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RESEARCH ARTICLE

3D bioprinting-based single liver tumor spheroid
analysis for aflatoxin B1-induced drug-resistant
cancer cell

Viet Phuong Cao, Sera Hong, and Joon Myong Song*
College of Pharmacy, Seoul National University, Seoul 08826, South Korea

Abstract

Aflatoxin B1, found in a variety of foods, is a mycotoxin known to cause cancer.
Therefore, humans may be exposed to it through their daily diet. In this study, a
three-dimensional (3D) tumor spheroid model was developed via 3D bioprinting to
examine whetherexposure of HepG2 livertumor spheroids to aflatoxin B1 canincrease
the population of drug-resistant liver cancer cells in a single tumor spheroid. Two
biomarkers, CD133 (prominin-1) and aldehyde dehydrogenase 1 (ALDH1), were used
to identify drug-resistant cancer cells formed in the single liver tumor spheroids. The
induction of drug-resistant cancer cells in the single tumor spheroids was examined
through single spheroid imaging and fluorescence-activated cell sorting (FACS). The
increase of drug-resistant cancer cells, which was caused by aflatoxin B1 in a dose-
dependent manner, was quantitatively monitored at the single tumor spheroid level
using both methods. 3D bioprinting-fabricated single liver tumor spheroid model
successfully determined drug-resistant liver cancer cells caused by aflatoxin B1.

Keywords: 3D bioprinting; Single tumor spheroid imaging; Aflatoxin B1;
Drug-resistant cancer cell

1. Introduction

Cancer stem cells (CSCs) are known to be responsible for tumors’ resistance to
chemotherapies and radiotherapies, which lead to cancer treatment failure and cancer
recurrence. CSCs have recently emerged as one of the most common targets for novel
innovations in cancer therapies'’ . The distinctive characteristics and unique phenotype
of CSCs are acquired as a result of abnormality in many pathways®®, including
STAT3, Wnt/TCEF, or NF-kB. Besides, transcription factors such as KLF4, c-MYC, and
NANOG are overexpressed in CSCs, leading to the ability of metastasis, tumorigenesis,
cell proliferation, and self-renewal, respectively. Among these characteristics,
drug resistance is one of the key features, the mechanism of which involves many
approaches”*l. Common processes include enhanced ATP-binding cassette transporter
(ABC transporter) activity, by which the cells are protected by chemotherapy agents like
doxorubicin or methotrexate, and apoptosis prevention via Rho-ROCK pathway.

The stem-like characteristics of CSCs are preserved and displayed by an array of
markers, which are abnormally expressed because of modification in gene regulations.
For example, CD44, a common marker in many cancer types, has been proven to not
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only enhance cell-substrate interaction and cell response to
stress, but also increase the level of resistance against cancer
therapies®’). Because a certain set of markers uniquely
appear in CSCs rather than normal cancer cells, these
markers can be utilized to distinguish and isolate CSCs
from the entire population of various cancer cell lines!*3.

Aflatoxin B1 is a mycotoxin derived from Aspergillus
flavus and Aspergillus parasiticus. It is widely known as
a carcinogen, particularly for liver cancer, by inducing
a mutation in p53 gene. Its metabolite by cytochrome
P450 enzyme, exo-aflatoxin B1-8,9-epoxide, can link
with guanine and generate an adduct with DNA. The
interference to normal DNA structure by the DNA
adducts can inhibit the activity of tumor suppressor genes.
As a result, cell growth is no longer properly controlled,
and cancer is initiated"*. Aflatoxin B1 has been found
in a wide range of foods, such as corn”, peanuts'®, and
rice!’”). Therefore, it is likely that humans absorb aflatoxin
Bl through their daily diet. Previously, the correlation
between aflatoxin Bl and liver cancer pathogenesis (or
CSC) has been mainly studied using two-dimensional
(2D) cell culture model™®. However, several drawbacks
of 2D cell culture have been highlighted. For example, in
2D cell culture, Birgersdotter et al. indicated that there is
a loss in cell polarity, a pivotal feature of tissue, as well as
an alteration in gene expression””). Moreover, it failed to
preserve the natural morphology of cells and represented
a similarity in the accessibility of cells to media and drug
solutions, as observed in in vivo studies. This explains the
significant difference between the results of in vitro studies
using 2D cell culture and in vivo studies; it also highlights
the need to develop a model relevant to physiological
conditions to simulate biological processes in the body.

In contrast, three-dimensional (3D) cell culture
has been proven to effectively simulate physiological
conditions, particularly the tumor microenvironment.
As the 3D-cultured cancer cells grow into a spheroid
structure, they maintain their natural shape while forming
a tumor-like cluster with inner and outer layers wherein
oxygen, nutrients, and drug gradients form, making
them less accessible to cancer cells in the inner layers®.
Additionally, by allowing cancer cells to grow in a gel-like
structure, 3D cell culture also mimics extracellular matrix
(ECM)™. Previous studies have stated the important
role of ECM in tumor microenvironment (TME)®??, in
which it is the major component of the TME and supports
unique characteristics of CSCs, such as drug resistance!***!
and tumorigenesis®!. Unlike 2D cell culture, which
obviously lacks ECM, 3D cell culture, where cells are
grown in a 3D structure, has a potential to simulate key
features of ECMP. Firstly, ECM, which is composed
by various macromolecules like laminin, collagen, and

proteoglycan®®”, can be similarly created by a mixture of
biocompatible and natural polysaccharide and protein.
Moreover, ECM stiffness, which is critical for metastasis™®,
can be mimicked by cross-linking nature-derived protein
or polymer. Furthermore, the 3D spheroid culture system
is highly biologically relevant to native in vivo states in that
3D spheroids have the vital characteristics such as natural
cell shape, a heterogeneous interface with the surrounding
medium, and similar gene and protein expressions with
the natural in vivo cancers®"\. Therefore, the results
obtained in 3D cell culture model have been observed
to resemble in vivo context, which is reflected by aspects
like higher cell viability®®"*?, higher yield of extracellular
vesicles®, more active drug metabolism®, or higher
levels of stem-like properties and epithelial-mesenchymal
transition (EMT) markers, such as NANOG, SOX2,
CD44, and CD133"), compared to 2D cell culture. To
date, a number of 3D cell culture techniques have been
developed, which can be classified into scaffold-based and
scaffold-free approaches®**”]. Meanwhile, 3D bioprinting
has been widely used in energy harvesting®® ), food
industry®!, tissue engineering**¥, and cell biology™*!l.
In the present study, a scaffold-based 3D bioprinting
in vitro model was developed to quantitatively determine
drug-resistant single cancer cells formed in HepG2 tumor
spheroids following the exposure to aflatoxin Bl. The
HepG2 cancer cell-laden hydrogel consisting of alginate
and gelatin was 3D-bioprinted such that single cancer cells
grown into tumor spheroids were uniformly distributed in
the hydrogel. By using 3D bioprinting, size and shape of
the hydrogel could be precisely controlled, and the porous
structure of hydrogel after crosslinking could serve as an
artificial ECM, where nutrients and soluble factors could
be stored. The hydrogel entrapping cancer cells is allocated
into a consistent cross structure with similar amount by
3D bioprinting, which not only makes the development
of in vitro model less labor-intensive, but also remarkably
enhances reproducibility. Owing to these advantages,
the proposed model is expected to mimic physiological
conditions. The present model is based on the assumption
that human liver cancer patients, who are not aware of the
tumor in their bodies, may be exposed to the carcinogen
aflatoxin B1 through their diet. Particularly, this approach
is greatly significant because it quantitatively evaluates the
extent to which drug-resistant CSCs, which are not easily
killed by anticancer agents, can be formed in single tumor
spheroids when exposed to the carcinogen aflatoxin B1.

2. Materials and methods

2.1. Cell culture
Liver cancer cell line HepG2 from Korea Cell line bank
(No. 30022, Seoul, Korea) was employed for the experiment
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by culturing it in Dulbeccos modified Eagles medium
(DMEM; Gibco, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco) and 1%
antibiotic-antimycotic (Gibco) at 37°C under 5% CO,. To
maintain cell growth, media exchange was conducted every
48 h after washing with phosphate-buffered saline (1x PBS,
pH 7.2, Gendepot, USA). When subculture was needed,
the cells were washed with 1x PBS before detachment with
trypsin (TrypLE Express, Gibco, Denmark) for 5 min.

2.2. Material preparation for 3D bioprinting

To mimic the ECM in tumor microenvironment, gelatin
and alginate were purchased and employed in the
lyophilized powder form. They were dispersed into 1x
PBS at concentrations of 10% and 4% (w/v), respectively.
The mixtures were heated up to 80°C in 7 h; to obtain a
homogenous gel, they were mixed every hour, before being
kept at 37°C. Finally, approximately 2.5 million HepG2
cells, prepared in 0.5 mL of DMEM supplemented with
10% FBS and 1% antibiotic-antimycotic, were added and
mixed gently with the gel, which could be immediately
applied to cell 3D printing.

2.3. 3D printing of mini-well

The CAD program Rhino 6 was used to design 3D mini-
well structure. Subsequently, the design was converted
into stl files for application in the New Creator K V1.57.70
software. Once the file was uploaded and the 3D printer
was connected to the software, the fabrication of the mini-
well was initiated automatically. Briefly, thermoplastic
polylactic acid (PLA) polymer was transformed into a
semisolid form by heating to 210°C, which flowed through
the nozzle as semisolid fiber with a size of 0.2 mm. By
optimizing the filling density and printing speed at 75%
and 10 mm/s, respectively, layer-by-layer printing was
facilitated to form a mini-well that was 4 mm high and
covered an area of 14x14 mm. Each mini-well dish included
nine wells arranged in a 3 x 3 square. An individual well
had a size of 3 x 3 mm.

2.4. 3D bioprinting of cell-laden hydrogel

The 3D bioprinting of HepG2 cells in the hydrogel was
conducted using the same 3D bioprinter and computer
software as in the previous step. In particular, the prepared
mixture of hydrogel and cells was loaded into a 10-mL
syringe and fixed in the dispenser of the 3D bioprinter.
Another stl file encoding the specialized design for gel
printing was uploaded to the computer. Once printing
commander was activated, the printer automatically printed
the cell-laden hydrogel with cross-shaped structures into
all nine individual PLA wells obtained from the previous
step. After the cell-laden hydrogel was completely printed
into the wells, the hydrogel was crosslinked by a 160-mM
aqueous calcium chloride solution for 10 min. The

3D-printed cells were maintained at 37°Cand 5% CO,, with
nutrients provided by DMEM supplemented with 10% FBS
and 1% antibiotic-antimycotic, which was exchanged every
24 h. Their growths were monitored under the bright-field
function of fluorescence microscope (Olympus BX51,
Japan), wherein the diameter measurement is possible.

2.5. Aflatoxin B1 treatment

Aflatoxin Bl was purchased as a 5-mg powder in a
vial (Enzo, Farmingdale, NY, USA). It was dissolved in
dimethyl sulfoxide (DMSO) to give the stock solution with
a concentration of 0.5 mg/mL; subsequently, it was kept at
—20°C. For the treatment on HepG2 tumor spheroids, this
stock solution was diluted in serum-free DMEM to three
concentrations of 1, 2.5, and 5 uM. After a 7-day period
of tumor spheroids’ growth, DMEM supplemented with
10% FBS and 1% antibiotic-antimycotic was discarded,
and the gel structures were washed twice with 1x PBS.
Subsequently, different plates were treated with different
concentrations of aflatoxin BI, along with the control,
which contained only serum-free DMEM. The carcinogen
incubation was performed for 48 h under the condition of
37°Cand 5% CO,.

2.6. Immunostaining for the detection of surface
marker on tumor spheroids

Two important markers are found in the HepG2 liver cancer
cell line. One is CD133, or prominin-1, a transmembrane
glycoprotein that has been widely used to sort out liver
CSCs. The other is ALDHI, a cytosolic enzyme, which
is responsible for intracellular retinoic acid formation?.
Owing to their significant role, this study employed
these two markers to isolate and identify CSCs from the
spheroids. After exposure to aflatoxin B1 at four different
concentrations, the tumor spheroids were washed three
times with 1x PBS. Subsequently, fixation was conducted by
adding 4% paraformaldehyde (PFA) at 4°C to the samples
in 20 minutes, followed by three washes with PBS. In the
next step, permeabilization and blocking were done by
immersing the samples into a 1x PBS solution containing
0.2% Triton-X and 1% FBS for 15 min. Following this,
the samples were stained for 1 h with Anti-Alexa fluor
594 CD133 and Anti-Alexa fluor 647 ALDHI1 antibody
solutions at a dilution rate of 1:200, and then washed thrice
with 1x PBS. Finally, counter-staining was required, using
Hoechst 33258 (Bloomington, MN 55431) at a dilution
rate of 1:500 for 15 min, followed by washing thrice using
PBS. The fluorescence imaging of tumor spheroids was
performed using confocal microscope (TCS SP8, Leica,
Wetzlar, Germany) and LASX software after washing thrice
with 1x PBS. The obtained images were analyzed with
Imaris software (Bitplane, Zurich, Switzerland), whereas
the fluorescence intensity was measured by Metamorph
software (Molecular Devices, San Jose, CA, USA).
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Figure 1. (a) Schematic diagram that depicts the formation of cancer spheroids and drug-resistant cancer cells via 3D bioprinting. Daily measurement of
HepG2 liver tumor spheroids. (b) Numbered spheroids and bright-field images of the same region throughout a 7-day period. (c) Mean spheroid diameter
throughout the period. (d) Diameters of spheroids measured on day 0 (immediately after printing). (e) Diameters of spheroids measured on the 7th day.

(f) Growth percentage of all numbered spheroids.

2.7. Quantification analysis with fluorescence-
activated cell sorting (FACS)

Initially, tumor spheroids were arranged randomly and
maintained in the gel structure. To dissociate tumor
spheroids from the hydrogel, 500 mg of collagenase NB
4G Proved Grade powder was dispersed in 5 mL double
distilled water (DDW) to form a solution. Then, the
collagenase solution was added to the hydrogel containing
tumor spheroids. By incubating the hydrogel in the
collagenase solution for 30 min at 37°C, the hydrogel
structure was totally dissociated. The broken and dissolved
hydrogels, along with the remaining spheroids, were
collected and centrifuged at 1500 rpm for 1 min, and the
supernatant was removed. The residue was dispersed in
Accutase and incubated in 37°C; subsequently, the tumor
spheroids were fully disintegrated into single cells. These
single cells are fixed with 4% PFA at 4°C in 10 min. After
fixation and discarding PFA, the single cells were washed
twice by dispersing in PBS, centrifuging and discarding the
supernatant. Subsequently, single cells were permeabilized
and blocked with a mixture of 0.2% Triton-X and 1%
FBS prepared in PBS for 10 min. In the next step, Anti-
Alexa fluor 594 CD133 and Anti-Alexa fluor 647 ALDHI
antibodies were diluted in a PBS buffer containing 1% FBS,
at a rate of 1:100, and applied to the single cells for 1 h.
Finally, the antibody solution was discarded, and the single
cells were washed with PBS. The single cells were then

dispersed in buffer and applied to a BD flow cytometer for
quantification analysis.

2.8. Statistical analysis

All the quantitative measurements were performed in three
experimental replicates. The collected data are expressed as
mean + standard deviation (SD) from triplicate samples. A
one-way ANOVA with Tukey’s post-hoc test was performed
to identify statistically significant differences.

3. Results

3.1. Development of tumor spheroids in hydrogel
structure

To determine whether the bioprinting approach can
facilitate proper spheroid formation, the diameters of the
spheroids were measured over a 7-day period using the
bright-field microscope. Spheroid images of the same
position were taken every 24 h. Figure 1 shows the growth
of spheroids and related measurement; an increase in the
mean diameter of 18 different spheroids was observed
(Figure 1c). The mean diameter started at an initial value of
18.5 um and increased up to 39.2 pm on the 7th day, which
corresponded to a relative growth of more than 210%. The
growth rate was maintained quite steadily throughout the
study period, despite a slight decrease from the 4th day to
the 5th day. A fluctuation in growth of individual spheroids
was clearly observed (Figure 1d and e). Eighteen different
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Figure 2. Confocal images of single tumor spheroids treated with aflatoxin B1 concentration of (a) 0, (b) 1, (c) 2.5, and (d) 5 uM. The expression of CD133
and ALDHI was indicated by green and red colors, respectively, while the nucleus of single cancer cells was indicated by blue color. (e) Fluorescence
intensities of CD133 and ALDH1 measured from the obtained images as a function of aflatoxin B1 concentration. All scale bars: 10 um. **P < 0.01, **P

< 0.001, ****P < 0.0001.

spheroids showed different growth rate; spheroid number
18 grew up the most significantly by more than 220%,
whereas the least growing spheroid, numbered 12, grew up
by only 42% (Figure le). However, the difference in the size
of spheroids was similar between the first day of 12.4 um
(from 13.1 to 25.5 um) and 7th day of 16.6 um (from 27.2
to 53.7 um). This result suggests that the developed 3D
bioprinting model is an appropriate platform for 3D tumor
spheroid culture, which enabled the cells to grow naturally,
thereby preserving the heterogeneity of the cell population.
Moreover, as revealed in Figure S1 in Supplementary File,
the cell viabilities of tumor spheroids maintained more
than 90% throughout the measurement period. These
results demonstrated that the developed model could keep
the cells alive without any special intervention.

3.2. Single tumor spheroids analysis based on the
expression of cancer stem cell markers

Figure 2 shows the immunostaining results of HepG2
spheroids exposed to four different aflatoxin Bl
concentrations, i.e., 0, 1, 2.5, and 5 uM, on the 7th day. The
blue, green, and red signals indicate cell nuclei, CD133,
and ALDH1 markers, respectively. The positivity of both
CD133 and ALDH1 markers was partially shown in single
cells of single HepG2 spheroids (Figure 2). The extents to
which they were expressed increased as the concentration
of treated aflatoxin B1 increased. CD133 is expressed on the

HepG2 cell surface, while ALDHI exists in the cytosol of
HepG2 cells. Therefore, in HepG2 cells where both markers
are found, an absolute overlap of these two markers cannot
be detected. Instead, the fluorescence image of CD133
surrounds that of ALDHI1. As revealed by the images of
single spheroids, in the control, the fluorescence images
of CD133 and ALDHI were shown in a small region of
the single spheroids, whereas the fluorescent images were
expanded to a much larger region of the single spheroids
at an aflatoxin Bl concentration of 5 uM. In detail, the
average fluorescence intensities of two expressed markers
were measured over the whole single spheroid surface.
Table 1 displays the fluorescence intensity of the obtained
images; both increased gradually from the control to the
aflatoxin B1 concentration of 5 uM. In comparison to the
control, wherein the average intensities of CD133 and
ALDHI1 were 11.6 and 14.5, respectively, the aflatoxin Bl
concentration of 5 UM caused nearly three times increase
in the average intensities of CD133 and ALDHI1 (35.4
and 43.7, respectively) (Figure 2e). The increment in
fluorescence intensities of CD133 and ALDH1 markers
revealed that the drug-resistant properties of single HepG2
tumor spheroids were enhanced as a result of aflatoxin Bl
treatment.

The number of single CSCs formed by exposure
to aflatoxin Bl was determined at the single tumor
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Table 1. Fluorescence intensity of the obtained images

Group CD133 intensity Average ALDH]1 intensity Average
Aflatoxin B1 0 uM 1 16.75 11.59 12.71 14.26
2 10.36 14.98
3 8.09 9.81
4 10.99 18.43
5 15.92 16.08
6 7.46 13.55
Aflatoxin B1 1 uM 1 10.74 20.13 23.43 24.16
2 13.29 18.51
3 26.45 18.45
4 22.94 31.25
5 21.6 27.85
6 25.81 25.49
Aflatoxin B1 2.5 uM 1 22.51 27.01 21.3 29.33
2 17.58 22.79
3 27.22 21.87
4 27.74 35.06
5 31.53 36.51
6 35.53 38.5
Aflatoxin B1 5 M 1 19.03 35.38 28.96 43.70
2 40.96 47.48
3 32.82 39.21
4 39.65 56.24
5 35.05 42.03
6 44.79 48.31

spheroid level as a function of aflatoxin B1 using confocal
microscopic imaging (Figure 3). Unlike above results
(Figure 2), Figure 3 presents individual heterogenic
response of single cancer cells in a single tumor spheroid
to the carcinogen aflatoxin B1. The drug-resistant single
cancer stem cell in the single spheroid was identified by the
simultaneous expression of CD133 and ALDHI, which are
shown in green and red, respectively. The yellow dots in
the single spheroids corresponded to the single CSC. Each
single cell in the single spheroids, denoted as gray dots, was
identified by staining of their nuclei with Hoechst 33342.
The total number of single cancer cells in a single spheroid
was automatically calculated by a specific function of the
IMARIS software that recognizes and counts the gray
dots. The left images in Figure 3 show the total single
cancer cells marked as gray dots in the single spheroids.
The middle images in Figure 3 show CD133 and ALDHI
expressed in the single cells of left images. Considering
the positivity of two markers, the right images present
the drug-resistant single CSCs marked as yellow dots. The
correlation between the formation of drug-resistant CSCs

and aflatoxin B1 treatment could be deduced by counting
CSCs and determining their proportion over the total
number of cancer cells in a single spheroid. The average
CSC percentage in the single spheroids increased gradually
when the aflatoxin B1 concentration increased (Figure 3e).
It was determined to be 31% at aflatoxin B1 concentration
of 5 uM, compared to 6.6% in the control. This result offers
a clear insight into the effect of aflatoxin B1 on induction
of drug-resistant CSCs at the single tumor spheroid level.
Interestingly, the entire population of single cancer cells
in single spheroids diminished as the concentration of
aflatoxin B1 increased (Table 2).

3.3. Analysis of cancer stem cells via fluorescence-
activated cell sorting

FACS analysis was employed as another method to
examine the induction of drug-resistant single CSCs by
aflatoxin B1 at the single spheroid level. FACS can detect
single cancer cells isolated from single tumor spheroids
fabricated via 3D bioprinting. After a 7-day period of
growth, because cancer cells existed as spheroids where
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Figure 3. Representative images of spotted CSCs (indicated by yellow dots) and non-CSCs (indicated by gray dots) in single HepG2 spheroids treated with
aflatoxin B1 concentrations of (a) 0, (b) 1, (c) 2.5, and (d) 5 uM. (e) Mean percentages of CSCs counted from obtained single spheroid images as a function

of aflatoxin B1 concentration. All scale bars: 10 pm. *P < 0.05, **P < 0.01.

Table 2. Number of cells counted manually from acquired imaging data

Group Total cells CD133*ALDH1* cells %CSC Average %CSC
Aflatoxin B1 0 uM 1 47 3 6.4% 6.63%
2 53 3 5.7%
3 64 5 7.8%
Aflatoxin B1 1 uM 1 41 5 12.2% 13.33%
2 22 3 13.6%
3 28 4 14.2%
Aflatoxin B1 2.5 uM 1 33 7 21.2% 19.19%
2 27 5 18.5%
3 28 5 17.9%
Aflatoxin B1 5 uM 1 18 4 22% 29%
2 15 6 40%
3 17 4 23.5%

cancer cells were attached to each other, collagenase NB
4G was utilized to disintegrate them into single cells so that
flow cytometric analysis was possible. Figure 4 displays
the result of FACS analysis for 10,000 single cancer cells
disintegrated from HepG2 spheroids treated with the
aforementioned concentration range of aflatoxin BI.
In each graph, the horizontal and vertical axes indicate
ALDH1 and CD133 emission, respectively. Based on
the fluorescence intensities of ALDHI and CD133,

single cancer cells were divided into four different types,
corresponding to four quarters of the graphs. The upper-
right quarter represented cancer cells positive for both
CD133 and ALDH], which signified CSCs defined by this
study. As shown in upper-right quarter, the average CSC
percentage in the entire isolated single cancer cells clearly
increased as the concentration of aflatoxin Bl increased.
At the control, CSCs accounted for approximately 6% of
the whole population. As the concentration of aflatoxin
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Figure 4. FACS analysis of CSCs isolated from HepG2 spheroids treated with aflatoxin Bl concentrations of (a) 0, (b) 1, (c) 2.5, and (d) 5 uM;
(e) percentages of CSCs in HepG2 spheroids at four different aflatoxin B1 concentrations by FACS analysis. *P < 0.05, **P < 0.01, ***P < 0.0001.

Bl increased, the CSCs increased to 12.4% of the whole
population at aflatoxin B1 of 1 uM, and further increased
to 15% at aflatoxin B1 concentration of 2.5 uM. At aflatoxin
B1 concentration of 5 uM, the number of CSCs increased
to 20.3% of the total population. This result was consistent
with the result obtained through confocal imaging of
single spheroids.

4. Discussion

In 2020, liver cancer is estimated to account for 4.7% of the
total new cancer cases globally, and it became the third most
lethal cancer type, contributing to 8.9% of total deaths™.
Moreover, the current therapeutic strategies for liver
cancer have become more demanding due to resistance™,
and such problems have been mainly attributed to CSCs*l.
Regarding drug discovery, CSC is also one of the heated
obstacles to new therapies®. Many toxins only target
growing cancer cells and cell cycle, but their efficacies were
not promising as expected since they are avoided by slowly
dividing and dormant CSCs!".. Meanwhile, CSC markers
have been observed to exist on normal stem cells, human
embryonic stem cells, or human tissues”. Antibody-drug
conjugates (ADC) may be unable to distinguish targeted
cells from healthy ones, leading to adverse effect and
toxicity. Likewise, therapies targeting signaling pathways
like Wnt, Notch, or Hedgehog also face similar challenges,
since these cascades also progress in normal stem cells®.
Moreover, approaches involving epigenetic processes and
quiescent CSCs are limited due to a lack of knowledge
about their function in CSC biology.

To date, CSCs have been defined by their clinical
relevance and roles in cancer pathogenesis, rather than
their biological characteristics*®. Therefore, there is no
fixed standard in terms of which surface markers must
be expressed in CSCs, leading to differences in how
various studies determined whether a cell population
can be classified as CSCs or not. For example, Nguyen
et al. utilized HepG2 cells and employed only the CD133
marker as the indicator for CSC isolation™”. However,
sorting CSCs using only one type of marker may not
yield clinically significant result. In 2021, by reviewing
the expression of CSCs marker in the literature, Dzobo
et al.'*¥ revealed that the expression of only one individual
marker was not considerably correlated with prognosis. In
other words, classifying CSCs based on at least two markers
should be recommended. In the present study, we selected
CD133 and ALDH1 markers as the indication for sorting
liver CSCs because of their significant roles in displaying
CSC features. While CD133 is involved a number of
pathways related to drug resistance® ), ALDH1 is critical
for oxidizing intracellular aldehydes® and facilitates cell
proliferation'!. The relative amount of approximately 6%,
reflected by analysis using both confocal imaging and flow
cytometry, suggests that this selection was appropriate to
the proposed hypothesis of CSCs, which states that they
are a rare population in tumors.

Aflatoxin Bl has been widely recognized as a
carcinogen. Aflatoxin B1’s metabolite, exo-aflatoxin B1-8,9-
epoxide, can lead to various mutations in the p53 protein,
among which the mutation at the third base codon 249 is
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the most significant in cancer pathogenesis'®!. However, its
role as a CSC inducer has not been thoroughly investigated.
Kawasaki et al. isolated hepatoma K2 cells from rat
exposed to aflatoxin B1'. They found that 89% of cell
population was occupied by CSCs, while stemness genes
such as sox2, nanog, and klf4 were remarkably expressed.
In addition, by treating HepG2 cells with various aflatoxin
B1 concentrations and sorting out CSCs based on surface
markers, Ju et al. confirmed a similar result regarding
the ability of aflatoxin Bl ability to induce CSCs!'l.
Nonetheless, both aforementioned findings were observed
in 2D cell culture, which has been proven to have numerous
limitations, making it clinically less significant. This study,
which examines the phenomena in 3D tumor spheroid, may
offer a novel and more remarkable insight into the actual
effects of aflatoxin B1 on the formation of CSCs in a tumor.

In this study, two methods were employed to determine
the presence of CSCs. Regarding single spheroid imaging,
the analysis at the single-cell level indicated that the higher
the aflatoxin B1 concentration for treatment, the lower the
cell number in a spheroid. This could be attributed to the
dual influence exerted by aflatoxin B1. Specifically, aflatoxin
B1 notonlyinduces CSCsbut also causes DNA damage. This
phenomenon is more evident at higher concentrations®.
This could also explain the deviation between the results
obtained from single spheroid imaging and FACS in the
present study. In the results of single spheroid imaging
and FACS, similarities could be observed in the control
and low dose-treated samples. However, the difference
in the number of CSCs acquired by FACS and imaging
became more noticeable as the concentration of aflatoxin
Bl increased. Indeed, as the tumor spheroids had a smaller
number of single cancer cells, the percentage of single CSCs
obtained by the spheroid imaging showed higher values of
19.2% and 29% at aflatoxin Bl concentrations of 2.5 and
5 uM, compared to 15% and 20.3%, respectively, acquired by
FACS analysis at identical aflatoxin B1 concentrations. This
is attributed to the growth of single tumor spheroids being
significantly inhibited by the DNA-damaging aflatoxin B1,
and this phenomenon occurs more frequently at higher
concentrations of aflatoxin B1. As a result, Table 2 shows
that there was smaller population of single cancer cells in
single spheroids at higher concentrations of aflatoxin B1. In
addition, owing to the growth-inhibiting effect of aflatoxin
B1, more single cancer cells fixed in the hydrogel were
observed. They could not be distinguished and excluded
through the FACS analysis, although they could contribute
to the entire population, regardless of which markers
they expressed. However, it was obvious that the increase
in the number of drug-resistant CSCs as the aflatoxin Bl
concentration increased showed an identical tendency in
both spheroid imaging and FACS analysis. This similar

tendency proved that single tumor spheroid imaging,
like the frequently used FACS analysis, could also be an
effective method for investigating the correlation between
liver CSCs and the carcinogen aflatoxin B1. Furthermore, it
should be noticed that single tumor spheroids for imaging
and FACS analysis were fabricated by 3D bioprinting. The
present study clearly demonstrated the possibility of drug-
resistant CSCs forming in a single liver tumor spheroid
by exposure to aflatoxin Bl carcinogen. A single tumor
spheroid can correspond to a human patient having liver
tumor based on the fact that the patient may be exposed to
aflatoxin B1 through daily diet.

5. Conclusion

In the present study, we developed a 3D tumor spheroid
model fabricated via 3D bioprinting to monitor the formation
of liver CSCs induced by aflatoxin B1. CSCs were observed
using single tumor spheroid imaging and FACS analysis.
After using both methods, a correlation between aflatoxin Bl
dose and CSC level was observed: the higher the aflatoxin Bl
concentration for treatment, the higher the number of CSCs
could be detected. The similarity between the detailed results
of two methods suggests the suitability of 3D bioprinting-
based single tumor spheroid analysis for quantification of
drug-resistant single liver CSCs induced by aflatoxin B1.
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