HCC. ATO inhibited markers related to stemness 32 

and EMT; it downregulated the stem cell marker Sox-2 in glioma cells, induced differentiation of CD133+ HCC 33 

cells, and inhibited the EMT process in gastric cancer cells [18-20]. However, to our knowledge, so far, no 34 

studies have focused on the ability of ATO to inhibit stemness and EMT simultaneously for cancer treatment. 35 

Furthermore, ATO has poor bioavailability and apparent adverse reactions, such as liver dysfunction and side 36 
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effects on skin that restrict its clinical application in treating solid tumors. Thus, exploring novel strategies to 1 

reduce off-target effects and improve bioavailability could enhance the treatment of solid tumors. 2 

 3 

The emergence of nanomaterials has provided a versatile platform for cancer treatment. Nanotechnology-based 4 

drug delivery systems are potent methods for improving drug efficacy and overcoming side effects and other 5 

limitations [21]. To determine whether nanoparticle-based delivery could improve the efficacy of ATO, we 6 

developed ZnAs@SiO2 nanoparticles (NPs) and tested them for their ability to inhibit cell proliferation, tumor 7 

growth, and metastasis in cultured tumor cell lines and in vivo models of tumor xenografts and metastases. We 8 

also evaluated the inhibitory effects of ZnAs@SiO2 NPs on stemness and EMT as well as explored the underlying 9 

molecular mechanisms.  10 

 11 

Methods 12 

Materials 13 

Tetraethylorthosilicate (TEOS 99.9%), Zinc chloride (ZnCl2 90%), and Arsenic trioxide (As2O3 90%) were 14 

obtained from Alfa Aesar. Polyoxyethylene nonylphenyl ether (Igepal Co-520, ESI) was purchased from Sigma-15 

Aldrich. Ethanol ammonium hydroxide, cyclohexane, and sodium metasilicate nonahydrate were purchased 16 

from Sinopharm Chemical Reagent Co. Ltd (Shanghai, China). 3-(Dimethyl(3-(trimethoxysilyl) propyl)-17 

ammonio) propane-1-sulfonate was purchased from Meryer Chemical Technology Co., Ltd (Shanghai).  18 

 19 

Synthesis of ZnAs@SiO2 NPs 20 

Zinc arsenite (ZnAsOx) NPs were synthesized by a reverse microemulsion method [22]. Briefly, 1630 ɛL 21 

of ZnCl2 (0.1 M) was mixed with 35 mL cyclohexane (29 Vol% Igepal Co-520) to form homogeneous 22 

microemulsions. Subsequently, 0.1 M aqueous ATO (1630 ɛL pH Ḑ8) and 1.6 Ĭ 10ī2 M disodium silicate were 23 

added to the solvent mixture. After 6 h of reaction at room temperature (RT), 30 ɛL TEOS and 500 ɛL ammonia 24 

were added to the silica-coated system, and ZnAsOx NPs were encapsulated in the SiO2 matrix. The ZnAs@SiO2 25 

NPs were dispersed in phosphate buffered saline (PBS) (pH 7.4) at 37 ÁC and 20% v/v FBS was added to the 26 

mixture with stirring at 37 ÁC.  27 

 28 

Characterization 29 

Transmission electron microscope (TEM) images were captured by using the JEM-2100 microscope 30 

accelerating at the voltage of 200 kV. The Tecnai F20 microscope accelerating at the voltage of 300 kV was 31 

employed for the energy-dispersive X-ray (EDX) element mapping and energy dispersive X-ray spectroscopy 32 

(EDS). The inductively-coupled plasma atomic emission spectrometry (ICP-AES) was applied for determining 33 

the concentration of Zn and As. Briefly, ZnAs@SiO2 samples were determined at a specific wavelength. The 34 

concentration of the sample was compared with that of the standard sample. ICP-AES calibration was recorded 35 

using the full quantitative model (R2 =0.999). Similarly, the inductively coupled plasma mass spectroscopy (ICP-36 
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MS) was applied for determining the As concentration of tissues/organs. The Malvern Zetasizernano ZS 1 

instrument was used for the dynamic light scattering (DLS) measurements.  2 

 3 

Cell culture 4 

Human HCC cell lines Hep3b, HepG2, and Bel7402 were acquired from the American Type Culture Collection 5 

(ATCC, Manassas, VA). MHCC97L cell line were obtained from the Cell Bank of the Chinese Academy of 6 

Sciences (Shanghai, China). All cells were maintained in Dulbeccoôs Modified Eagle Medium (DMEM, 7 

Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA) and 8 

penicillin (100 IU/mL)/streptomycin (100 ɛg/mL) in a humidified atmosphere with 5% CO2 and 95% air at 37 ÁC. 9 

 10 

Cell viability assay 11 

The cell viability was detected using the MTS assay (Promega, WI). 5Ĭ103 cells per well were seeded in 96-well 12 

plates and cultured for 24h. Subsequently, the cells were incubated with indicated concentrations of PBS, ATO, 13 

or ZnAs@SiO2 NPs. A spectrophotometer at 490nm wavelength was used to determine the absorbance. The cell 14 

viability was presented as a percentage OD value of the treated cells versus that of the control group. The half-15 

maximal inhibitory concentration (IC50) was calculated to quantify the 50% inhibitory effect versus the PBS-16 

treated control. Cell growth curves were depicted according to the OD value at indicated time points.  17 

 18 

Colony formation assay 19 

After treatment with PBS, ATO, or ZnAs@SiO2 NPs for 24 h, cells were seeded in 6-well plates at a density of 20 

5×102 cells per well. After culturing for 14 days, cells were washed twice with PBS. Paraformaldehyde was used 21 

to fix the cell colonies for 30 minutes. Subsequently, crystal violet was used for staining for another 30 minutes. 22 

All assays were performed in triplicates.  23 

 24 

Wound healing assay 25 

6×105 cells per well were cultured in 6-well plates until the cells reached 90-100% confluency. Wounds were 26 

made using a 200 ɛL pipette tip and cells were rinsed 3 times with PBS. Cells were then incubated with PBS, 5 27 

ɛM of ATO or ZnAs@SiO2 NPs for 24 h. Wound healing area was photographed and calculated.  28 

 29 

Transwell migration and invasion assays 30 

Transwell migration and invasion assays were carried out using a 24-well cell culture insert and BD Transwell 31 

chambers (BD Biosciences). After 24h incubation with PBS, ATO, or ZnAs@SiO2 NPs, 2×104 suspended in 200 32 

ɛL DMEM without FBS were plated in the top chamber, and 600 ɛL DMEM with 10% FBS was added to the 33 

lower chamber. After culturing for 24 h, cells of the bottom surface were fixed using paraformaldehyde for 30 34 

min and subsequently stained by crystal violet while cells adhered to the upper surface were removed using 35 

cotton swabs. Subsequently, the chambers were rinsed with water and the cells of the undersurface of the 36 
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chamber were counted in five random fields under the microscope. For Transwell invasion assay, a similar 1 

protocol was adopted except that the top Transwell chambers were precoated with diluted Matrigel (BD Biocoat, 2 

Bedford, MA) and 5×104 cells suspended in 200 ɛl DMEM without FBS were plated in the top chamber. 3 

 4 

Apoptosis assessment 5 

Flow cytometry was used to assess apoptosis of HCC cells after treatment with PBS, ATO, or ZnAs@SiO2 NPs 6 

at indicated concentrations for 24 h based on staining with the Annexin V/PI Kit (KeyGEN, Nanjing, China).  7 

Cells were digested using 0.25% trypsin without EDTA (Gibco BRL, Grand Island, NY), then washed with PBS 8 

twice. After staining with Annexin V and propidium iodide, apoptosis assessment was performed by flow 9 

cytometry (Beckman Coulter, CA). 10 

 11 

Real-time quantitative polymerase chain reaction (RT-qPCR) 12 

An RNeasy Mini Kit (Qiagen Germany) was used to isolate total RNA from HCC cells, and cDNA Reverse 13 

Transcription Kit (Applied Biosystems) was used for reverse transcription. RT-qPCR was carried out on a BIO-14 

RAD Real-time PCR system with SYBR green mix (Applied Biosystems). Primers were designed and 15 

synthesized by Sangon Biotech (Shanghai, China). The primers sequences are listed in Table S1. 16 

 17 

Western blot analysis 18 

Total lysates of HCC cells were prepared, and proteins were extracted after centrifugation. 30 ɛg proteins of 19 

each sample were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 20 

immunoblotted with indicated antibodies. The visualization of protein signals was performed using a 21 

chemiluminescence reaction system following the manufacturerôs recommendations. Antibody for cleaved 22 

PARP, cleaved Caspase-3, CD133, Sox-2, Oct-4, Vimentin, SHP-1, JAK2, STAT3, p-STAT3, and ɓ-Actin were 23 

purchased from Cell Signaling Technology (Danvers, MA). Slug, Snail, p-JAK2, and the second antibodies were 24 

acquired from Abcam (Cambridge, UK).  25 

 26 

Use of IncuCyte ZOOM  27 

MHCC97L and Hep3b cells treated with PBS, ATO, or ZnAs@SiO2 NPs were incubated at 37 ÁC and monitored 28 

in the presence of cleaved Caspase-3 dye for 24 h using the IncuCyte ZOOM (Essen BioScience). The 29 

fluorescent pictures were automatically obtained across the indicated periods. 30 

 31 

Spheroid formation 32 

2×103 HCC cells treated with PBS, ATO, or ZnAs@SiO2 NPs were cultured for 7 days in low attachment 6-well 33 

plates (Corning, NY) with serum-free F12 medium (SFM) containing appropriate amounts of EGF (Sigma-34 

Aldrich; 10 ng/mL), B27 supplement (Invitrogen, Life Technologies, Carlsbad, CA), and insulin (Sigma-Aldrich; 35 

10 mg/mL). Subsequently, a phase contrast microscope was used to record photos of the spheroids, and their 36 
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number and size were analyzed. 1 

 2 

siRNA transfection.  3 

MHCC97L or Hep3b cells were transfected with control or targeted siRNAs (#1 or #2) using Lipofectamine 4 

2000 (Invitrogen). Briefly, a mixture of siRNA (100 nM final concentration) and transfection reagents were 5 

incubated for 20 min at RT, added to the cells, and incubated for 48 h. Subsequently, cells were harvested and 6 

analyzed for RNA and protein expression. The siRNA sequences are listed in Table S2. 7 

 8 

Hemolysis rate test 9 

Hemolysis was tested to determine the blood compatibility of ZnAs@SiO2. Fresh anticoagulated blood from 10 

human volunteers (2 mL) was diluted with 2.5 mL of saline. The ZnAs@SiO2 was prepared in saline and kept 11 

at 37 ÁC for 30 min. The diluted blood (0.2 mL) was added to ZnAs@SiO2. The mixture was kept at 37 ÁC for 12 

60 min and then centrifuged at 1500 rpm for 10 min. The supernatant was transferred to a 96-well plate where 13 

the absorbance was measured at 545 nm. Positive controls consisted of 0.2 mL diluted blood in 10 mL deionized 14 

water while negative controls consisted of 0.2 mL diluted blood in 10 mL of saline. Hemolysis rate was calculated 15 

as follows: Hemolysis rate = [(Dt-Dnc) / (Dpc-Dnc)] Ĭ 100%, where Dt, Dnc, and Dpc are the absorbance values 16 

of the sample, negative, and positive controls, respectively. 17 

 18 

Animal study 19 

All animal experiments were carried according to the Institutional Ethical Guidelines for Animal Experiments 20 

of the fifth affiliated hospital of Sun Yat-sen University. In vivo tumorigenicity assay was performed by 21 

subcutaneous inoculation into the flanks of 4-week old female nonobese diabetic/severe combined 22 

immunodeficiency (NOD-SCID) mice. 23 

To investigate the inhibitory effect of ZnAs@SiO2 NPs on HCC cell growth in vivo, xenograft tumor model was 24 

created in 6 week-old female BALB/c nude mice following the previously described method [23, 24]. Briefly, 25 

5×106 MHCC97L cells in 100 ɛL cold PBS were injected subcutaneously into the flanks of nude mice. When 26 

the tumors developed to 100 mm3, PBS, ATO, or ZnAs@SiO2 NPs were injected into the mice through the tail 27 

vein every 3 days. To monitor tumor growth in real-time, bioluminescence images were taken every 3 days as 28 

previously described [25].  29 

 30 

In vivo bio-distribution and whole blood circulation analysis 31 

The isolated tissues/organs were excised from mice 24 h post injection, weighed, lysed, and the concentration 32 

of As element was analyzed by ICP-MS. For pharmacokinetic analysis, 20 ɛL blood was sampled at retroorbital 33 

locations at the indicated time points post-injection. Subsequently, the blood samples were lysed at room 34 

temperature overnight in 500 mL nitrolysis solution (a mixture of concentrated nitric acid and hydrogen peroxide) 35 

and the concentration of As element was analyzed by ICP-MS. After comparing to a fully quantitative model, 36 
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the results were calculated and recorded as the percentage of injected dose per gram (%ID/g) of tissue. The 1 

Winnonlin software was used for calculating the half-life and two-compartment was used for fitting. 2 

 3 

Immunohistochemistry (IHC) staining 4 

The tumor tissue stemness and EMT expression pattern were determined using IHC staining. Sections of the 5 

tumor specimens were subjected to rehydration and antigen retrieval followed by incubation with the first 6 

antibodies overnight in a humidified atmosphere at 4°C. After washing with PBS 3 times, horseradish 7 

peroxidase-conjugated second antibodies (ZSGB, China) were applied for 30 min at RT. The patterns were then 8 

detected by staining with 3, 5-diaminobenzidine (DAB) and hematoxylin. 9 

 10 

Statistical analysis 11 

The data from at least three independent experiments were expressed as n ± SE. Differences between two groups 12 

were analyzed by Studentôs t-test while one-way ANOVA was applied for comparison of more than two 13 

subgroups. P < 0.05 was adopted as the criterion for statistical significance. All statistical analyses were 14 

performed by SPSS 13.0 software. 15 

 16 

3. Results 17 

Synthesis and characterization of ZnAs@SiO2 NPs 18 

The ZnAs@SiO2 NPs were prepared and functionalized by a reverse microemulsion method, as illustrated in 19 

Figure 1A. Briefly, we first synthesized ZnAsOx nanocomplexes by precipitating zinc chloride and aqueous ATO 20 

in water nanodroplets. Subsequently, we added TEOS to the microemulsion and coated the hollow silicon shell 21 

(HSS) on the ZnAsOx NPs in situ to form ZnAs@SiO2 core-shell nanostructures. TEM images showed that 22 

ZnAs@SiO2 NPs were highly uniform, with a diameter of 35 Ñ 2 nm (Figure 1B). We could observe the ZnAsOx 23 

nanocomplexes embedded in the silica shells. DLS analysis indicated that the ZnAsOx@SiO2 NPs were 24 

monodisperse in water with a hydrodynamic diameter of 51 Ñ 3 nm (Figure 1C). The increase in hydrodynamic 25 

diameter could be attributed to the hydration layer on the surface of the ZnAs@SiO2 NPs. Scanning TEM and 26 

EDX element mapping showed that the Zn and As elements were located in the core of the HSS (Figure 1D). 27 

EDS analysis further confirmed the successful fabrication of ZnAs@SiO2 (Figure 1E). To study the ion release 28 

efficiency of ZnAs@SiO2 NPs, they were incubated with PBS at pH values of 7.4 (with or without 10% FBS) 29 

and 6.4, chosen to represent the physiological pH of the blood and the acidic tumor microenvironment, 30 

respectively. Our results showed that the ion release efficiency of the ZnAs@SiO2 NPs at pH 6.4 was much 31 

higher than that at pH 7.4 (Figure 1F). Also, ZnAs@SiO2 NPs were stable when 10% FBS was added to PBS 32 

mimicking the blood environment. These observations indicated that ZnAs@SiO2 NPs could remain stable in 33 

the circulation, whereas the weakly acidic tumor microenvironment facilitated their release suggesting that the 34 

ZnAs@SiO2 NPs have enhanced antitumor effects while their toxic side effects may be reduced. 35 

 36 
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ZnAs@SiO2 NPs inhibit proliferation and promote apoptosis of HCC cells in vitro 1 

We tested the cytotoxicity of HSS and Zn ions toward HCC cells prior to investigating the effect of ZnAs@SiO2 2 

NPs. Neither element alone affected the proliferation of MHCC97L and Hep3b cells after incubation for 24 h, 3 

even at concentrations up to 160 ɛM (Figure S1). Multiple HCC cell lines were then exposed to ATO or 4 

ZnAs@SiO2 NPs for 24 h at various concentrations to compare their antitumor efficacies. The results showed 5 

that ZnAs@SiO2 NPs inhibited proliferation to a significantly greater extent than ATO in all cell lines (Figure 6 

2A). The half-maximal inhibitory concentrations (IC50) for both hepatocyte and HCC cell lines were determined. 7 

The IC50 values (48 h) showed that ZnAs@SiO2 NPs exhibited more than 2-fold greater inhibitory efficacy than 8 

ATO in all four HCC cell lines (Table 1, Figure S2). Also, the cytotoxicity of ZnAs@SiO2 for hepatocyte cell 9 

lines MIHA and L02 was lower than that for HCC cell lines (Table 1). Patient-derived primary hepatocytes and 10 

primary HCC cells were also exposed to ATO or ZnAs@SiO2 NPs for 24 h at indicated concentrations. 11 

ZnAs@SiO2 NPs were more cytotoxic to primary HCC cells than ATO, while both ATO and ZnAs@SiO2 showed 12 

no obvious cytotoxicity to primary hepatocytes (Figure S3). These results collectively suggest that ZnAs@SiO2 13 

NPs specifically kill HCC cells sparing normal liver cells. Cell viability assays at various concentrations for up 14 

to 72 h of incubation also showed that ZnAs@SiO2 NPs had a higher growth-inhibitory effect on HCC cells than 15 

ATO. A trend toward growth inhibition was noted in a time-dependent manner even when cells were incubated 16 

with as little as 5 ɛM of ZnAs@SiO2 NPs, whereas 20 ɛM of ATO showed a slight growth trend (Figure S4). No 17 

cytotoxicity was observed at a concentration of 1 ɛM. Concentrations of ZnAs@SiO2 NPs greater than 5 ɛM 18 

resulted in a high rate of cell death; therefore 5 ɛM was adopted as the optimal concentration for further 19 

experiments. Changes in mRNA levels of Ki67 and PCNA, indicators of proliferation, also confirmed 20 

significantly less proliferation after treatment with 5 ɛM of ZnAs@SiO2 NPs than with ATO (Figure 2B) 21 

(P<0.05). Morphological changes were more obvious after ZnAs@SiO2 NPs treatment with changes in both cell 22 

density and the spindle shape of the cells (Figure 2C). Furthermore, the colony formation assay showed that ATO 23 

decreased the colony-forming ability of MHCC97L and Hep3b cells by 60.66 Ñ 10.26% and 40.83 Ñ 4.08%, 24 

respectively, while ZnAs@SiO2 NPs reduced colony numbers by 84.18 Ñ 7.36% and 79.17 Ñ 3.75%, respectively 25 

(Figure 2DïF).      26 

We examined whether ZnAs@SiO2 NPs induced apoptosis in HCC cells. Flow cytometry analysis demonstrated 27 

higher levels of apoptosis after treatment with ZnAs@SiO2 than with ATO (Figures 3AïC, S5). Also, compared 28 

to ATO, ZnAs@SiO2 treatment significantly elevated the levels of cleaved PARP and cleaved caspase-3 at the 29 

indicated time points (Figure 3D). Immunofluorescent staining of cleaved caspase-3 was comparable to the 30 

results of Western blots showing a significantly higher level of cleaved caspase-3 in both MHCC97L and Hep3b 31 

cells after treatment with ZnAs@SiO2 NPs than with ATO (Figure 3E, F). Collectively, these results suggest that 32 

ZnAs@SiO2 NPs are more efficacious than ATO against HCC cells in vitro.  33 

 34 

ZnAs@SiO2 NPs inhibit migration and invasion of HCC cells in vitro 35 

Because the primary cause of treatment failure or recurrence in cancer is metastasis, in which the cells migrate 36 
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to and invade other tissues, drugs with the ability to inhibit tumor metastasis are highly desirable in treating 1 

cancer. Using wound-healing (Figure 4A, B) and Transwell assays (Figure 4C, D), we compared the effects of 2 

ATO and ZnAs@SiO2 NPs at equal concentrations of As (5 ɛM) on the migration and invasion of HCC cells. 3 

ATO decreased the relative healing area of MHCC97L and Hep3b cells by 37.06 Ñ 7.19% and 34.02 Ñ 7.18%, 4 

respectively, whereas ZnAs@SiO2 NPs reduced the relative healing area by 84.04 Ñ 2.95% and 94.02 Ñ 3.26%, 5 

respectively (Figure 4A, B, E). The Transwell migration assay indicated reduced migration after ATO treatment 6 

in both MHCC97L and Hep3b cells by 32.51 Ñ 7.46% and 21.09 Ñ 4.92%, respectively whereas ZnAs@SiO2 7 

NPs reduced migration by 56.32 Ñ 6.06% and 75.08 Ñ 7.85%, respectively (Figure 4C, F). Furthermore, the 8 

Transwell invasion assay revealed that in both cell lines, ATO decreased the invasion ratio (49.79 Ñ 9.72% and 9 

46.18 Ñ 11.75%, respectively), although ZnAs@SiO2 NPs reduced it more potently (73.82 Ñ 6.35% and 69.10 Ñ 10 

6.06%, respectively; Figure 4D, G). These observations indicate that ZnAs@SiO2 NPs are better able to inhibit 11 

the migration- and invasion-like activities, which are markers of metastatic capacity.   12 

 13 

ZnAs@SiO2 NPs inhibit the stemness and EMT of HCC cells in vitro 14 

To determine whether ZnAs@SiO2 NPs affect stemness in HCC cells, a tumor spheroidïformation assay was 15 

conducted. The results showed that ZnAs@SiO2 NPs led to a more significant decrease in the ability of HCC 16 

cells to initiate tumor spheroid formation in a serial passage in secondary transplantations than ATO (P<0.05) 17 

(Figure 5AïD). RT-qPCR and Western blot assays were used to examine the effect of ZnAs@SiO2 NPs on the 18 

expression of stemness markers in HCC cells. Results showed that stemness markers, including CD133, Sox-2, 19 

and Oct-4, were downregulated at both the mRNA and protein levels significantly more after incubation with 20 

ZnAs@SiO2 NPs than with ATO (Figures S6, 5E, 5F). Collectively, these data suggest that ZnAs@SiO2 NPs 21 

inhibit stemness in HCC cells. 22 

EMT is a highly dynamic process implicated in various biological processes during which cells do not 23 

necessarily exist in ópureô epithelial or mesenchymal states. There are cells with mixed features of the two termed 24 

as the intermediate cell states (ICSs), which play an important role in EMT, stemness, and tumor metastasis [26]. 25 

The potency of both ATO and ZnAs@SiO2 may be measured by the dynamic processes rather than one pure 26 

state. Therefore, we examined both epithelial and mesenchymal markers to monitor the existence of ICSs. 27 

Treatment with ZnAs@SiO2 NPs resulted in reduced mesenchymal and increased epithelial marker expression, 28 

as demonstrated by the elevated expression of E-cadherin and decreased expression of Vimentin, Slug, and Snail. 29 

In contrast, cells incubated with ATO did not increase the E-cadherin level and seemingly decreased the 30 

expression of mesenchymal markers less potently than ZnAs@SiO2 NPs at 24 h (Figures S7, 5G, 5H, S8). These 31 

findings suggest that ZnAs@SiO2 NPs inhibit EMT more effectively than ATO by modulating the expression of 32 

transition-related genes. However, the inhibitory effect of ATO on Snail and Vimentin at the protein level was 33 

not as apparent as that at the mRNA level. The protein levels in cells are balanced by two processes: de novo 34 

synthesis and protein degradation. Decreased levels of Snail and Vimentin RNAs were inconsistent with their 35 

protein expression and may be the result of increased protein stability. Moreover, protein expression may lag 36 
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behind the mRNA for a short period and lead to the inconsistency between mRNA and protein level at a given 1 

time point. 2 

 3 

ZnAs@SiO2 NPs inhibit stemness and EMT through regulating SHP-1/JAK2/STAT3 signaling pathway 4 

Recent studies showed that Janus kinase 2 (JAK2) signal transducer and activator of transcription 3 (STAT3) 5 

play a pivotal role in stemness [27] and EMT [28]. Dephosphorylation of p-JAK2 and p-STAT3 mediated by 6 

SH2-containing protein tyrosine phosphatase 1 (SHP-1) can prevent tumor formation and invasion [29]. Here 7 

we explored whether ZnAs@SiO2 NPs inhibit stemness and EMT through regulation of SHP-1/JAK2/STAT3 8 

signaling pathway. Western blot analysis showed that, compared to ATO, treatment with ZnAs@SiO2 9 

upregulated SHP-1 and downregulated p-JAK2 and p-STAT3 levels, while the expression of total JAK or STAT3 10 

showed no apparent variations between the two treatments (Figure 6A). To validate the role of SHP-11 

1/JAK2/STAT3 axis in stemness and EMT, negative control or SHP-1 siRNAs were used. Following transfection, 12 

expression of SHP-1 both at mRNA and protein levels showed that siRNA #1 was more efficient than siRNA #2 13 

(Figure. S9). We then transfected both MHCC97L and Hep3b cells with SHP-1 siRNA #1 before treatment with 14 

or without 5 M ZnAs@SiO2 for 24h. The results showed that treatment with si-SHP-1 suppressed SHP-1 and 15 

resulted in upregulation of p-JAK and p-STAT3, their inhibition by ZnAs@SiO2 was reversed, and the inhibition 16 

of stemness (CD133, Sox-2, and Oct-4) and EMT (E-cadherin, Vimentin, and Snail) was reduced (Figure 6B, 17 

C). Furthermore, colony formation assay showed the si-SHP-1 reversal of ZnAs@SiO2 effect which was 18 

manifested in reduced colony numbers. This effect was also observed in the sphere formation assay in which si-19 

SHP-1 reversed the ZnAs@SiO2-mediated decrease in both the sphere numbers and size (Figure 6D-F). 20 

Transwell migration and invasion assay also revealed the decreased migration and invasion rate of HCC cells by 21 

ZnAs@SiO2 were restored by si-SHP-1 (Figure 6G-I). These data suggest that ZnAs@SiO2 NPs inhibit the 22 

stemness and EMT of HCC cells through regulation of the SHP-1/JAK2/STAT3 signaling pathway.   23 

We also assessed the clinical significance of SHP-1. The mRNA reads per kilobase of exon model per million of 24 

HCC samples from a TCGA public database were selected and analyzed to compare abundances by GraphPad 25 

Prism 8 software. The results demonstrated that the level of SHP-1 in phase T1-2 patients was higher than that 26 

of phase T3-4 patients, and there was a higher Child-Pugh grading B&C in high SHP-1 group than low SHP-1 27 

group (Figure. 6J). These observations suggested that SHP-1 might be a tumor suppressor of HCC. Regulation 28 

of SHP-1 by ZnAs@SiO2 may, therefore, provide a better strategy for treating liver cancer through inhibiting 29 

stemness and EMT.  30 

 31 

Pharmacokinetics, bio-distribution and blood compatibility of ZnAs@SiO2 NPs in vivo 32 

To study the pharmacokinetic behavior of ZnAs@SiO2 NPs, blood from tumor-bearing mice was sampled at 33 

selected time points post-injection and the concentration of arsenic was measured by ICP-MS. The results 34 

showed that the blood circulation half-life of ZnAs@SiO2 NPs was significantly increased (28.81 h), more than 35 
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2-fold as that of ATO (14.30 h). ZnAs@SiO2 NPs could be retained in the blood at a concentration of 1 

11.05 %ID/g 6 h after injection (Figure 7A) which was much higher than that of 6.30 %ID/g for ATO. The 2 

significantly higher blood arsenic concentration of ZnAs@SiO2 NPs is likely to improve drug retention in the 3 

systemic circulation and facilitate time-dependent drug accumulation at tumor sites through the EPR effect. The 4 

bio-distribution of ZnAs@SiO2 in MHCC97L-tumor-bearing mice was measured 24 h after the treatment and 5 

showed high accumulation of ZnAs@SiO2 NPs of 6.27 Ñ 3.25% and 3.05 Ñ 1.47% in liver and spleen, 6 

respectively, which may be due to the phagocytosis of the reticuloendothelial system. Tumor uptake of 7 

ZnAs@SiO2 was 14.54  5.27%ID/g compared to free ATO which was 5.92  1.47%ID/g (Figure 7B). These 8 

results clearly showed that ZnAs@SiO2 could more efficiently accumulate at tumor sites resulting in a higher 9 

concentration of ATO-based Nano drugs.  10 

We also assessed systemic toxicity using hematoxylinïeosin (HE) staining (Figure 7C), blood index analyses of 11 

both biochemical (Figures 7D, 7E, S10) and coagulation properties (Figures 7F, S11), and M-mode 12 

echocardiography for evaluating the left ventricular eject function (LVEF) (Figure S12). The results indicated 13 

minimal side effects and acceptable biocompatibility of ZnAs@SiO2 NPs. Hemolysis rate of ATO and 14 

ZnAs@SiO2 NPs was also tested and found to be below the threshold value of 5% of the positive control even 15 

at the concentration of 0.4 mM (Figure 7G) indicating good biocompatibility of ZnAs@SiO2 NPs.  16 

 17 

ZnAs@SiO2 NPs inhibit tumor initiation, growth, stemness, EMT, and lung metastasis of HCC cells in 18 

vivo  19 

Given the in vitro effects of ZnAs@SiO2 NPs, we sought to determine whether these results would translate to 20 

in vivo conditions using a subcutaneous xenograft mouse model. Implanted MHCC97L cells treated with 21 

ZnAs@SiO2 NPs for 24 h failed to initiate tumor formation after 6 weeks, whereas implants of 5³104 and 1³105 22 

MHCC97L cells incubated with ATO generated tumors at rates of 12.5% and 37.5%, respectively (Table 2). 23 

In vivo evaluation of the therapeutic effect of ZnAs@SiO2 NPs were performed in a nude mouse xenograft model 24 

bearing human HCC tumors. When the tumors reached Ḑ100 mm3, PBS, ATO, or ZnAs@SiO2 NPs were injected 25 

intravenously into the mice (2.0 mg As/kg each [22, 30]) every 3 days from day 0 to day 18 and tumor volume 26 

was measured at each time point (Figure 8A). Both ATO and ZnAs@SiO2 NPs inhibited tumor growth, whereas 27 

tumors in the mice treated with PBS grew rapidly (Figures 8B-D, S13). ZnAs@SiO2 NPs delayed tumor growth 28 

significantly and more efficiently than ATO by 2.2-fold. This result could be attributed to the prolonged 29 

circulation time of the nanodrug ZnAs@SiO2, its slow release in the neutral environment, and increased release 30 

at the tumor site which, together with the EPR effect, resulted in increased drug accumulation at the tumor site. 31 

Importantly, the treated mice maintained a consistent weight (Figure S14) over the course of the treatment, 32 

indicating that the ZnAs@SiO2 NPs had minimal side effects.  33 

To confirm that ZnAs@SiO2 NPs could inhibit metastasis of HCC cells in vivo, a lung metastasis animal model 34 

was established through tail vein injection. HE staining was used to confirm metastasis to the lungs, and the 35 
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numbers of metastatic tumors was counted. The results showed that ZnAs@SiO2 NPs decreased the formation 1 

of metastatic tumors in the lungs more significantly than ATO (Figure 8E, F). These observations indicate that 2 

ZnAs@SiO2 NPs have better ability to inhibit metastasis in vivo.  3 

We also analyzed the tumor tissues for the expression of stemness and EMT markers. The results showed that 4 

ZnAs@SiO2 NPs significantly reduced the expression of CD133, Sox-2, and Oct-4 (Figure 9A). Also, following 5 

ZnAs@SiO2 NPs treatment, Slug and Vimentin levels were significantly decreased, and E-cadherin was 6 

significantly increased (Figure 9B). However, ATO treatment failed to elicit such changes. These results suggest 7 

that the in vitro effects of ZnAs@SiO2 NPs will translate to the in vivo situation. Given that SHP-1/JAK2/STAT3 8 

signaling pathway mediates the inhibition of stemness and EMT of ZnAs@SiO2 NPs in vitro, we explored the 9 

effect of NPs on this pathway in vivo. The IHC results of tumor sections confirmed the superior effect of 10 

ZnAs@SiO2 NPs on the upregulation of SHP-1 and inhibition of phosphorylation of JAK/STAT3 compared with 11 

ATO (Figure 9C), which was consistent with their effect on stemness and EMT (Figure 9A, B). This cascade 12 

effect leads to suppression of tumor initiation, growth, and metastasis. 13 

 14 

Discussion 15 

CSCs are believed to be the root cause of recurrence and metastasis [31, 32]. Stemness and EMT endow CSCs 16 

with the ability to disseminate and initiate tumors at secondary sites. Therefore, strategies inhibiting both 17 

stemness and EMT may significantly improve treatment outcomes. ATO was used previously as a radical drug 18 

for acute promyelocytic leukemia. The inhibition of stemness or EMT by ATO has been reported [18-20], and 19 

although its effects on solid tumors were dissatisfactory, it was still recommended as palliative care for HCC 20 

treatment.  21 

  22 

Nanoparticle delivery systems can reduce side effects and improve efficacy and biocompatibility compared with 23 

conventional chemotherapeutic drugs [33]. In this study, we successfully synthesized an HSS-coated nanodrug 24 

with high uniformity to deliver As to HCC cells. Due to its intrinsic properties and other advantages, including 25 

biodegradability, inorganic components, attractive stability, excellent biocompatibility, and a high surface-to-26 

volume ratio, HSS has been employed as a carrier and has achieved high therapeutic efficacy without adverse 27 

reactions [22, 30]. The biodegradation products of silicon NPs are also extremely biocompatible with various 28 

tissues [34]; furthermore, through renal clearance, they were readily cleared from a mouse model and produced 29 

little toxicity in vivo. The microemulsion method used in this study involves uniform-size nanoreactors with 30 

aqueous core resulting from a specific ratio of the aqueous phase to the surfactant. The confinement of reactants 31 

by micelles facilitates the nucleation and growth of inorganic NPs [22]. Within this reverse micelle system, it is 32 

also feasible to provide an ideal template in situ silica coating leading to more uniform sizes, better appearance, 33 

and higher drug loading of the ZnAs@SiO2 (Figure 1A-C). 34 

 35 

Recently, various nanomaterials have been explored to provide new delivery systems to improve the therapeutic 36 
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effect of cancer treatment. In our study, ZnAs@SiO2 NPs exhibited superior efficacy in inhibiting proliferation 1 

(Figures 2, S2-4), inducing apoptosis (Figures 3, S5), and preventing migration and invasion (Figure 4) of HCC 2 

cells which may be related to the higher cellular uptake of ZnAs@SiO2 NPs, a function of their nanosize, 3 

compared with ATO. NPs exhibit enhanced cancer cell adherence because of their high surface-to-volume ratio 4 

and small size.  5 

 6 

Stemness and EMT are two fundamental characteristics of CSCs and account for tumor metastasis and recurrence 7 

[35, 36]. Previous experimental studies have shown that stemness and EMT are interconnected via underlying 8 

gene regulatory networks [37]. However, recent studies suggest that these two traits can be uncoupled [13]. 9 

Mesenchymal cancer cells can exhibit a low degree of stemness [38] and cancer cells with high stemness can 10 

also exhibit a low grade of EMT [39]. The reduction in the ability of cells to form spheroids (Figure 5A-D) and 11 

initiate tumors in vivo (Table 2), together with the decrease in stemness markers (Figure S6, 5E, 5F), 12 

demonstrated that ZnAs@SiO2 NPs inhibited the self-renewal of HCC cells more effectively than ATO. The 13 

nanodrug also inhibited the expression of EMT-related markers in the HCC cells more effectively than ATO 14 

(Figure S7, 5G, 5H, S8). These observations may represent the mechanism underlying the greater efficacy of 15 

ZnAs@SiO2 NPs, especially about inhibiting metastatic behavior in vitro (Figure 4). These results indicate that 16 

ZnAs@SiO2 NPs may very effectively kill CSCs in HCC tumors by simultaneously modulating stemness and 17 

EMT. 18 

 19 

JAK2/STAT3 signaling axis was reported to be closely associated with maintaining stemness of cancer cells [40] 20 

and regulation of EMT [41]. SHP-1 inhibits this signaling pathway through dephosphorylation of JAK2/STAT3 21 

[18]. In our study, we explored whether ZnAs@SiO2 NPs inhibit stemness and EMT by regulating SHP-22 

1/JAK2/STAT3 signaling pathway. The results showed that ZnAs@SiO2 promoted SHP-1 and inactivated 23 

JAK2/STAT3 more potently than ATO (Figures 6A, 9C). Knockdown of SHP-1 reversed the anti-stemness and 24 

EMT effects of ZnAs@SiO2 (Figure 6B-I). These results suggested that the inhibitory effect of ZnAs@SiO2 on 25 

stemness and EMT was mediated by SHP-1/JAK2/STAT3 signaling pathway. The simultaneous modulation of 26 

stemness and EMT through SHP-1/JAK2/STAT3 signaling pathway makes ZnAs@SiO2 a potent drug for 27 

inhibiting malignant properties of HCC cells. Furthermore, from the analysis of the TCGA database, we found 28 

that high levels of SHP-1 transcripts correlated with better TNM staging and Child-Pugh grading in patients with 29 

HCC (Figure 6J). SHP-1 has also been demonstrated as a tumor suppressor of hepatocarcinogenesis and HCC 30 

progression and was proposed as a novel prognostic biomarker and therapeutic target for HCC [29]. Therefore, 31 

ZnAs@SiO2 may improve the prognosis of HCC by enhancing the expression of SHP-1. 32 

 33 

Notably, ZnAs@SiO2 led to the augmented therapeutic efficacy of solid tumors (Figure 8B-D), suppressed 34 

metastasis nodules (Figure 8E, F) as well as inhibited stemness and EMT (Figures 5, 9A, 9B). The acidic 35 
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microenvironment is a feature of most solid tumors. ZnAs@SiO2 NPs were better able to release As at the lower 1 

pH value of 6.4 (Figure 1F), which mimics the tumor extracellular pH and lysosomal environment. This pH-2 

triggered release behavior of ZnAs@SiO2 was due to the degradation of the core shell of the ZnAsOx complex 3 

resulting in accelerated drug release. EPR effect would work concomitantly with this pH-dependent release 4 

resulting in considerable enrichment and delivery of ZnAs@SiO2 at the tumor site (Figure 7B). This suggests 5 

that the therapeutic efficacy of ZnAs@SiO2 NPs would be augmented once it is within the acidic tumor 6 

environment. Another reason for the enhanced efficacy of ZnAs@SiO2 NPs was their prolonged circulation time 7 

and higher blood concentration (Figure 7A) resulting from its slow release at the neutral pH, which may also be 8 

responsible for its minimal side effects in vivo (Figures 7C-G, S10-12) [42].  9 

 10 

Previous reports suggested that CSCs differentiate only into non-CSCs (NCSCs). However, a recent study 11 

showed that NCSCs in the tumor tissue could de-differentiate into new CSCs, thereby regenerating the 12 

tumorigenic potential [43, 44]. CSCs and NCSCs appear to be able to interconvert and maintain a dynamic 13 

equilibrium. To date, various CSCs have been selectively targeted with NPs for cancer therapy. However, 14 

selectively eliminating CSCs is insufficient in preventing relapse because of the existence of residual NCSCs. 15 

Therefore, an effective therapeutic strategy requires not only depleting CSCs but also eradicating NCSCs [31]. 16 

Targeting CSCs by inhibiting stemness and EMT, as well as NCSCs by ZnAs@SiO2 NPs, may deplete both cell 17 

types in HCC effectively, and thus be a significantly more effective treatment for solid tumors and metastasis.  18 

 19 

Our study has identified areas that should be pursued in the future to further improve the efficacy of ZnAs@SiO2 20 

NPs. Since NPs can actively target tumor cells, surface modifications of HSS by chemical manipulations may 21 

further improve drug delivery and cellular uptake. Despite current advances, drug resistance remains problematic 22 

[45] requiring the use of combination therapies with synergistic therapeutic efficacy to suppress resistance [46]. 23 

However, uneven bio-distribution can impair this synergistic interaction. Nanotechnology enables co-delivery 24 

of two synergistic drugs by encapsulating them in the same vehicle and resulting in better pharmacokinetics [47]. 25 

ZnAs@SiO2 NPs can be further developed to co-deliver As with another HCC drug, such as sorafenib, to 26 

improve its therapeutic efficacy. 27 

 28 

Conclusion 29 

In this study, we synthesized ZnAs@SiO2 NPs using a ñone-potò reverse microemulsion method for As delivery. 30 

ZnAs@SiO2 NPs significantly inhibited tumor growth and metastasis of HCC cells. More importantly, by 31 

activating the SHP-1/JAK2/STAT3 signaling pathway, ZnAs@SiO2 NPs inhibited stemness and EMT more 32 

efficiently than ATO. Thus, this new drug delivery system may hold tremendous potential to improve HCC 33 

treatment. 34 

 35 

Abbreviations 36 



17 
 

ATO: arsenic trioxide; CSCs: cancer stem cells; DAB: diaminobenzidine; DLS: dynamic light scattering; EMT: 1 

epithelialïmesenchymal transition; EDS: energy dispersive X-ray spectroscopy; EDX: energy-dispersive X-ray; 2 

HCC: hepatocellular carcinoma; HE: hematoxylinïeosin; ICP-MS: inductively coupled plasma mass 3 

spectroscopy; ICSs: intermediate cell states; IC50: half-maximal inhibitory concentration; IHC: 4 

Immunohistochemistry; JAK2: Janus kinase 2; NCSCs: non-cancer stem cells; NOD-SCID: nonobese 5 

diabetic/severe combined immunodeficiency; NPs: nanoparticles; Oct-4: octamer-binding transcription factor 4; 6 

RT: room temperature; SHP-1: SH2-containing protein tyrosine phosphatase 1; Sox-2: sex-determining region 7 

Y-box 2; STAT3: signal transducer and activator of transcription 3; TEM: transmission electron microscope. 8 
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моΦ bƛŜǘƻ a!Σ IǳŀƴƎ w¸Σ WŀŎƪǎƻƴ w!Σ ¢ƘƛŜǊȅ WtΦ 9ƳǘΥ нлмсΦ /ŜƭƭΦ нлмсΤ мссΥ нмπпрΦ 3 
мпΦ ²ŀƴƎ ½¸Σ /ƘŜƴ ½Φ !ŎǳǘŜ ǇǊƻƳȅŜƭƻŎȅǘƛŎ ƭŜǳƪŜƳƛŀΥ ŦǊƻƳ ƘƛƎƘƭȅ Ŧŀǘŀƭ ǘƻ ƘƛƎƘƭȅ ŎǳǊŀōƭŜΦ .ƭƻƻŘΦ нллуΤ мммΥ нрлрπмрΦ 4 
мрΦ aƛƭƭŜǊ ²IΣ WǊΦΣ {ŎƘƛǇǇŜǊ IaΣ [ŜŜ W{Σ {ƛƴƎŜǊ WΣ ²ŀȄƳŀƴ {Φ aŜŎƘŀƴƛǎƳǎ ƻŦ ŀŎǘƛƻƴ ƻŦ ŀǊǎŜƴƛŎ ǘǊƛƻȄƛŘŜΦ /ŀƴŎŜǊ wŜǎΦ 5 
нллнΤ снΥ оуфоπфлоΦ 6 
мсΦ {ǳōōŀǊŀȅŀƴ twΣ !ǊŘŀƭŀƴ .Φ Lƴ ǘƘŜ ǿŀǊ ŀƎŀƛƴǎǘ ǎƻƭƛŘ ǘǳƳƻǊǎ ŀǊǎŜƴƛŎ ǘǊƛƻȄƛŘŜ ƴŜŜŘǎ ǇŀǊǘƴŜǊǎΦ W DŀǎǘǊƻƛƴǘŜǎǘ /ŀƴŎŜǊΦ 7 
нлмпΤ прΥ осоπтмΦ 8 
мтΦ [ƛƴ //Σ Iǎǳ /Σ Iǎǳ /IΣ Iǎǳ ²[Σ /ƘŜƴƎ ![Σ ¸ŀƴƎ /IΦ !ǊǎŜƴƛŎ ǘǊƛƻȄƛŘŜ ƛƴ ǇŀǘƛŜƴǘǎ ǿƛǘƘ ƘŜǇŀǘƻŎŜƭƭǳƭŀǊ ŎŀǊŎƛƴƻƳŀΥ ŀ 9 
ǇƘŀǎŜ LL ǘǊƛŀƭΦ LƴǾŜǎǘ bŜǿ 5ǊǳƎǎΦ нллтΤ нрΥ ттπупΦ 10 
муΦ YƛƳ {IΣ ¸ƻƻ I{Σ Wƻƻ aYΣ YƛƳ ¢Σ tŀǊƪ WWΣ [ŜŜ .WΣ Ŝǘ ŀƭΦ !ǊǎŜƴƛŎ ǘǊƛƻȄƛŘŜ ŀǘǘŜƴǳŀǘŜǎ {¢!¢πо ŀŎǘƛǾƛǘȅ ŀƴŘ ŜǇƛǘƘŜƭƛŀƭπ11 
ƳŜǎŜƴŎƘȅƳŀƭ ǘǊŀƴǎƛǘƛƻƴ ǘƘǊƻǳƎƘ ƛƴŘǳŎǘƛƻƴ ƻŦ {Itπм ƛƴ ƎŀǎǘǊƛŎ ŎŀƴŎŜǊ ŎŜƭƭǎΦ .a/ /ŀƴŎŜǊΦ нлмуΤ муΥ мрлΦ 12 
мфΦ {ǳƴ IΣ ½ƘŀƴƎ {Φ !ǊǎŜƴƛŎ ǘǊƛƻȄƛŘŜ ǊŜƎǳƭŀǘŜǎ ǘƘŜ ŀǇƻǇǘƻǎƛǎ ƻŦ ƎƭƛƻƳŀ ŎŜƭƭ ŀƴŘ ƎƭƛƻƳŀ ǎǘŜƳ ŎŜƭƭ Ǿƛŀ ŘƻǿƴπǊŜƎǳƭŀǘƛƻƴ 13 
ƻŦ ǎǘŜƳ ŎŜƭƭ ƳŀǊƪŜǊ {ƻȄнΦ .ƛƻŎƘŜƳ .ƛƻǇƘȅǎ wŜǎ /ƻƳƳǳƴΦ нлммΤ пмлΥ сфнπтΦ 14 
нлΦ ½ƘŀƴƎ Y½Σ ½ƘŀƴƎ v.Σ ½ƘŀƴƎ v.Σ {ǳƴ I/Σ !ƻ W¸Σ /Ƙŀƛ ½¢Σ Ŝǘ ŀƭΦ !ǊǎŜƴƛŎ ǘǊƛƻȄƛŘŜ ƛƴŘǳŎŜǎ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ƻŦ /5мооҌ 15 
ƘŜǇŀǘƻŎŜƭƭǳƭŀǊ ŎŀǊŎƛƴƻƳŀ ŎŜƭƭǎ ŀƴŘ ǇǊƻƭƻƴƎǎ ǇƻǎǘƘŜǇŀǘŜŎǘƻƳȅ ǎǳǊǾƛǾŀƭ ōȅ ǘŀǊƎŜǘƛƴƎ D[Lм ŜȄǇǊŜǎǎƛƻƴ ƛƴ ŀ ƳƻǳǎŜ ƳƻŘŜƭΦ 16 
W IŜƳŀǘƻƭ hƴŎƻƭΦ нлмпΤ тΥ нуΦ 17 
нмΦ ½ƘŀƴƎ w·Σ /ŀƛ tΣ ½ƘŀƴƎ ¢Σ /ƘŜƴ YΣ [ƛ WΣ /ƘŜƴƎ WΣ Ŝǘ ŀƭΦ tƻƭȅƳŜǊπƭƛǇƛŘ ƘȅōǊƛŘ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ǎȅƴŎƘǊƻƴƛȊŜ 18 
ǇƘŀǊƳŀŎƻƪƛƴŜǘƛŎǎ ƻŦ ŎƻπŜƴŎŀǇǎǳƭŀǘŜŘ ŘƻȄƻǊǳōƛŎƛƴπƳƛǘƻƳȅŎƛƴ / ŀƴŘ ŜƴŀōƭŜ ǘƘŜƛǊ ǎǇŀǘƛƻǘŜƳǇƻǊŀƭ ŎƻπŘŜƭƛǾŜǊȅ ŀƴŘ ƭƻŎŀƭ 19 
ōƛƻŀǾŀƛƭŀōƛƭƛǘȅ ƛƴ ōǊŜŀǎǘ ǘǳƳƻǊΦ bŀƴƻƳŜŘƛŎƛƴŜΦ нлмсΤ мнΥ мнтфπфлΦ 20 
ннΦ ½ƘŀƴƎ ½Σ [ƛǳ IΣ ½Ƙƻǳ IΣ ½Ƙǳ ·Σ ½Ƙŀƻ ½Σ /Ƙƛ ·Σ Ŝǘ ŀƭΦ ! ŦŀŎƛƭŜ ǊƻǳǘŜ ǘƻ ŎƻǊŜπǎƘŜƭƭ ƴŀƴƻǇŀǊǘƛŎǳƭŀǘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀǊǎŜƴƛŎ 21 
ǘǊƛƻȄƛŘŜ ŦƻǊ ŜŦŦŜŎǘƛǾŜ ǎƻƭƛŘ ǘǳƳƻǊ ǘǊŜŀǘƳŜƴǘΦ bŀƴƻǎŎŀƭŜΦ нлмсΤ уΥ потоπулΦ 22 
ноΦ [ƛ 5Σ [ƛǳ {Σ [ƛǳ wΣ ½Ƙƻǳ ¸Σ tŀǊƪ wΣ bŀƎŀ YΣ Ŝǘ ŀƭΦ 9ǇƘ.пπǘŀǊƎŜǘŜŘ ƛƳŀƎƛƴƎ ǿƛǘƘ ŀƴǘƛōƻŘȅ ƘмомΣ ƘмомπCόŀōϥύн ŀƴŘ Ƙмомπ23 
CŀōΦ aƻƭ tƘŀǊƳΦ нлмоΤ млΥ прнтπооΦ 24 
нпΦ [ƛ 5Σ [ƛǳ {Σ [ƛǳ wΣ tŀǊƪ wΣ IǳƎƘŜǎ [Σ YǊŀǎƴƻǇŜǊƻǾ ±Σ Ŝǘ ŀƭΦ ¢ŀǊƎŜǘƛƴƎ ǘƘŜ 9ǇƘ.п ǊŜŎŜǇǘƻǊ ŦƻǊ ŎŀƴŎŜǊ ŘƛŀƎƴƻǎƛǎ ŀƴŘ 25 
ǘƘŜǊŀǇȅ ƳƻƴƛǘƻǊƛƴƎΦ aƻƭ tƘŀǊƳΦ нлмоΤ млΥ онфπосΦ 26 
нрΦ ²ǳ /Σ [ƛ WΣ tŀƴƎ tΣ [ƛǳ WΣ ½Ƙǳ YΣ [ƛ 5Σ Ŝǘ ŀƭΦ tƻƭȅƳŜǊƛŎ ǾŜŎǘƻǊπƳŜŘƛŀǘŜŘ ƎŜƴŜ ǘǊŀƴǎŦŜŎǘƛƻƴ ƻŦ a{/ǎ ŦƻǊ Řǳŀƭ 27 
ōƛƻƭǳƳƛƴŜǎŎŜƴǘ ŀƴŘ awL ǘǊŀŎƪƛƴƎ ƛƴ ǾƛǾƻΦ .ƛƻƳŀǘŜǊƛŀƭǎΦ нлмпΤ орΥ унпфπслΦ 28 
нсΦ {Ƙŀ ¸Σ IŀŜƴǎŜƭ 5Σ DǳǘƛŜǊǊŜȊ DΣ 5ǳ IΣ 5ŀƛ ·Σ bƛŜ vΦ LƴǘŜǊƳŜŘƛŀǘŜ ŎŜƭƭ ǎǘŀǘŜǎ ƛƴ ŜǇƛǘƘŜƭƛŀƭπǘƻπƳŜǎŜƴŎƘȅƳŀƭ ǘǊŀƴǎƛǘƛƻƴΦ 29 
tƘȅǎ .ƛƻƭΦ нлмфΤ мсΥ лнмллмΦ 30 
нтΦ !ōǳōŀƪŜǊ YΣ [ǳǿƻǊ w.Σ ½Ƙǳ IΣ aŎbŀƭƭȅ hΣ vǳƛƴƴ a!Σ .ǳǊƴǎ /WΣ Ŝǘ ŀƭΦ LƴƘƛōƛǘƛƻƴ ƻŦ ǘƘŜ W!Yнκ{¢!¢о ǇŀǘƘǿŀȅ ƛƴ 31 
ƻǾŀǊƛŀƴ ŎŀƴŎŜǊ ǊŜǎǳƭǘǎ ƛƴ ǘƘŜ ƭƻǎǎ ƻŦ ŎŀƴŎŜǊ ǎǘŜƳ ŎŜƭƭπƭƛƪŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŀƴŘ ŀ ǊŜŘǳŎŜŘ ǘǳƳƻǊ ōǳǊŘŜƴΦ .a/ /ŀƴŎŜǊΦ 32 
нлмпΤ мпΥ омтΦ 33 
нуΦ /ƻƭƻƳƛŜǊŜ aΣ ²ŀǊŘ !/Σ wƛƭŜȅ /Σ ¢ǊŜƴŜǊǊȅ aYΣ /ŀƳŜǊƻƴπ{ƳƛǘƘ 5Σ CƛƴŘƭŀȅ WΣ Ŝǘ ŀƭΦ /Ǌƻǎǎ ǘŀƭƪ ƻŦ ǎƛƎƴŀƭǎ ōŜǘǿŜŜƴ 34 
9DCw ŀƴŘ L[πсw ǘƘǊƻǳƎƘ W!Yнκ{¢!¢о ƳŜŘƛŀǘŜ ŜǇƛǘƘŜƭƛŀƭπƳŜǎŜƴŎƘȅƳŀƭ ǘǊŀƴǎƛǘƛƻƴ ƛƴ ƻǾŀǊƛŀƴ ŎŀǊŎƛƴƻƳŀǎΦ .Ǌ W /ŀƴŎŜǊΦ 35 
нллфΤ мллΥ мопπппΦ 36 
нфΦ ²Ŝƴ [½Σ 5ƛƴƎ YΣ ²ŀƴƎ ½wΣ 5ƛƴƎ /IΣ [Ŝƛ {WΣ [ƛǳ WtΣ Ŝǘ ŀƭΦ {Itπм !Ŏǘǎ ŀǎ ŀ ¢ǳƳƻǊ ǎǳǇǇǊŜǎǎƻǊ ƛƴ ƘŜǇŀǘƻŎŀǊŎƛƴƻƎŜƴŜǎƛǎ 37 
ŀƴŘ I// ǇǊƻƎǊŜǎǎƛƻƴΦ /ŀƴŎŜǊ wŜǎΦ нлмуΤ туΥ псулπфмΦ 38 
олΦ ½Ƙŀƻ ½Σ ²ŀƴƎ ·Σ ½ƘŀƴƎ ½Σ ½ƘŀƴƎ IΣ [ƛǳ IΣ ½Ƙǳ ·Σ Ŝǘ ŀƭΦ wŜŀƭπǘƛƳŜ ƳƻƴƛǘƻǊƛƴƎ ƻŦ ŀǊǎŜƴƛŎ ǘǊƛƻȄƛŘŜ ǊŜƭŜŀǎŜ ŀƴŘ ŘŜƭƛǾŜǊȅ 39 
ōȅ ŀŎǘƛǾŀǘŀōƭŜ ¢όмύ ƛƳŀƎƛƴƎΦ !/{ bŀƴƻΦ нлмрΤ фΥ нтпфπрфΦ 40 
омΦ ½Ƙƻǳ DΣ [ŀǘŎƘƻǳƳŀƴƛƴ hΣ .ŀƎŘŜǎŀǊ aΣ IŜōōŀǊŘ [Σ 5ǳŀƴ ²Σ [ƛŘŘƭŜ /Σ Ŝǘ ŀƭΦ !ǇǘŀƳŜǊπōŀǎŜŘ ǘƘŜǊŀǇŜǳǘƛŎ ŀǇǇǊƻŀŎƘŜǎ 41 
ǘƻ ǘŀǊƎŜǘ ŎŀƴŎŜǊ ǎǘŜƳ ŎŜƭƭǎΦ ¢ƘŜǊŀƴƻǎǘƛŎǎΦ нлмтΤ тΥ офпуπсмΦ 42 
онΦ [ƛƴ ·Σ /ƘŜƴ ²Σ ²Ŝƛ CΣ ½Ƙƻǳ .tΣ IǳƴƎ a/Σ ·ƛŜ ·Φ bŀƴƻǇŀǊǘƛŎƭŜ ŘŜƭƛǾŜǊȅ ƻŦ Ƴƛwπопŀ ŜǊŀŘƛŎŀǘŜǎ ƭƻƴƎπǘŜǊƳπŎǳƭǘǳǊŜŘ 43 
ōǊŜŀǎǘ ŎŀƴŎŜǊ ǎǘŜƳ ŎŜƭƭǎ Ǿƛŀ ǘŀǊƎŜǘƛƴƎ /ннhwCну ŘƛǊŜŎǘƭȅΦ ¢ƘŜǊŀƴƻǎǘƛŎǎΦ нлмтΤ тΥ пулрπнпΦ 44 
ооΦ /Ƙƻ YΣ ²ŀƴƎ ·Σ bƛŜ {Σ /ƘŜƴ ½DΣ {Ƙƛƴ 5aΦ ¢ƘŜǊŀǇŜǳǘƛŎ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ŦƻǊ ŘǊǳƎ ŘŜƭƛǾŜǊȅ ƛƴ ŎŀƴŎŜǊΦ /ƭƛƴ /ŀƴŎŜǊ wŜǎΦ 45 
нллуΤ мпΥ момлπсΦ 46 
опΦ tŜƴƎ CΣ {ǳ ¸Σ ½ƘƻƴƎ ¸Σ Cŀƴ /Σ [ŜŜ {¢Σ IŜ ¸Φ {ƛƭƛŎƻƴ ƴŀƴƻƳŀǘŜǊƛŀƭǎ ǇƭŀǘŦƻǊƳ ŦƻǊ ōƛƻƛƳŀƎƛƴƎΣ ōƛƻǎŜƴǎƛƴƎΣ ŀƴŘ ŎŀƴŎŜǊ 47 
ǘƘŜǊŀǇȅΦ !ŎŎ /ƘŜƳ wŜǎΦ нлмпΤ птΥ смнπноΦ 48 
орΦ ̧ŜƘ I²Σ Iǎǳ 9/Σ [ŜŜ {{Σ [ŀƴƎ ¸5Σ [ƛƴ ¸/Σ /ƘŀƴƎ /¸Σ Ŝǘ ŀƭΦ t{t/м ƳŜŘƛŀǘŜǎ ¢DCπōŜǘŀм ŀǳǘƻŎǊƛƴŜ ǎƛƎƴŀƭƭƛƴƎ ŀƴŘ 49 
{ƳŀŘнκо ǘŀǊƎŜǘ ǎǿƛǘŎƘƛƴƎ ǘƻ ǇǊƻƳƻǘŜ 9a¢Σ ǎǘŜƳƴŜǎǎ ŀƴŘ ƳŜǘŀǎǘŀǎƛǎΦ bŀǘ /Ŝƭƭ .ƛƻƭΦ нлмуΤ нлΥ птфπфмΦ 50 
осΦ [ǳǇƛŀ aΣ !ƴƎƛƻƭƛƴƛ CΣ .ŜǊǘŀƭƻǘ DΣ CǊŜŘŘƛ {Σ {ŀŎƘǎŜƴƳŜƛŜǊ YCΣ /ƘƛǎŎƛ 9Σ Ŝǘ ŀƭΦ /5то wŜƎǳƭŀǘŜǎ ǎǘŜƳƴŜǎǎ ŀƴŘ ŜǇƛǘƘŜƭƛŀƭπ51 
ƳŜǎŜƴŎƘȅƳŀƭ ǘǊŀƴǎƛǘƛƻƴ ƛƴ ƻǾŀǊƛŀƴ ŎŀƴŎŜǊπƛƴƛǘƛŀǘƛƴƎ ŎŜƭƭǎΦ {ǘŜƳ /Ŝƭƭ wŜǇƻǊǘǎΦ нлмуΤ млΥ мпмнπнрΦ 52 
отΦ aŀȅ /5Σ {ǇƘȅǊƛǎ bΣ 9Ǿŀƴǎ Y²Σ ²ŜǊŘŜƴ {WΣ Dǳƻ ²Σ aŀƴƛ {!Φ 9ǇƛǘƘŜƭƛŀƭπƳŜǎŜƴŎƘȅƳŀƭ ǘǊŀƴǎƛǘƛƻƴ ŀƴŘ ŎŀƴŎŜǊ ǎǘŜƳ 53 



19 
 

ŎŜƭƭǎΥ ŀ ŘŀƴƎŜǊƻǳǎƭȅ ŘȅƴŀƳƛŎ Řǳƻ ƛƴ ōǊŜŀǎǘ ŎŀƴŎŜǊ ǇǊƻƎǊŜǎǎƛƻƴΦ .ǊŜŀǎǘ /ŀƴŎŜǊ wŜǎΦ нлммΤ моΥ нлнΦ 1 
оуΦ 5Ǌŀǎƛƴ 5WΣ DǳŀǊƴƛŜǊƛ ![Σ bŜŜƭŀƪŀƴǘŀƴ 5Σ YƛƳ WΣ /ŀōǊŜǊŀ WIΣ ²ŀƴƎ /!Σ Ŝǘ ŀƭΦ ¢²L{¢мπLƴŘǳŎŜŘ Ƴƛwπпнп ǊŜǾŜǊǎƛōƭȅ 2 
ŘǊƛǾŜǎ ƳŜǎŜƴŎƘȅƳŀƭ ǇǊƻƎǊŀƳƳƛƴƎ ǿƘƛƭŜ ƛƴƘƛōƛǘƛƴƎ ǘǳƳƻǊ ƛƴƛǘƛŀǘƛƻƴΦ /ŀƴŎŜǊ wŜǎΦ нлмрΤ трΥ мфлуπнмΦ 3 
офΦ /ƘŀƴƎ //Σ Iǎǳ ²IΣ ²ŀƴƎ //Σ /Ƙƻǳ /IΣ Yǳƻ a¸Σ [ƛƴ .wΣ Ŝǘ ŀƭΦ /ƻƴƴŜŎǘƛǾŜ ǘƛǎǎǳŜ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ŀŎǘƛǾŀǘŜǎ 4 
ǇƭǳǊƛǇƻǘŜƴŎȅ ƎŜƴŜǎ ŀƴŘ ƳŜǎŜƴŎƘȅƳŀƭπŜǇƛǘƘŜƭƛŀƭ ǘǊŀƴǎƛǘƛƻƴ ƛƴ ƘŜŀŘ ŀƴŘ ƴŜŎƪ ŎŀƴŎŜǊ ŎŜƭƭǎΦ /ŀƴŎŜǊ wŜǎΦ нлмоΤ тоΥ пмптπ5 
ртΦ 6 
плΦ ½Ƙǳ [Σ /ƘŜƴƎ ·Σ {Ƙƛ WΣ WƛŀŎƘŜƴƎ [Σ /ƘŜƴ DΣ Wƛƴ IΣ Ŝǘ ŀƭΦ /Ǌƻǎǎǘŀƭƪ ōŜǘǿŜŜƴ ōƻƴŜ ƳŀǊǊƻǿπŘŜǊƛǾŜŘ ƳȅƻŦƛōǊƻōƭŀǎǘǎ ŀƴŘ 7 
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 1 

Figure 1. Synthesis and characteristics of ZnAs@SiO2 NPs. (A) Depiction of ZnAs@SiO2 NPs synthesis. (B) 2 

TEM image of ZnAs@SiO2 NPs. Scale bar, 50 nm. Insert: the high-magnification TEM image of ZnAs@SiO2 3 

NPs indicating the formation of zinc arsenite nano-complexes (white arrows) in the silica shell. Scale bar, 10 4 

nm. (C) DLS profile of ZnAs@SiO2 NPs. (D) EDX mapping images of the ZnAs@SiO2 NPs. Scale bar, 1 ɛm. 5 

(E) EDS of accumulative ZnAs@SiO2 NPs in the copper mesh. (F) Zn and As ions release from HSS at different 6 

pH values of 7.4 (with or without 10% FBS) and 6.4 (n = 3).  7 

 8 

A

B C D

FE

As

As As

0 4 8 12
0

2000

4000

6000

Energy

C
o
u
n
ts

Zn

Zn

As
Si Zn

Zn
As

0 4 8 12 16 20 24

0

20

40

60

80

100
Zn PH 6.4 As pH 6.4

Zn pH 7.4 As pH 7.4

Time (h)

R
e
le

a
s
e
 (

%
) As pH 7.4 + 10% FBS

1 10 100 1000 10000
0

10

20

30

N
u
m

b
e
r 

(%
)

ZnAs@SiO2SiO2 shellZnAsOxArseniteZn ions

SiO2 shell

coatingPurification

Stirring

Mix



21 
 

 1 

Figure 2. ZnAs@SiO2 NPs inhibit proliferation of HCC cells in vitro. (A) Cell viability of MHCC97L, Hep3b, 2 

HepG2, and Bel7402 cells treated with different concentrations of ATO or ZnAs@SiO2 NPs for 24 h (n = 3). (B) 3 

mRNA levels of proliferation indicators Ki67 and PCNA in MHCC97L and Hep3b cells after treatment with 4 

ATO or ZnAs@SiO2 NPs for 24 h. (C) Morphology of MHCC97L and Hep3b cells before and after treatment 5 

with PBS, ATO or ZnAs@SiO2 NPs for 24 h. Scale bar, 200 ɛm. (D) Colony forming ability of MHCC97L and 6 

Hep3b cells after treatment with PBS, ATO, or ZnAs@SiO2 NPs for 24 h. (E, F) Quantification of colony 7 

formation assay in MHCC97L and Hep3b cells. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 8 
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 1 

Figure 3. ZnAs@SiO2 NPs promote apoptosis in HCC cells in vitro. (A) Apoptosis analysis of MHCC97L 2 

and Hep3b cells after treatment with PBS, ATO or ZnAs@SiO2 NPs for 24 h. (B, C) Quantification of apoptosis 3 

rate of MHCC97L and Hep3b cells after treatment with PBS, ATO, or ZnAs@SiO2 NPs for 24 h. (D) Western 4 

blots of cleaved PARP and cleaved Caspase-3 after treatment with ATO or ZnAs@SiO2 NPs at indicated time 5 

points. (E, F) Cleaved Casepase3 immunofluorescent staining after treatment with PBS, ATO, or ZnAs@SiO2 6 

NPs at indicated time points in MHCC97L and Hep3b cells . Scale bar, 200 ɛm. ***, P < 0.001. 7 
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