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Introduction: Hepatocellular cancer stem cells (CSCs) play crucial roles in hepatocellular cancer initiation, development, relapse,
and metastasis. Therefore, eradication of this cell population is a primary objective in hepatocellular cancer therapy. We prepared
a nanodrug delivery system with activated carbon nanoparticles (ACNP) as carriers and metformin (MET) as drug (ACNP-MET),
which was able to selectively eliminate hepatocellular CSCs and thereby increase the effects of MET on hepatocellular cancers.
Methods: ACNP were prepared by ball milling and deposition in distilled water. Suspension of ACNP and MET was mixed and the
best ratio of ACNP and MET was determined based on the isothermal adsorption formula. Hepatocellular CSCs were identified as
CD133" cells and cultured in serum-free medium. We investigated the effects of ACNP-MET on hepatocellular CSCs, including the
inhibitory effects, the targeting efficiency, self-renewal capacity, and the sphere-forming capacity of hepatocellular CSCs. Next, we
evaluated the therapeutic efficacy of ACNP-MET by using in vivo relapsed tumor models of hepatocellular CSCs.

Results: The ACNP have a similar size, a regular spherical shape and a smooth surface. The optimal ratio for adsorption was MET:
ACNP=1:4. ACNP-MET could target and inhibit the proliferation of CD133" population and decrease mammosphere formation and
renewal of CD133" population in vitro and in vivo.

Conclusion: These results not only suggest that nanodrug delivery system increased the effects of MET, but also shed light on the
mechanisms of the therapeutic effects of MET and ACNP-MET on hepatocellular cancers. ACNP, as a good nano-carrier, could strengthen
the effect of MET by carrying drugs to the micro-environment of hepatocellular CSCs.
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Introduction

Hepatocellular cancer is the third leading cause of cancer death worldwide and its incidence is increasing.'* While better
detection methods and treatment of hepatocellular cancer have improved disease outcomes at early stages, hepatocellular cancer
remains largely incurable due to high recurrence rates and resistance to chemotherapy.>® According to the cancer stem cell (CSC)
hypothesis, CSCs, which are similar to normal adult stem cells, are at the germinal center of tumors, have the potential of
differentiation and self-renewal.” Recently, increasing attention has been focused on better explanation of the initiation of relapse
and metastasis in several types of carcinomas including hepatocellular cancers.*® CSCs are able to differentiate into specific
progeny which can initiate and maintain tumor growth.'® It is believed that they could be a source for drug resistance, tumor
recurrence, and metastasis.'' These CSCs have been found in hepatocellular cancers with tumorigenicity and chemoresistance to
CD133, which has been identified as an important marker of hepatocellular CSCs.* CD133" cells are proliferative, as evidenced
by their high colony-forming efficiency.'? Previous research demonstrated that CD133" cells originating from Huh-7 cells were
more proliferative and possessed higher tumorigenic potential than their CD133~ counterparts.'®> By immunohistochemistry,

CD133 expression and elevated CD133 expression were associated with advanced tumor grade and elevated serum alpha-
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fetoprotein levels. In addition, patients with higher CD133 ratio in their tumors had shorter survival period and higher relapse
rates compared with low CD133 patients. Multivariate analyses showed that increased CD133 expression was an independent
prognostic factor for survival and tumor recurrence.'® Therefore, the number of CD133" cells in hepatocellular cancer represents
a key prognostic marker for hepatocellular cancer.

Metformin (MET), a traditional primary care drug for type II diabetes, is the most frequently prescribed hypogly-
cemic drug. Recently, the potential anticarcinogenic effects of MET were identified and have attracted increasing
attention.'>'7 Notably, evidence was provided by recent research that MET holds promise for the efficient eradication
of CSCs. It has been shown that low-dose MET combined with doxorubicin can selectively kill breast cancer stem cells
and efficiently delay breast cancer relapse.'®'? Some literature reported that MET could regulate breast cancer stem cell
ontogeny by transcriptionally regulating the epithelial-mesenchymal transition state associated with CSC-related cellular
phenotypes.”’ The works of Bao et al showed that MET inhibits pancreatic CSCs’ growth by modulating miRNA
expression.”’ Due to the difficulty of studying in vivo quantity relation between CSCs and tumor size, there has been
scarce literature reporting the in vivo effects of MET on CSCs.

Nanosized activated carbon particles with spherical morphology, relatively smooth surfaces, stronger absorption, better

lymph taxis, high rate of cell-uptake,****

and excellent targeting effects of cancer have been used as tracer of drainage lymph
node to assist with section surgery of stomach cancers and drug carriers.”* When intra-peritoneally injected, activated carbon
nanoparticles (ACNP) as drug carriers can improve the drug concentration in the abdomen cavity, peritoneal tissues and
abdominal drainage lymph canal that can be accurately measured and calculated by mathematical equations.*>*° Because of
the slow-release of ACNP for the drugs, the drug concentration in peritoneal and lymph tissues can be maintained for a much
longer time than free drugs.?’ At the same time, ACNP-based drug delivery systems can decrease the drug concentration in
blood and thereby decrease the drug’s toxicity.”***>' Through increasing the drug concentration in therapy-related tissues,
ACNP can improve the therapeutic effects of anticancer drugs significantly.

To find more effective chemotherapy for hepatocellular cancers, we prepared a nanodrug delivery system with ACNP
as carriers and MET as drug (ACNP-MET). The in vitro and in vivo effects of ACNP-MET on hepatocellular cancers
were investigated, paying special attention to the effects of MET and ACNP-MET on CSCs.

Materials and Methods

Materials

Metformin hydrochloride (MET) was obtained from Sigma-Aldrich, USA. Dulbecco’s Modified Eagle Medium (DMEM)
was purchased from Hyclone, USA. Fetal bovine serum (FBS), B27 supplement, TrypLE and EDTA were purchased
from Gibco, USA. Epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), Human anti-CD133/2(293C3)-
PE and its isotope were obtained from MiltenyiBiotec, USA. Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
Molecular Technologies, Japan. Apoptosis kit was purchased from Becton, Dickinson and Company, USA. Phosphate-
buffered saline (PBS), penicillin and streptomycin were purchased from North China Pharmaceutical, People’s Republic
of China. Human Huh-7 cell (HHC) line was obtained from the Beijing Cell Bank of the Chinese Academy of Medical
Sciences, People’s Republic of China. Ultralow attachment six-well plates were purchased from Corning, USA.

Preparation of Activated Carbon Nanoparticles (ACNP)

ACNP with uniform diameters and form were prepared with a ball-milling-precipitation method. The market activated
carbon particles were grounded using pulverisette 7 planetary micro mill to obtain a mixture of activated carbon particles
with various diameters. These activated carbon particle mixtures were suspended in triple distilled water in a concentration
of 200 g/100L under stirring. The prepared suspension (S1) was allowed to stand still for 7 days. These particles would
participate in an order from larger to smaller depending on the difference of sedimentation coefficient. After 7 days, the
suspension in the top 10 cm was taken out and was filtrated with a filter with certain diameter pores. The particles which
accumulated on the filter that could not leach through the pores were collected, and were then re-suspended in triple-dis-
tilled water (S2). Packaged into 15 mL glass ampoules, S2 was placed in a —80°C refrigerator for freeze drying. A kind of
black powder composed of ACNP was obtained after 24 h freeze-drying. For ACNP characterization, the particles of the
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powder were re-suspended in triple-distilled water again (S3), which was dropped onto copper mesh for transmission
electron microscope (TEM, Hitachi H7650, Hitachi Ltd., Tokyo, Japan) or onto fresh mica surface for atomic force
microscope (AFM, JPK NanoWizard I, Germany) morphology observation. Under AFM, the ACNP diameter was
measured with JPKSPM Data Processing software (JPK, Berlin, Germany) and was measured with a metallography
image analyzer (AMT V600 software, Advanced Microscopy Techniques, MA, US) under TEM. And the hydrodynamic
diameter and Zeta potential of nanoparticles were examined through dynamic light scattering (DLS) in a Zetasizer Nano ZS
(Malvern, UK).

The Preparation of ACNP-MET Drug Delivery System (ACNP-MET)
MET solubilized in PBS was stored at —20°C and used within 2 weeks.

ACNP suspension and MET solution were blended in a certain proportion of concentrations. The mixture was
placed in an ultrasound field (40 Hz, 300 W) for 4 hours to allow MET to sufficiently enter the micropores of ACNP
and was then allowed to stand still for 20 minutes. The adsorption of MET on ACNP was achieved by the self-
assembling of MET on the surface of the micropores of ACNP at a temperature of 0°C. The quantity of MET
absorbed on ACNP was detected by measuring the concentration of MET in the suspension(C). At different time,
1 mL suspension was withdrawn and centrifuged. The absorbance at 233 nm of the supernatant of centrifugation was
detected in a UV-spectrophotometer. The concentration of MET was calculated from the absorbance-concentration
standard curve. The drug loading (Q) was calculated with formula Q=(Qy-VC)/M, where Qqy, V and M were
respectively the added quantity of MET, the volume of the supernatant and the mass of added ACNP. Changing
proportions of ACNP to MET, the best adsorption can be achieved (Q,,). The best ratio of ACNP and MET was
determined based on the isothermal adsorption formula C/Q=1/K*Q,,+C/Q,,. Q,,was the maximum quantity of MET
loaded by ACNP.

Determination of the MET Release Rate of the ACNP-MET Drug Delivery System

(ACNP-MET)
To test the MET release rate, 5 mg ACNP-MET was dispersed in 5 mL PBS (PH=7.4) and transferred into disposable cut-
off dialysis bags (MWCO 1000 Da) which were sealed and then immersed in 40 mL of release medium with shaking at
100 rpm at 37°C. A volume of 1 mL release medium was taken at predetermined time intervals, followed by immediately
replenishing the equal volume of fresh medium. The concentration of released MET in release medium was determined
by UV-visible spectroscopy, and the amount of released MET was calculated using the formula: W=VC where V was the
volume of release medium and C was the concentration of MET in release medium. The cumulative released rate (RR,
%) was calculated using the formula: RR%=Wi/Wtx100% where Wi is the measured amount of MET in the release
medium at the given time point, and W, is the total amount of MET in the equal volume of ACNP suspensions before

dialysis. Each experiment was repeated three times.?*~*

Cell Culture and Hepatocellular Cancer Stem Cells (CSCs) Sorting
Human Huh-7 cell (Huh-7) line was cultured in DMEM with 10% FBS at 37°C in 95% O, and 5% CO,. The control and
the experimental groups were cultured under the same conditions.

Using anti-CD133/2(293C3)-PE antibodies, hepatocellular CSCs were sorted from Huh-7 cells by a flow cytometry
instrument (BD FACSAria, USA). Next, the sorted CD133" cells were seeded in ultra low attachment six-well plates and
cultured in stem cell medium (DMEM, 1% B27 supplement, 10 pg/mL bFGF, 20 pg/mL EGF, 100 U/mL penicillin, and
100 pg/mL streptomycin) at 5% CO, and at 37°C. In this circumstance, Huh-7 CSCs grew into nonadherent spherical
clusters, also known as mammospheres which were further harvested by centrifugation at 1000 rpm for 5 min and planted
in the same medium at 1x10* cells/mL.*
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|dentification of Hepatocellular Cancer Stem Cells (CSCs)

The mammospheres were collected and digested by 0.25% trypsin solution. Then separated single cells were washed
with cold PBS (pH=7.4) and stained by anti-CD133-PE at 4°C in the staining buffer or with isotype control staining.
After 30 min, this sample was washed 3 times with cold PBS, and resuspended to a final volume of 5 mL with PBS to be
analyzed by FACSAria.*”

Inhibition of the Proliferation of Hepatocellular Cancer Stem Cells (CSCs)

CCK-8 assay was used to assess the inhibitory effect of drugs on the hepatocellular CSCs. These cells were sorted from
Huh-7 cells and seeded into 96-well culture plates at 5000 cells/well. And then, they were incubated at 37°C in
a humidified atmosphere of 95% O, and 5% CO,_ After 24 h, the cells were exposed to a range of concentrations of
MET, ACNP or ACNP-MET, respectively. The final concentration of ACNP-MET and MET were 200 ~ 1600 and 50 ~
400 pg/mL, respectively. The concentration of ACNP-MET was calculated in the concentration of MET. Normal saline
was used as blank control and free MET was used as positive control. After the addition of these drugs, the cells were
further cultivated for 48 hours. The proliferative activity was measured by the CCK-8 assay and the absorbance
measurement was made by microplate reader (Thermo Fisher Scientific, USA) at 450 nm.>* The inhibition rate was
calculated with the following formula: inhibition rate (%)=(the absorbance value for the control cells-the absorbance
value for the treated cells/the absorbance value for the control cells) x100%. The dose-effect curves were obtained when
the experiments were performed three times independently.

Inhibition of the Self-Renewal Capacity of Hepatocellular Cancer Stem Cells (CSCs)
CD133" Population Assay

To measure the effects of drugs on CD133 expression, Huh-7 cells were suspended in complete medium (DMEM containing
2% FBS) and seeded into culture bottle. These cells were cultured at 37°C for 24 h in 5% CO, incubator. These cells were then
exposed to MET, ACNP and ACNP-MET, diluted in complete medium at 1.0 mM for 72 h. The blank medium was used as
a control. After the 72 h treatment, cells were harvested, washed with PBS, and resuspended in complete medium. The density
of cells was 1x10° cells/mL. Then, anti-CD133/2(293C3)-PE or its isotype control were added to the cell suspension and
incubated at 4°C in the dark for 30 minutes. Treated cells were washed with wash buffer and then fixed with 1%
paraformaldehyde in PBS, followed by analyzing with BD FACScalibur (BD Biosciences, USA) within 1 h.

Mammosphere Formation Inhibition Assay

Mammosphere culture was performed as previously described.*”*® CD133" and CD133™ cells were isolated by flow
cytometry and seeded in six-well ultra low attachment plates at 2000 cells/well. Cells were grown in serum-free F-12/
DMEM containing 0.02 pg/mL, 20 ng/mL EGF and 2% B27. Cultures were maintained at 37°C in a humidified
atmosphere of 5% CO, for 24 h. Then, cells were treated with MET, ACNP and ACNP-MET, respectively. After
being cultured for 7 days, tumor sphere counts and diameter measurement were performed. The percentage mammo-
sphere-forming efficiency (MSFE) was calculated according to the following equation: MSFE= (number of spheres-like
structures (large diameter>50 pm)/ number of cells initially seeded) x100%."'%->7-3#

In vivo effects on the Tumor Model Formed by Hepatocellular Cancer Huh-7 Cell
Xenografts

The tumor model was established by xenografting Huh-7 cells into non-obese diabetic/severe combined immunodeficiency
(NOD/SCID) mice. Four-week-old NOD/SCID mice were obtained from Experimental Animal Center of Beijing Academy of
Medical Sciences (Beijing, People’s Republic of China). NOD/SCID mice were maintained in accordance with guidelines
established by the Committee on Animals of Beijing Academy of Medical Sciences and housed in a specific pathogen-free
facility. All animal experiments followed the principles of the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. All procedures were approved by the Institutional Animal Care and Use Committee of Beijing Academy
of Medical Sciences.
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NOD/SCID mice were randomly divided into two groups, namely, control group and treated group (N=5 mice). 3x10°
Huh-7 cells were subcutaneously injected into the left flanks of NOD/SCID mice. When the tumors reached 100-150
mm® in volume, the mice were treated with MET, ACNP and ACNP-MET once per 4 days i.v. at 150 mg/kg. The total
frequency was four. The control group received vehicle only (100 pL, 0.9% NaCl). The NOD/SCID mice were
monitored daily for tumor progression. Tumor volume (V) was calculated with the following formula: V=
(lengtthidthz)/Z (mm?). 26 days later, NOD/SCID mice were sacrificed and the tumors were collected.®®

For investigation of the fraction of CSCs in the tumors, freshly excised tumor samples were immediately mechani-
cally homogenized, enzymatic-dissociated and filtered.’” The harvested cells were washed and resuspended at 1x10°
cells/mL in PBS, then CD133" cell analysis was performed as described previously. Through CD133" cell analysis, the
percentage of CD133" cells in tumor was obtained, which was noted as P.. Correspondingly, the percentage of CD133~
cells in tumor was P-=1-P,. Thus, the tumor volume (V) is the sum of CD133" cell volume (V) and CD133" cell volume
(V-). Taking the control tumor volume as V, and the drug treated tumor volume as Vj, the volume inhibition rate (Iy) can
be calculated with formula Iy=(V-V)/Vx100%. Taking the measured percentage of CD133" cells in control tumor as
Py, and that in treated tumor as Py, the volume of CD133" cells in control tumor and treated tumor are respectively
V:=VoPo+ and V=VP.. Correspondingly, the volume of CDI133" cells in control tumor and treated tumor are
respectively Vo.=VoPo. and V{=V|P.. The inhibition rate of drugs on CSCs cells in vivo (Icsc) can be calculated
from Vg, and Vy, in formula [cgc=(Vo+-V1)/Vo+. The corresponding inhibition rate of drugs on common cancer cells
(Iccc) can be calculated with formula Iccc=(Vo.-V1.)/Vo., where Vo.=V(-Vo: and V| =V -V,

Statistical Analysis

Data are presented as the mean + standard deviation. One-way and two-way ANOVA were used to decide significant
differences among groups. LSD was used to analyze all experimental data. P-values < 0.05 were considered statistically
significant. All statistical analysis was performed using SPSS 16.0 software.

Results
Activated Carbon Nanoparticles (ACNP) and ACNP-MET Drug Delivery System

(ACNP-MET)

The AFM and TEM images showed that the ACNP prepared by the ball-milling-precipitation method has regular
morphology, with uniform particle size, smoother surface and approximate globular shape as shown in Figure 1A and B.
Under AFM, the ACNP diameter was measured with JPKSPM Data Processing software (JPK, Berlin, Germany), the
average ACNP size was 74.05+14.01 nm. Under TEM, the ACNP diameter was 63.60+15.27 nm with a metallography
image analyzer (AMT V600 software, Advanced Microscopy Techniques, MA, US). The average particle size was 188
nm as measured by laser particle size analyzer (Figure 1C). The Zeta potential was determined by dynamic light
scattering (DLS) in a Zetasizer Nano ZS (Malvern, UK). The zeta potential measurements of ACNP and ACNP-MET
were —21.6+1.1 mV and —14.14£0.1 mV respectively.

In the concentration range of 1~10 pg/mL, the absorbance (A) of MET has a linear positive correlation with the
concentration (C) of MET, and the linear regression equation is written in the form of : A=0.00479+0.08137C
(r*=0.9995, P<0.0001) (Figure 2A). At 20°C, the adsorption of ACNP for MET reached the equilibrium state within
about 4 h (Figure 2B). The adsorption isotherm equation was C/Q= —0.00531+0.00399C (r*=0.995, P<0.001) and the
saturated adsorption quantity of ACNP for MET: Qm=256.17 mg/g at mass ratio of ACNP: MET=4:1 (Figure 2C).

Figure 2D shows the in vitro release profiles of MET from ACNP-MET at 37°C in PBS buffer. The release ratio of
MET was 20.69% during 72 h.

Sorting and ldentification of Hepatocellular Cancer Stem Cells (CSCs)
It was reported that CD133" hepatocellular cancer cells have the characteristics of hepatocellular cancer stem cells. We
used fluorescence-activated cell sorting (FACS) method to isolate CD133" cells from Huh-7 cells because CD133 serves
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Figure | Characterization of ACNP. (A) AFM image of ACNP. (B) TEM image of ACNP. (C) size distribution of ACNP by laser particle size analyzer.
Notes: Adapted from Sun L, Cai Y, Liu Y, Song D, Liu Y, Yao H, Zhang Y. Activated Carbon Nanoparticles As Carriers of Anticancer Drugs. Nano Biomed. Eng. 2013, 5(2),
94-101.(A,B) 2013 S. Lan et al. Creative Commons Attribution License.*

as a marker of CSCs in hepatocellular cancer. The results showed that the ratio of CD133" cells in hepatocellular cancer
Huh-7 cells was 6.08+0.80% (Figure 3A).

In order to assess the self-renewal potential of the CD133" cells, we employed tumor sphere culture to explore the
CD133" subset cells that produced spheroid colonies. These isolated CD133" and CD133™ cells were cultured in serum-
free media. After 7 days, we found that there were some spheroid colonies from CD133" cells in serum-free media under
non-adherent conditions (Figure 3B, bl), while CD133" cells formed few or no colonies (Figure 3B, b2), which indicated
that CD133" hepatocellular cancer Huh-7 cells could be used as a model of hepatocellular cancer stem cells. After flow
sorting and culture, the proportion of CD133" cells could reach 92.81+0.22% (Figure 3C).

Inhibition of the Proliferation of Hepatocellular Cancer Stem Cells (CSCs)

The CCK-8 assay showed the inhibitory effect of MET and ACNP-MET on CD133" and CDI133" cells for 48
h (Figure 4). The IC50 values of MET and ACNP-MET on CDI133" cells were 54.51 pg/mL and 2.85 pg/mL,
respectively. In addition, the IC50 values of MET and ACNP-MET on CD133" cells were 25.14 mg/mL and 317.00
pg/mL, respectively. Both MET and ACNP-MET displayed stronger inhibitory effects on the CD133" cells than that on
the CD133" cells, which indicated that hepatocellular CSCs were more sensitive in suppression to MET than
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Figure 2 Drug loading of ACNP-MET. (A) Standard curve. A=0.00479+0.08137C (r*=0.9995, P<0.0001). (B) adsorption-time relation. (C) adsorption-concentration curve.
C/Q=—0.00531+0.00399C (r?=0.995, P<0.001), C is the concentration of MET in the suspension, Q is the drug loading; saturated adsorption quantity of ACNP for MET:
Qm=256.17 mg/g at mass ratio of ACNP: MET=4:1. (D) A release profile of MET from ACNP-MET in PBS buffer at 37°C. The release rate of MET was 20.69% during 72 h.
Data are presented as the meanztstandard deviation (SD).

hepatocellular cancer cells. ACNP-MET had inhibitory effects significantly stronger than MET on both the CD133" and
CD133" cells. ACNP did not show any toxicity on the CD133" cells and CD133 cells even at the highest concentration,
suggesting that ACNP can be used as a drug delivery vehicle without serious cytotoxicity. From the results shown in
Figure 4, it can be concluded that ACNP as the carrier of MET increases the inhibition effects of MET on both CSCs and
hepatocellular Huh-7 cells.

Inhibition of the Self-Renewal Capacity of Hepatocellular Cancer Stem Cells (CSCs)
in vitro

In Figure 5A and B, the effects of MET and ACNP-MET on the percentage of Huh-7 cells expressing the hepatocellular CSCs
marker CD133 were shown. A dose-dependent effect of CD133" subpopulation was clearly shown when Huh-7 cells were
treated with graded concentration of MET and ACNP-MET. After the cells were treated at 200 pg/mL for 72 h, the proportion
of CD133" cells in ACNP group was 4.48+0.16%, whereas the proportion of CD133" cells was obviously decreased to 2.65
+0.45% and 0.43+0.07% in MET and ACNP-MET treated groups respectively. This result indicates that ACNP-MET
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Figure 3 Sorting of hepatocellular CSCs. (A) Expression of CD 133 marker in hepatocellular cancer line Huh-7 by fluorescence-activated cell sorting (FACS) analysis. (al)
CSCs stained with IgG-PE antibody as isotype control; (a2) CSCs stained with anti-CD |33-PE antibody. (B) Image of CD133" cells (bl) and CD 133 cells (b2) sorted from
Huh-7 cells cultured in serum-free medium for 7 days under the light microscope. (C) Identification of the phenotype of the hepatocellular CSCs cultured for 7 days in
serum-free medium. (cl) CSCs stained with IgG-PE antibody as isotype control; (c¢2) CSCs stained with anti-CD |33-PE antibody.
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Figure 4 Inhibitory effects of drugs on CD133" cells (A) and CD 133" cells (B) at 48 h measured by CCK-8 assay after treatment. Data are presented as mean * SD from
triple experiments. **P < 0.0, versus free MET.

exhibited the strongest selectively toxicity to hepatocellular CSCs, resulting in proportion of CD133" cells decrease, which
suggests MET and ACNP-MET may inhibit hepatocellular cancer through their preferential effects on CSCs.

Mammosphere formation assay was a standard and a very important approach to characterize stem cell-like properties
in vitro.>”*® According to the current theory of CSCs, the scientists believe that noncancer stem cells will die if they are
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placed in serum-free medium and suspension culture.***' And they had confirmed that mammospheres are enriched in
cells with functional characteristics of stem cells.>® The formation of mammospheres is directly proportional to the
number of self-renewing stem cells, which is sufficient to evaluate the effect of treatment on stem cells.>”***

Figure 5C shows the ability of CD133" cells to form mammospheres when they were treated with ACNP and ACNP-
MET at different concentrations. Under light microscope, the capacity of CD133" cells forming mammospheres treated

with blank ACNP (Figure 5C-b) was conserved as the same as control (Figure 5C-a).
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Figure 5 Inhibitory effects of drugs on the self-renewal capacity of hepatocellular CSCs in vitro. (A) The CDI33 expression of Huh-7 hepatocellular cancer cells after
treatment measured by flow cytometry. (B) Average percentage of CDI133" cells in Huh-7 hepatocellular cancer cells after treatment. *P<0.05, **P<0.01, statistically
significant difference from control; #P<0.05, statistically significant difference from MET. (% + s, n=5). (C) Representative light microscope images of hepatocellular CSCs
growing in sphere medium for 7 days after different treatment (100% magnifications). (a) control; (b) ACNP 500 pg/mL; (c) MET 50 pg/mL; (d) ACNP-MET 50 pg/mL; (e)
MET 100 pg/mL; (fy ACNP-MET 100 pg/mL; (g) MET 200 pg/mL; (h) ACNP-MET 200 pg/mL. (D) MSFE of CD133" cells was calculated as the number of mammospheres
(diameter >50 pm) formed in 7 days. *P<0.05, **P<0.01, statistically significant difference from control; *P<0.05, *P<0.01, statistically significant difference from MET. (% = s,
n=5). (E) Fold-decrease in the MSFE of hepatocellular CSCs mammospheres after different treatment.

ACNP were distributed mainly around or between the hepatocellular CSCs mammospheres and on the surface of the
mammospheres rather than evenly in the culture medium (Figure 5C-b). The mammospheres all lived in good condition
and there were no significant changes in size and morphology (Figure 5C—b) in comparison with control (Figure 5C-a).
Both in MET (Figure 5C—c, e and g) and ACNP-MET (Figure 5C—d, f and h) treated groups, the size and number of
mammospheres gradually decreased with the increment of MET concentration. However, the decrement in size and
number of mammospheres in ACNP-MET treated groups (Figure 5C—d, f and h) was more significant than that in free
MET treated groups (Figure 5C—c, e and g) at the same MET concentration. At 50 pg/mL MET, the mammospheres in
ACNP-MET treated group decreased slightly (Figure 5C—c) while there was no observable decrement in free MET
treated group (Figure 5C—d). At 100 ug/mL MET, the mammospheres in free MET treated group only decreased slightly
without statistical significance (Figure 5C—e) while that in ACNP-MET treated group decreased significantly (Figure 5C—
). At 200 ug/mL MET, the mammospheres almost disappeared in ACNP-MET treated group (Figure 5C—h) while there
were still some mammospheres in free MET treated group (Figure 5C—g). In ACNP-MET treated group, the black
ACNP-MET particles were distributed mainly around or between the mammospheres and on the surface of mammo-
spheres (Figure 5C—d, f and h), just like the distribution of blank ACNP (Figure 5C-b). These results indicated that
ACNP improvement of the effects of MET is dependent on its distribution characteristics.

Figure 5D shows that the MSFE of CD133" cells was decreasing in a dose-dependent manner when they were
cultured in graded concentration of MET and ACNP-MET. It is noteworthy that treatment with 200 pg/mL ACNP-MET
completely inhibited the ability of cells to form mammospheres and MSFE in 200 ng/mL ACNP-MET group was 3 times
lower than that of 200 pg/mL MET, suggesting that the inhibitive effects of ACNP-MET on the growth of hepatocellular
CSCs subpopulations are much stronger than MET (Figure SE). The analysis of CD133" cell in tumors demonstrated the
same results as that in cultured Huh-7 cells. This result is attractive for overcoming cancer recurrence caused by the

presence of this rare cell subpopulation within tumors.
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Figure 6 Inhibitory effects of ACNP-MET on the self-renewal capacity of hepatocellular CSCs in vivo. (A) Flow cytometry. (B) Percentage of CSCs in tumors. (C) Tumor
volume. Data are shown as mean * SD, n =6. *P<0.05, **P<0.01, statistically significant difference from control; #P<0.0|, statistically significant difference from MET.

Effects of Drugs on Hepatocellular Cancer Stem Cells (CSCs) in vivo

The hepatocellular cancer cells generated tumors after 3 weeks. It was indicated by the FACS analysis of these tumors
that the proportion of CD133" cells in control tumors was kept at values similar to those in vitro Huh-7 cells (6.08 +
0.8%). ACNP treated animals had values quite similar to those of normal saline treated animals so we took the values of
ACNP as controls in Figure 5A and B. On the 26th day, there was respectively a 1.4- and 3.4-fold reduction of CD133"
cells in tumors treated with MET and ACNP-MET compared with control (Figure 6A and B). These results demonstrated
that ACNP-MET could especially inhibit the proliferation of hepatocellular CSCs.

Inhibition of the Growth of Hepatocellular Cancer Stem Cells (CSCs) in vivo

Both MET and ACNP-MET had therapeutic effects on the in vivo human hepatocellular cancer tumor xenografts as shown in
Figure 6C. In control animals, the tumors continually grew larger and larger dayly after starting treatment. On the 5th day and
25th day, the tumor volume increased to 73.36 and 203.18 mm? respectively from 54.16 mm®. ACNP treated group showed
that there was no significant decrease in tumor growth. On the 5th day and 25th day, the tumor volume increased from
51.45 mm” to 53.67 and 187.35 cm’ respectively with similar growth speed as that of control animals. Both MET and ACNP-
MET significantly restricted tumor growth (Figure 6C) but ACNP-MET had stronger effects than MET. In both the MET and
ACNP-MET treated animals, the tumor volumes began to decrease. On the 5th day and 25th day, the tumor volumes in the two
groups respectively decreased to 21.3 and 4.85 cm? from the values at beginning of treatment. Although the tumor volume had
similar decreasing curves, the ACNP-MET treated animals had volume growth values smaller than MET at all time points,
suggesting the effects of ACNP-MET tended to be stronger than MET.

Considering the MET and ACNP-MET had inhibitive effects on both hepatocellular cancer cells and CSCs, it is believed
that the therapeutic effects of MET and ACNP-MET are the sum effects of them on the two kinds of cancer cells. In V, the
percentage of CD133" cells (Py) was 10.6%. In V; of MET and ACNP-MET treated tumors, the percentage of CD133" cells
(Py+) were 7.69% and 2.72% respectively. On the 26th day, V(,=203.18 mm?, the volume of CD133™ cells was V. =21.62 mm°,
the volume of CD133  cells was V(=181.56 mm>. In MET treated tumors, Vi=21.3 mm’> , Vu=VP.=0.164 mm’ s
V=V\P.=21.136 mm®, 1,=89.52%. I,,=99.24% and I,.=88.36%. In ACNP-MET treated tumors, V;=4.85 mm>, V-
=0.0012 mm’, V;=4.8488 mm’, [,=97.61%. 1.,=99.99%, 1y.=97.33%. The ratio of Vy, Vi, and Vy_ of MET treated tumor
to those of ACNP-MET treated tumor were respectively 4.39, 136.67 and 4.36, suggesting ACNP-MET’s effect on increasing
MET’s effects on CSCs was far stronger than its effect on increasing MET’s effects on CCCs, although the two kinds of effect
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were both strong in vivo. From these results, it may be said that Iy is largely equal to Iy. rather than Iy, reflecting such
a principle: the effects of drugs on tumor size are finally determined by their effects on CCCs.

Discussion
This paper reported the preparation and effects of ACNP-MET on CSCs, hepatocellular Huh-7 cancer cells, and in vivo
tumors. MET is used to treat type II diabetes and polycystic ovary syndrome. The landmark evidence for the protective

effect of MET in cancer was provided by Evans et al in 2005.*

Later, several other groups reported that MET could
significantly reduce the risk of cancer death in 2013.*3*’ However, there has been scarce literature on the effects of MET
on hepatocellular cancers. Our experiment demonstrated that MET is possibly effective in treatment of hepatocellular
cancers and the mechanism for the therapeutic effects may be through its inhibitory effects on CSCs and common cancer
cells (CCC), while its anti-CSC effects are stronger than its anti-CCC effects. When it was prepared into a nanodrug
delivery system (NDDS) with ACNP as carriers (ACNP-MET), the effects of MET on hepatocellular cancer increased
significantly, regardless of being in vitro or in vivo.

ACNP are porous particles with a broad absorption spectrum for chemicals. It is easy to put chemical particles such as
drugs in the micro holes of ACNP, relying on the adsorption characteristics. ACNP as a cancer drug carrier has special
characteristics in the release of the drugs they carry. ACNP adsorb chemical particles generally by physical interactions and no
covalent bond needs to form between ACNP and adsorbed matters, so that, the adsorbed drugs can easily disintegrate out from
the surface of ACNP again, becoming free drug particles. An outstanding property of ACNP is that the drug concentration
around the carriers is in the dynamic balance with the quantity of the drugs loaded on them and can be correctly calculated in
mathematical equation, as that obtained from our experiments. Thus, it is very favorable to maintain the drug concentration of
local organizations in body through the controlling of drug-loading during preparation.”* MET belongs to small molecule
drug, the relative molecular mass is 165.62. Experiments demonstrated it is easy for MET to be adsorbed in the inside surface
of micro pores of ACNP to build ACNP-MET. The adsorption rate between ACNP and MET is relatively high, ie, the
adsorption saturation was achieved in 4 hours. The maximum dose for this drug delivery system is 256.17 mg/g. The mass
ratio between MET and the ACNP is 1:4. The preparation method is easy and effective.

As shown in Figure 5c, a lot of black particles on the mammospheres are ACNP-MET particles, suggesting ACNP-MET
has good affinity to CSCs in liquid environment, ie, ACNP-MET is not evenly precipitated in the bottom of the culture dish
but tends to be distributed on the surface of mammospheres and can enter the mammospheres, which provides the best proof
for ACNP, as a drug carrier, having tissue targeting effects and it is especially beneficial to use in the killing of cancer cells
and organoid cancer cells in body fluid such as in tissue fluid, hydrothorax and ascites. This kind of orientation mechanism
of ACNP may be related to the hydrophobic interaction between ACNP and small lipid molecules of cell membranes. At the
same time, because ACNP-MET has good drug release properties, there is a dynamic equilibrium between the drug loading
and the concentration around ACNP-MET in the drug particles, which results in the drug concentration around CSCs being
much higher than that in the nutrient solution, which is quite favorable in the development of drug action on cancer cells.
Therefore, compared with the MET group, ACNP-MET had a stronger inhibitory effect on CSCs. It is of significance that
ACNP-MET has affinity for CSCs in the physiological solution. For tumor patients, CSCs and cancer cells may exist in
various kinds of bodily fluids, such as blood, tissue fluid, lymph, pathological pleural effusion, ascites, joint effusion and
local tissue fluid, etc. The affinity of ACNP for CSCs in the fluid is conducive for killing cancer cells in liquid and brings
into full play drugs against recurrence and metastasis because the relapse source must exist in body fluid and the metastasis
must pass through body fluid.

CD133 is a transmembrane glycoprotein. It has been found that CD133 is expressed in hepatocellular cancer cells and
other solid tumor stem cells.’®™' It has been widely used for sorting and identification of CSCs for many solid
tumors.”*>* In our study, CD133" cells sorted from Huh-7 cells could proliferate into mammospheres in the serum-
free medium. At the same time, when they were enzyme dissociated into single cell suspensions, these primary
mammospheres could further generate the secondary. This result indicated that the Huh-7 CD133" cells possess the
characteristics of hepatocellular CSCs.

Previous studies demonstrated that CSCs can escape conventional chemotherapy. Therefore, the drugs with anti-CSC
effects may have stronger therapeutic effects on cancers. ACNP-MET has stronger anti-CSC effect than MET so ACNP-MET
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has more significant therapeutic effects, as the experiment demonstrated, displaying more promise in clinical use. The quantity
and size of mammospheres reflect CSCs’ ability of self-renewal and proliferation.®*° The self-renewal capacity of CSCs is
more powerful and the tumorigenic potential of CSCs is greater. In order to research the effects of drugs on tumorigenic
potential of hepatocellular CSCs we performed the formation of mammospheres in culture, as well as in xenograft
hepatocellular Huh-7 tumors. Results demonstrated that MET has inhibitory effects on both hepatocellular CSCs and CCCs
both in vitro and in vivo. ACNP as carriers in ACNP-MET, significantly increases MET’s effects on CSCs and CCCs both
in vitro and in vivo.

The in vivo effect of drugs on CSCs resulting in inhibition of tumor volumes seems to be difficult to evaluate, because it
is the sum of drug’s effects on CSCs and CCCs, and to form a tumor, CSCs must differentiate into CCCs so that the tumor
size is in fact mainly the outcome of CCC proliferation. Although the effect of drugs on CSCs can be determined in vitro
through cancer cell culture, the quantitative relation between CSC inhibition and tumor size is not clear. To assess the effects
of MET and ACNP-MET on CSCs and CCCs in vivo, we had to establish such a method to analyze in vivo effects of drugs
on CSCs and CCCs through CSC analysis of tumor. The central idea of the method is that the tumor is composed of CSCs
and CCCs without needing to consider the other tissue components. Thus, the tumor volume is separated into two parts, one
of which is occupied by CSCs, which is represented by CD133" cells, and the other is occupied by CCCs, which is
represented by CD133" cells. The volume of CSCs and CCCs in the tumor can easily be calculated from the percentage of
CSCs in the tumor, which can easily be obtained through analysis of the tumor. Using this method for analysis, it was found
that the inhibition rate of MET and ACNP-MET on tumor volume (Iy) is largely equal to their inhibition rate on CCCs (Iy.)
rather than their inhibition rate on CSCs (Iy-), which is obviously higher than Iy, suggesting the in vivo anti-CSC effect of
drugs would be underestimated from Iy. The fact of Iy,.>Iy, for MET and ACNP-MET indicate that the two drugs are more
significant in the prevention of tumor relapse and metastasis than in causing the tumor to decrease.

Up until now, there has been a lot of literature on the mechanisms in nanodrug delivery system (NDDS) increasing the

therapeutic effects of anticancer drugs,>*>° 60.61

29,43,61-65

of which the most important is NDDS’s targeting effects on cancer tissue,
cells and even special molecules.*>**%*%¢ Because ACNP is biologically inert, it is considered that the ability of
ACNP to increase the effects are mainly dependent on its tissue and cell targeting effects. ACNP tended to be
distributed around the cancer cells in culture medium and inside the CSC mammospheres, as the in vitro experiments
demonstrated, providing reliable proof of its tissue- and cell-targeting effects. In vivo, ACNP, with its tissue targeting, carries
MET to tumors and thereby increase the therapeutic effects of MET on tumors. Comparing the effects of ACNP-MET’s
in vitro and in vivo, it may be found that its in vivo effects are much stronger than its in vitro effects, which may be because its

tissue-targeting effect develops a more important role in an animal’s body than in cell culture medium.

Conclusion

In this study, we prepared an ACNP-MET drug delivery system and researched its effects on Huh-7 human hepatocellular
CSCs. Results demonstrated that both MET and ACNP-MET significantly decreased the fraction of CD133" cells in Huh-
7 human hepatocellular cells and in vivo tumors, but ACNP-MET had more significant effects than MET, as shown by
experiments, on the effective of mammosphere formation, the growth of hepatocellular CSC mammosphere, and the
volume of tumor. These results not only suggest that nano drug delivery system increased the effects of MET, but also
shed light on the mechanisms of the therapeutic effects of MET and ACNP-MET on hepatocellular cancers. They can
selectively inhibit Huh-7 hepatocellular CSCs to prevent recurrence and metastasis of hepatocellular cancer in future.
ACNP, as a good nano-carrier, could strengthen the effect of MET by carrying drugs to the micro-environment of
hepatocellular CSCs. The present study provided a starting point of an effective strategy for the treatment of hepatocel-
lular cancers with potential to improve hepatocellular cancer therapy.
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