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Comparative Study between the 3D-Liver Spheroid Models
Developed from HepG2 and Immortalized Hepatocyte-Like
Cells with Primary Hepatic Stellate Coculture for Drug
Metabolism Analysis and Anticancer Drug Screening

Arunsajee Sae-be, Teerawat Wiwatpanit, Thaveechai Varatthan, Thanaphon Namporn,
Sasiwat Laungkulldej, Ratthiya Thiabma, Atchara Jaiboonma, Khanit Sa-ngiamsuntorn,
Daniel Elson, Alexandra E. Porter, Korbtham Sathirakul, Suradej Hongeng,*
and Pakatip Ruenraroengsak*

Liver spheroids may be the best alternative models for evaluating efficacy and
toxicity of the new anticancer candidates and diagnostics for hepatocellular
carcinoma (HCC). Here, novel 3D-liver spheroid models are constructed from
human hepatoma cells (HepG2)/ immortalized human hepatocyte-like cells
(imHCs) with primary hepatic stellate cells (HSCs) coculture using the
ultralow attachment technique. Spheroid morphology, HSC distribution,
metabolic activity, protein expressions, and drug penetration are evaluated.
All developed 3D spheroid models exhibit in spherical shape with narrow size
distribution, diameter between 639–743 (HepG2-10%HSC) and 519–631
(imHC-10%HSC) µm. Both imHC mono and coculture models significantly
express normal liver biomarkers at the higher level than HepG2 models. While
3D-HepG2 models significantly exhibit HCC biomarkers at the higher level
than imHC models. HepG2 and imHC spheroids express basal cytochrom
P450 (CYP450) enzymes at different levels depending on cell types, culture
period, and ratio of coculture. Their metabolic activities for dextromethorphan
(CYP2D6) tolbutamide (CYP2C9) and midazolam (CYP3A4) are routinely
evaluated. For midazolam metabolism, imHC models allow the detection of
phase II metabolic enzymes (UGT2B4 and UGT2B7). The presence of HSC in
HepG2-HSC model increases biological barrier for doxorubicin (DOX)
penetration, and escalates IC50 of DOX from 61.4 to 127.2 µg mL−1.
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1. Introduction

Liver cancer is currently the third lead-
ing cause of cancer-related death with over
900000 new cases diagnosed worldwide in
2020.[1] Hepatocellular carcinoma (HCC) is
a major primary liver cancer worldwide ac-
counting for approximately 75%–80% of all
cases.[2] Several studies have revealed that
the 2D cancer model failed to recapitulate
the complexity of solid tumor and their mi-
croenvironment causing the low success
rate, approximately 5%, of new anticancer
entities in clinical studies.[3] Furthermore,
the discrepancy between in vitro and in vivo
of the traditional 2D culturemodels has pro-
voked the development of an alternative in
vitro model for anticancer drug screening.
Over the past decades, in vitro 2D liver

models have played a vital role in drug
discovery and drug development processes
including the analysis of pharmacokinet-
ics, pharmacological, and toxicological pro-
files. 2D-primary human hepatocytes (2D-
PHHs) have been considered as the gold
standard in vitro model for drug-induced
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hepatoxicity analysis because they reflect the native phenotypes
and functions of the normal human liver.[4–5] In addition, the
U.S. FDA has recommended the utilization of the 2D-PHH cul-
ture as a practical model for in vitro drug interaction studies.[6]

However, the drawbacks of the conventional 2D-PHHs include
the de-differentiation, the rapid loss of hepatocyte-specific func-
tions, the short lifespan of PHHs, and a large variation in cel-
lular functions among donor subjects, especially in metabolic
enzyme activities.[7,8] To overcome the disadvantages of the 2D-
PHHs, the 3D culture may be the best alternative model in pre-
clinical drug discovery and screening. Spheroid and organoid are
3D cultures constructed by an aggregation of at least one cell type.
They can resemble the in vivo model due to cell–cell and cell–
extracellular matrix (ECM) interactions which promote physio-
logical functions and represent pathological features depending
on cell types.[9] While growing PHHs in a 3D coculture between
PHHs and nonparenchymal liver cells (NPCs), the 3D-HPPs are
able to detect 69% of all hepatotoxic compounds without pro-
ducing any false positive results (100% specificity).[10] The co-
culture spheroids between PHHs and NPCs, including Kupffer
cells (KCs), biliary cells (BCs), and hepatic stellate cells (HSCs),
demonstrate phenotypically stable and retain morphology, via-
bility, and hepatocyte-specific functions for long-term culture.[11]

Nevertheless, 3D-PHHs have their own challenges such as the
complicated culture techniques, the variation in growing proto-
cols and excessive cost.[12] In fact, an interdonor variability has
recently been observed in 3D-PHHs.[7]

Apart from PHH models, stem cell-derived hepatocyte-like
cells and hepatoma cell lines (such as HepG2) are promising al-
ternative cell sources for in vitro liver model because they are
commercially available and easy to maintain.[4,5] The hepatocyte-
like cells can be differentiated from pluripotent stem cells (iP-
SCs) and mesenchymal stem cells (MSCs) using transduction of
transcription factors together with the treatment of growth fac-
tors and cytokines. However, the hepatic functions, such as drug
metabolism capacity, of the 2D hepatocyte-like cells are known
to be lower than those of the 2D-PHHs.[13,14] Therefore, the 3D
hepatocyte-like cells have been developed in both monoculture
and coculture with endothelial cells (ECs) to improve hepatocyte
maturation. Although the expressions of the liver functions in-
cluding albumin (ALB), hepatic transporters, and metabolic en-
zymes in the 3D hepatocyte-like cells have been observed to be
higher than those in the 2D culture, their metabolic activities for
U.S. FDA recommended drug have never been observed.[15–17]

2D HepG2 culture has currently been used as the in vitro
liver model for screening drug-induced liver injury. Compared
to PHHs, HepG2 cells exhibit poor expression and low activ-
ity of drug-metabolic enzymes which hinder the monitoring
of metabolism-dependent toxicity.[18,19] 3D-HepG2 monoculture
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has been reported to improve hepatic functions in comparison to
the conventional 2D-HepG2 culture.[20,21] The developed cocul-
ture system of 3D-HepG2-NIH/3T3 spheroids has been reported
to enhance intrinsic secretion of albumin in long-term culture,
but other liver functions including hepatic transporters and drug
metabolism activities have not been entirely investigated.[22] Fur-
thermore, for in vitro cancer model, 2D cultures using cancer
cell lines have been a standard in vitro model for the current an-
ticancer drug discovery research. 3D spheroids constructed from
human cancer cells could be the versatile models for screen-
ing novel anticancer drugs because they represent both cellu-
lar heterogeneity and avascular tumor architecture, which pro-
mote chemoresistance, invasion, and migration in cancer. 3D-
HepG2 cultures exhibit strong resistance to anticancer drugs[23]

and the cocultures between HepG2 cells and HSC enhance the
expression collagen type I (COL1) and matrix metallopeptidase 9
(MMP9) which act as a physical barrier and promote migration,
respectively.[24]

HSCs play critical roles in both liver physiology and hepa-
tocarcinogenesis. HSCs localize in the subendothelial space of
Disse and interpose between liver sinusoidal endothelial cells
and hepatocytes. They are usually accounted for 5%–10% of all
liver-resident cells. In normal liver, quiescent HSCs are known
as vitamin A-storing cells. During liver injury, HSCs are activated
and transformed tomyofibroblasts which are proliferative and re-
sponsible for collagen production.[25,26] Activated HSCs (aHSCs)
support the reconstruction of liver structure and the improve-
ment of liver function after liver injury by producing growth fac-
tors and ECM. However, excessive activation of HSC activation,
inflammatory cytokines, and pro-angiogenic mediators can lead
to the development of HCC.[27,28] Thus, to understand the inter-
play between hepatocytes and HSCs in normal liver as well as
hepatoma cells and HSCs in HCC, the effects of HSCs on the
coculture system must be comprehensively studied.
We hypothesized that the 3D construction of coculture be-

tween imHCs together with HSCs could enhance hepatic pheno-
types and functions by increasing cell–cell interactions and recre-
ate cell–cell junctions.[17] In addition, oxygen (O2) gradient in the
3D spheorids may attribute to functions of hepatocytes in 3D
model.[29,30] We also hypothesized that the 3D-HepG2-HSC co-
culturemodels could presentHCC characteristicsmore than that
of the 3D-HepG2 monoculture because the crosstalk between
HepG2 andHSCs could increase liver cancer biomarkers relating
to in vivo HCC as well as the reconstruction of biological barri-
ers in the spheroids to resist anticancer drugs. Here, the mes-
enchymal stem cell derived-immortalized hepatocytes like cells
(imHCs) established in the previous report[14] were fabricated
both monoculture and coculture with HSCs using the ultralow
attachment (ULA) method. HSCs ranging from 5% (Co5%),
10% (Co10%), and 15% (Co15%) were cocultured to study the
interaction between imHCs and HSCs on hepatic maturation
and functions. Similarly, HepG2monoculture and HepG2 cocul-
ture with HSCs were developed and compared between mono-
and coculture systems and between different cell type systems.
Both mono (HepG2/imHCs) and coculture (HepG2/imHCs and
HSCs) models were investigated on spheroid morphology, cell
distribution, oxygen gradient, and functions. All native liver char-
acters and liver cancer biomarkers were determined and moni-
tored throughout the 3D model developing process. To fulfill the
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Figure 1. Spheroids morphology and cell distribution: Confocal fluorescent images demonstrated morphology and cell distribution at day 14 of A–C)
3D-HepG2 and D–F) imHC coculture with 5%, 10%, and 15%HSCs at day 14. Nuclei (H; Hoechst 33342), Cytokeratin 18 (CK18; a hepatocyte biomarker),
and 𝛼-smooth muscle actin (𝛼-SMA; an aHSC biomarker), Scale bars are 100 μm.

hepatocyte function, formations of drug metabolites were mea-
sured. The developed 3D spheroids were finally used for the an-
ticancer screening using doxorubicin (DOX) as a model drug .

2. Results and Discussion

2.1. Cell Distribution within 3D-Liver Spheroids, Size
Distribution, and Morphology

Either imHCs or HepG2 were seeded into the 96-well ULA plates
to develop the 3D-monoculture model. Coculture spheroids
were fabricated by seeding 5% (Co5%), 10% (Co10%), and 15%
(Co15%) of HSCs together with imHCs or HepG2 in the 96-
well ULA plates. After seeding the cells in 96-well ULA plates for
48 h, the cells aggregated and formed spheroids. The distribution
of HSC within the 3D coculture spheroids was observed from
day 7 to day 14 by immunofluorescent technique. Alpha-smooth
muscle actin (𝛼-SMA) representing an aHSC biomarker was em-
ployed to identify HSCs in the 3D coculture systems.[31,32] HSCs
spontaneously undergo an activation process during cultivation
as they cannot be maintained quiescent phenotypes at in vitro
condition.[32,33] Both imHC and HepG2 were determined us-
ing cytokeratin18 (CK18), a hepatocyte-specific biomarker.[14,34]

The distribution of aHSCwas homogeneously observed through-

out coculture of imHC/HepG2 spheroids from day 7 to day 14
(Figure 1A–F, Figures S1 and S2, Supporting Information).
The diameter (Feret’s diameter) and sphericity index (SI) of the

developed spheroids (Figure 2A–F) were measured to investigate
the morphological changes during spheroid growth from day 7
to day 14. Spheroid diameters of each group were highly uniform
(Figure 2A,B,D,E). The diameters of the developed spheroids
both mono and cocultures increased in a time-dependent man-
ner (Figure 2A,D). There was significant difference in diameters
between monoculture and cocultures of both cell types, *p <

0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001, n = 3 (five
spheroids each, total 15 spheroids, Figure 2A,D). Due to high
proliferation rates of cancer cells,[33] 3D-HepG2 monoculture ex-
hibited the largest size, 736.41 ± 57.03 μm compared with other
types of spheroids at day 14 (Figure 2A). Sizes of 3D-HepG2 and
3D-imHC cocultures were remarkably smaller than that of the
monocultures because the presence of aHSCs could increase
the compactness and density of the spheroids.[35] Similarly,
sizes of 3D-imHC coculture spheroids with 15%HSCs exhibited
the smallest size among 3D-imHC spheroids (Figure 2D). SI
is used to classify the spherical (SI ≥ 0.90) and nonspherical
morphology of spheroids (SI < 0.90; irregular shape such as rod,
ellipsoidal, 8-shaped, etc.).[36] At day 14, the SI values of both
3D-HepG2 and 3D-imHC spheroids were slightly decreased
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Figure 2. Spheroids morphology and cell distribution: diameter (Feret’s diameter; A, D) and sphericity index (SI; B, E) of the developed A,B) HepG2 and
D,E) imHCmono and coculture spheroids were compared. The diameters of HepG2 and imHCmonoculture models were larger than the coculture (5%,
10%, and 15%HSCs). Both mono and coculture of 3D-HepG2 and 3D-imHC demonstrated the largest size at day 14. Mean of SI of 3D-imHC andHepG2
mono and coculture spheroids was higher than 0.90 over 14 d. Mean ± s.d, two-way ANOVA, *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001, n
= 3. C) The SI of two from 15 spheroids of 3D-HepG2 coculture with 15%HSCs at day 14 was lower than 0.9 (SI = 0.883 in B) defined as nonspherical
shape. In contrast, the SI of 3D-imHC coculture with 15%HSCs at day 14 was higher than 0.9 defined as spherical shape (E-F). 3D-projection images of
C) 3D-HepG2 and F) imHC coculture with 15%HSCs at day 14 were reconstructed by ReViSP.[36] BF = Bright field.

compared to day 7 (Figure 2B,C,E,F). The spheroids of imHC
monoculture (SI = 0.954–0.994) and coculture models (SI =
0.950–0.993) were found in spherical shapes (SI ≥ 0.90) for 14
d whereas nonspherical shapes (SI = 0.883; irregular shapes)
were also observed in some populations of the HepG2 coculture
models with 15%HSCs at day 14 (Figure 2C) due to uncontrol-
lable cell proliferation and disorganized growth of cancer cells.
Spheroids with the irregular shape may impact on the penetra-
tion of drug substances resulting in large variability in in vitro
assays.[36]

2.2. Protein Expression of Liver-Specific Biomarkers

As mentioned in the results of cell distribution part, the expres-
sion of CK18 was observed in both 3D-imHC and 3D-HepG2
spheroids (Figures S3 and S4, Supporting Information) indicat-
ing that imHC and HepG2 possessed the hepatocyte phenotype
in the developed 3D structures. To completely resemble hepato-
cyte polarity and liver sinusoidal architecture, multidrug resis-
tance protein 2 (MRP2, Figures S5 and S6, Supporting Infor-
mation), cytokeratin 19 (CK19, Figures S7 and S8, Supporting
Information), and zona occluden-1 (ZO-1; tight junctions [TJs],
Figure 3) were employed to identify hepatic transporters, biliary

cells, and cell–cell junction, respectively.[12,37] The observation of
TJ formation may help to indicate the structural polarity liver
polarity in the developed 3D models. The structural polarity in
normal liver, the bile canaliculi are functionally sealed by TJs. In
contrast, TJ dysregulation has been observed in chronic liver dis-
ease and HCC.[38,45] The presence of ZO-1 (Figure 3) could in-
dicate the liver sinusoidal architecture in both 3D-HepG2 and
3D-imHC spheroids.[38,46] However, the strong signal of the junc-
tion between imHC/HSCs and HepG2/HSCs was not observed
in the coculture systems (Figure 3). At different culture periods,
both developed 3D-HepG2 and 3D-imHC models expressed all
biomarker proteins at day 7 and remained for 14 d (Figure 4; Fig-
ures S5 and S8, Supporting Information), but the different lev-
els of protein expression depended on cell types, culture period,
and ratio of coculture. The protein expression levels, MRP2 and
CK19, were measured and compared by mean fluorescent inten-
sity (MFI) between mono and coculture from day 7 to day 14 as
seen in Figure 4.
MRP2, a canalicular efflux transporter, locates at the canalic-

ular (apical) membrane of hepatocytes to transport drugs
and drug metabolites from blood into bile.[38] Both HepG2
and imHC mono and coculture models expressed MRP2
from day 7 (Figures S5 and S6, Supporting Information).
The highest MRP2 expression in 3D-HepG2 monoculture
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Figure 3. Tight junctions (TJs) in 3D liver spheroids: confocal fluorescent images demonstrated TJs using zona occludin1 (ZO1) at day 10 of A–D) 3D-
HepG2 and E–H) imHC coculture with 5%, 10%, and 15%HSCs. Nuclei (H; Hoechst 33342), Zona Occludin1 (ZO-1; a hepatocyte biomarker), 𝛼-smooth
muscle actin (𝛼-SMA; an aHSC biomarker), Scale bars are 100 μm for 10×magnification and 10 μm for 63×magnification.

Figure 4. A,B) Expression of MRP2 and CK19 in 3D-liver models: mean fluorescent intensity per area (mm3) of MRP2 expressed in 3D-HepG2 and
3D-imHC models and C,D) expressions of CK19 biomarkers in 3D-HepG2 and 3D-imHC models; the results were compared between the mono and
coculture models. HepG2 coculture with 15%HSCs and imHC coculture with 10%HSCs exhibited the highest levels of MRP2 expression at day 7 and
day 10, respectively. In contrast, at day 7, HepG2/imHC coculture with 5%HSCs exhibited the highest levels of CK19. Mean ± s.d, two-way ANOVA, *p
< 0.05, **p < 0.005, ***p < 0.005, ****p < 0.0001, n = 3.

spheroid was observed at day 14, while, the level of MRP2
expression in 3D-HepG2 coculture models was at the highest
at day 7, and the expression was significantly reduced over the
time of observation comparing to 3D-HepG2monoculturemodel
(Figure 4A). Recent reports indicated that the high expression of
MRP2 relates to chemoresistance in HCC patients resulting in

low efficacy of HCC treatment.[39,40] Therefore, the current devel-
oped 3D-HepG2 coculture model may be useful for studying the
mechanismof drug resistance and predicting efficacy of novel an-
ticancer drugs for HCC treatment. The highest MRP2 expression
in 3D-imHCmono and coculture models was observed at day 10
(Figure 4B). The imHCs with 10%HSCs considerably exhibited

Adv. Therap. 2022, 2200169 2200169 (5 of 16) © 2022 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 5. Albumin production in 3D-liver models using ELISA: The cumulative production of ALB in A) 3D-HepG2 and B) 3D-imHC models, the results
were compared between mono and coculture models at day 5 to day 14. The ALB productions of 3D models were continuously increased from day 5
to day 14 in both types. ALB production in monoculture of 3D-HepG2 and 3D-imHC models was not significantly different from the coculture models.
Mean ± s.d, two-way ANOVA, *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001, n = 3.

higher level of MRP2 expression than that of monoculture model
from day 7 to day 14 (Figure 4B). In normal liver, hepatobiliary
elimination is a major clearance pathway that dictates drug phar-
macokinetics. MRP2 plays a vital role in to efflux not only anionic
drugs but also conjugated-drugmetabolites including conjugated
bilirubin from hepatocytes into canaliculi. Thus, the high expres-
sion of MRP2 may affect the clearance of MRP2 drug substrates.
While the inhibition of MRP2 in the hepatocytes can causes toxic
accumulation of drugs and conjugated bilirubin.[41] Thus, 3D-
imHC spheroids might be further used to predict substrates or
inhibitors mediated MRP2.
To further confirm formation of bile duct, CK19, a biomarker

of bile duct epithelial cells, were observed in 3D-liver models.[12]

(Figures S7 and S8, Supporting Information). All models ex-
pressed CK19 at day 7, and the expression levels decreased to-
ward culture period of 14 d (Figure 4C,D). Results demonstrated
the highest expression of CK19, at day 7, in 3D-HepG2 (mono
and co5-15%). The coculture models of 5% and 15% significantly
exhibited higher levels of CK19 than the 3D-HepG2 monocul-
ture model (Figure 4C,D). While the level of CK19 in 3D-imHC
(mono and co5% and co15%) showed the highest expression at
day 7 and at day 10 in 3D-imHC with 10%HSCs. Both MRP2
and CK19 expressions revealed hepatocyte polarity phenotypes
and the structure of bile canaliculi within the currently developed
spheroid models.[12,37,38]

CK19 is also acknowledged as a marker of progenitor cells and
tumor stem cells. CK19-positive area in HCC is associated with
poor tumor differentiation, tumor recurrence and metastasis,
as well as poor prognosis.[42] CK19 has recently become an im-
munohistological marker for poor prognosis in HCC patients.[43]

High expression of CK19 in 3D-HepG2 coculture spheroids
might be reemerged due to the HepG2-HSC interaction. There-
fore, the developed 3D-HepG2 coculturemodel may be useful for
investigating the role of CK19 in tumor and finding new target
molecules against CK19-positive HCC.[44]

ALB was used to investigate the liver function of all developed
spheroidmodels.[17,23,45] To examine the liver function at different
stages of spheroid growth, the supernatants were collected from
day 5 (early-stage spheroids) to day 14 (late-stage spheroids).[23]

The ALB production of 3Dmodels was detected from day 5 of the
culture and it continued to increase, significantly, for 9 d in both

types of cell models (Figure 5A,B). Unlike the saturation of ALB
production in 2D culture models,[15] the ALB level of 3D models
increased in time-dependentmanner (Figure 5A,B). The secreted
ALB of 3D spheroids at day 10 and day 14 was significantly higher
than day 5. As a normal liver routinely produces ALB in vivo,
these results indicated that both 3D-imHC mono and coculture
spheroids remained functionally active. The ALB produced by
3D-imHC coculturemodel with 10%HSCswas 338.17± 13.19 ng
mL−1 at day 14, and it was slightly higher than the ALB produced
by the 3Dmonoculture spheroids, 315.49± 10.30 ngmL−1.While
the ALB was also produced in both 3D-HepG2 monoculture and
coculture models. The ALB produced by 3D-HepG2 monocul-
ture model was slightly higher than the ALB produced by the
3D-HepG2 coculture spheroids during day 5 to day 10. Thus, the
coculture withHSCs did not significantly impact on the ALB pro-
duction of both imHC and HepG2 spheroid models.

2.3. Comparison Phase I and Phase II Expressions between
Monoculture and Coculture Models between Monoculture and
Coculture Models with Their O2 Mapping

According to the previous results, the coculture spheroid model
of imHCs and 10%HSCs demonstrated the higher expression
levels of ALB and MRP2 than that of the monoculture spheroid
models. Therefore, the coculture models of 10%HSCs with
imHCs/HepG2 cells were selected for further investigation and
compared the expression of phase I (Cytochrome P450; CYP450)
and phase II (Uridine 5′-diphospho-glucuronosyltransferase;
UGT) metabolic enzymes with the monoculture models. We
investigated all basal CYP450 expressions, following the U.S.
FDA guideline for evaluating the drug–drug interactions (DDI)[6]

(Figure 6A–G). The expression levels of CYP450 expressions
in both developed 3D-HepG2 and imHC-spheroid models were
found at the highest levels at day 10, except the expression levels
of CYP1A2 where the maximum expression was detected at day7
(Figure 6A).
Similarly, the previous study revealed that HepG2 spheroids

could increase liver-specific activities between day 9 and 18 com-
pared to early stage (days 3–5).[23] 3D spheroids could present
O2 gradient to mimic zonation of in vivo liver lobule which

Adv. Therap. 2022, 2200169 2200169 (6 of 16) © 2022 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 6. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis of A–G) phase I and H–J) phase II metabolic Cytochrome
P450 enzyme (CYP450) expression in 3D-imHC and 3D-HepG2 both mono and coculture models. The fold changes in gene expression levels of 3D
spheroids at day 7, day 10, and day 14 were compared to 3D-HepG2 day 7 (n = 3; day 7 and day 14, n = 4; day 10). Mean ± SEM, two-way ANOVA, *p <
0.05. The proposed metabolism pathway of midazolam through phase I (1′-Hydroxymidazolam) and phase II (Midazolam 1′-O-glucuronide) enzymes
monitored over 72 h.

Adv. Therap. 2022, 2200169 2200169 (7 of 16) © 2022 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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could involve in the expression of metabolic enzymes in the liver.
Recently, the zone-dependent differences in the expression of
metabolic enzymes have been reported.[47,48] In vivo sinusoidal
oxygen decreases from 60 to 65 mm Hg (8%–9% O2) at the
portal layers to about 30–35 mmHg (3%–4% O2) at pericentral
layers.[49] In addition, oxygen (O2) gradient in the 3D spheroids
attributes to zonation in liver lobule, where the perivenous zone
was usually detected at the center area (quiescent viable zone)
and the gradient incrementation of O2 in periportal zone was
observed toward the spheroid surface (proliferating zone). Here,
the gradient levels of O2 in both monoculture and coculture with
10%HSCs were indirectly evaluated using Image-iT Green Hy-
poxia Reagent. Both 3D-HepG2 and 3D-imHCmonoculture and
coculture spheroids demonstrated the positive-O2 gradient be-
tween pericenter zone (low O2 < 5%) and peripheral zone (Fig-
ure S9, Supporting Information). Hypoxia was observed at the
core of 3D-HepG2 and 3D-imHC spheroid models. Due to lim-
itation of oxygen and nutrition diffusion, 3D-spheorids become
hypoxic at the center which is frequently observed in the large
diameter spheroids (starting from about 500 μm).[50,51] In addi-
tion, the shape[36] and the tightness of cellular interactions[52]

within the spheroids have profound effect on the limitations
of chemical substance diffusion. Therefore, the deliberate con-
trol of these parameters is necessary to obtain reproducible
spheroids. Although the effect of hypoxia on metabolic enzyme
expressions in 2D liver cells has been reported,[53] the signifi-
cant alteration of both metabolic enzyme expressions and activ-
ities in 3D liver spheroids needs to be, completely, examined.
Other reports showed that the activity of CYP2D6 and CYP2C19
were elevated in hypoxic spheroids due to an increased produc-
tion of nicotinamide adenine dinucleotide phosphate oxidase
(NAD(P)H) through hypoxia-induced glycolysis.[54]

3D-imHCmono and coculturemodels expressed high levels of
CYP2C8, CYP2C19, and CYP3A4. While the outstanding expres-
sions of CYP1A2, CYP2C9, CYP2B6, and CYP2D6 were observed
in 3D-HepG2 mono and coculture models. In addition, we also
investigated UGT-phase II metabolic enzymes (Figure 6H–J) in-
cluding UGT1A4, UGT2B4, and UGT2B7. At day 10, the high-
est levels of UGT-phase II enzymes were detected in 3D-imHC
models. In contrast, 3D-HepG2monoculture and coculturemod-
els remarkably expressed UGT1A4. However, we found that the
presence of HSCs did not significantly increase both phase I and
phase II activities, compared with the developed monoculture
models.
Thus, at day 10 after seeding, the spheroids were collected

and incubated with probe CYP450 substrates to investigate the
amount of drug metabolites via CYP3A4, CYP2C9, and CYP2D6.
These CYP450s were selected because CYP3A4 and CYP2C9 iso-
forms have been the most expressed in CYP3A and CYP2C sub-
families. Approximately 40% of pharmaceutical substances have
been metabolized through CYP3A4. CYP2D6 has been exclu-
sively focused on the development of novel anticancer drugs due
to its role in the production of active metabolites of some anti-
cancer drugs (e.g., tamoxifen).[55] In addition, the expressions of
UGT1A4, UGT2B4 and UGT2B7 have been related to the forma-
tion of glucuronide-conjugated midazolam.[56,57]

The drug metabolites of three standard drugs, dextromethor-
phan (CYP2D6), tolbutamide (CYP2C9), and midazolam
(CYP3A4), were observed at low levels after 4 h of monitoring

period and the levels increased toward 72 h. The differences in
the quantity of drug metabolites were depending on incubation
period and spheroid types (Table 1). In general, the amount
of drug metabolites (dextrorphan, hydroxytolbutamide, and 1′-
hydroxymidazolam) transformed via the developed 3D coculture
models were slightly higher than the 3D-monoculture mod-
els, except hydroxytolbutamide that was higher in 3D-HepG2
monoculture (Table 1).
Even though, CYP2D6 and CYP2C9 expressions by 3D-HepG2

spheroids were not found to be much different from 3D-imHC
spheroids, the amount of dextrorphan and hydroxytolbutamide
in the supernatants of 3D-imHC spheroids was significantly
higher than that in 3D-HepG2 spheroids. In addition, hydrox-
ytolbutamide could not be detected following 4 h incubation
period (Table 1) because tolbutamide hydroxylase might have
been at low activity, compared to midazolam 1′-hydroxylase and
dextromethorphan-O-demethylase. To fully address the results,
the kinetic parameters including affinity (Km) andmaximum rate
of ametabolic enzyme (Vmax) of enzymes in each cell typemust be
further investigated. These parameters should also be taken into
consideration since the metabolic gene expressions and CYP450
activities were different among in vitro hepatocyte models.[58]

Due to the expression of CYP3A4 and the high amount of
1´hydroxymidazolam in supernatants of 3D-imHC coculture
spheroids (Figure 6G), midazolam 1′-O-glucuronide was de-
tected in 3D-imHC coculture models following 72 h incubation
period, although, the detected level was found to be lower than
2.5 × 10−9 m (LLOQ, Table 1). This is the first report to detect
the glucuronide-conjugated midazolam using 3D spheroids fab-
ricated by hepatocyte-like cells. These results allowed us to pro-
pose a metabolism pathway of midazolam by the developed 3D
models (Figure 6K). In this study, we only detected level of 1′-
hydroxymidazolam in phase I and midazolam 1′-O-glucuronide
in phase II, therefore, we could not identify all metabolites of
midazolam through the proposed metabolic pathway by the de-
veloped 3D models. The further measurement of the levels of
4-O-glucuronide and N-glucuronide are needed. In comparison,
the developed 3D liver spheroids could improve CYP2D6 and
CYP2C9 activities compared to the previous developed 2D-PHHs
(Table 2).[59,60] 3D-HepG2 models might be further investigated
to turn prodrug of novel anticancer drugs for HCC treatment
into an active form via CYP2D6. Furthermore, the developed 3D-
imHC construction could provide a routine evaluation of the full
length of CYP450 expressions (phase I and II) together with de-
tectable level of drug metabolites.

2.4. Protein Expression of HCC-Specific Biomarkers

HCC specific biomarkers including COL1, alpha-fetoprotein
(AFP), interleukin-6 (IL-6), and vascular endothelial growth fac-
tor (VEGF) are used to identify HCC phenotypes. In normal
liver, laminins, type IV collagen, and a mixture of proteoglycans
are scattered within the hepatic ECM. While HCC was develop-
ing in chronically damaged liver tissue, COL1 produced from
aHSCs had been found to be abundant in fibrotic liver.[24,25]

Both developed 3D-HepG2 and 3D-imHC spheroid models ex-
pressed COL1 at day 7 and remained for 14 d (Figures S10 and
S11, Supporting Information). The COL1 expression levels in

Adv. Therap. 2022, 2200169 2200169 (8 of 16) © 2022 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH

 23663987, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adtp.202200169 by Im

perial C
ollege L

ondon, W
iley O

nline L
ibrary on [03/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

Table 1. Assessment of drug metabolites: dextrorphan, 1′-hydroxymidazolam, and hydroxytolbutamide were detected in supernatant of 3D-imHC and
3D-HepG2 spheroids via CYP2D6, CYP3A4, and CYP2C9 measured by LC-MS/MS.

Time 3D-HepG2 monoculture 3D-HepG2 co10% 3D-imHC monoculture 3D-imHC co10%

CYP2D6: Dextrorphan (pmol/106 cells)

4 h 0.82 ± 0.36 0.79 ± 0.26 1.06 ± 0.07 2.38 ± 0.29

24 h 1.73 ± 0.23 2.38 ± 0.27 3.27 ± 0.57 7.24 ± 0.52

48 h 2.77 ± 0.46 3.43 ± 0.32 9.15 ± 1.72 18.54 ± 3.38

72 h 4.69 ± 1.13 5.34 ± 0.24 27.63 ± 6.31 33.80 ± 5.58

CYP2C9: Hydroxytolbutamide (pmol/106 cells)

4 h Not detected Not detected Not detected Not detected

24 h <LLOQ* <LLOQ* 2.99 ± 1.26 3.12 ± 0.99

48 h <LLOQ* <LLOQ* 7.10 ± 1.65 11.40 ± 2.39

72 h 5.68 ± 1.14 4.81 ± 0.95 29.07 ± 5.74 37.19 ± 7.99

CYP3A4: 1′-Hydroxymidazolam (pmol/106 cells)

4 h <LLOQ* <LLOQ* 0.88 ± 0.16 1.54 ± 0.15

24 h 0.53 ± 0.02 0.64 ± 0.12 2.62 ± 0.57 4.90 ± 0.99

48 h 0.69 ± 0.05 0.83 ± 0.08 7.21 ± 1.84 11.10 ± 1.16

72 h 1.16 ± 0.24 1.24 ± 0.12 21.84 ± 0.22 25.10 ± 3.47

UGT2B4 and UGT 2B7: Midazolam 1′-O-glucuronide (pmol/106 cells)

4 h Not detected Not detected Not detected Not detected

24 h Not detected Not detected Not detected Not detected

48 h Not detected Not detected Not detected <LLOQ*

72 h Not detected Not detected Not detected <LLOQ*

Noted: The probe substrates to determine activities of phase I; CYP2D6, CYP2C9, and CYP3A4, and phase II; UGT2B4 and UGT2B7 were dextromethorphan, tolbutamide,
and midazolam, respectively. *LLOQ of hydroxytolbutamide and Midazolam 1′-O-glucuronide were 2.5 × 10−9 m. Mean ± s.d, n = 3

Table 2. Detection of drug metabolites in in vitro liver models.

Metabolites This study Reported data

2D-PHHs[59] 2D-sandwich PHHs[7] 3D-PHHs[59,60]

CYP 2C9: Hydroxytolbutamide Detected
(>1 ng mL−1)

BDL
(<1 ng mL−1)

Detected Detected

CYP 2D6: Dextrorphan Detected
(>1 ng mL−1)

BDL
(<1 ng mL−1)

Detected Detected

CYP3A4: 1′Hydroxymidazolam Detected Detected Detected Detected

UGT2B4 and UGT 2B7
: Midazolam 1′-O-glucuronide

Detected (Detected in liver microsomes)[53] Detected

Note: The data of PHH models were obtained from other publications. The amount of drug metabolites was observed at day 10 after incubation CYP450 probes.

the 3D-HepG2 coculture models were significantly higher than
the 3D-HepG2 monoculture model (Figure 7A,B,E,F). Between
5%, 10%, and 15% of HSC coculture model, the 5% HSC co-
culture model expressed COL1 at the lower levels than the 10%
and 15% HSC coculture models. The COL1 expression in the
3D-imHC monoculture spheroid was found at the lower levels
than that in 3D-imHC coculture models on day 7 to day 14 (Fig-
ure 7; Figures S10 and S11, Supporting Information). The devel-
oped 3D-imHC coculture models significantly increased level of
COL1, comparedwith 3D-imHCmonoculturemodel (Figure 7B–
D). The high expressions of COL1 in 3D-imHC coculture mod-
els reached the maximum at day10, and the COL1 was observed
at the core of the spheroids (Figure 7C) from day 7 of culture
period. In contrast, the COL1 in 3D-HepG2 coculture models

homogeneously distributed throughout the spheroids indicating
the difference in cell function of HepG2 and imHC. In com-
parison to the monoculture models, the presence of HSC to-
gether with HepG2 and imHC in 3D spheroid models could in-
crease the COL1 production up to three times of themonoculture
models.
Based on the observation that COL1 expression in the 3D-

HepG2-HSCs (10%) coculture model was at the highest level
on day 10 (Figure 7A). We, then, selected 10%HSCs-HepG2
coculture model to determine the amount of circulating HCC
biomarkers including AFP, IL-6, and VEGF. Supernatants of 3D-
HepG2 and 3D-imHC mono and coculture models were inves-
tigated from day 5 to day 14. AFP is a diagnostic biomarker for
HCC. It has been well established that the persistent and elevated
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Figure 7. Expression of COL1 in 3D-liver models: mean fluorescent intensity per area (mm3) of COL1 expressions in A) 3D-HepG2 spheroids and B) 3D-
imHC spheroids were compared between mono and coculture models. HepG2 coculture with 10%HSCs and imHC coculture with 15%HSCs exhibited
the highest level of COL1 expression at day 10. Mean ± s.d, two-way ANOVA, *p < 0.05, **p < 0.005, ****p < 0.0001, n = 3. 3D-confocal fluorescent
images compared the distribution of COL1 in C,D) 3D-HepG2 and E,F) 3D-imHC at 7 day between mono and coculture with 10%HSCs. Nuclei (H;
Hoechst 33342), Collagen type 1 (COL1; an aHSC biomarker), Scale bars are 100 μm.

AFP level (>20 ng mL−1) is a risk factor for HCC development
and can be used to define at-risk populations.[43] The amount of
AFPwas highest at day 7 in 3D-HepG2mono and coculturemod-
els (Figure 8A,B). The AFP secretion of the 3D-HepG2 monocul-
ture model, 138.54 ± 10.37 ng mL−1, was slightly higher than the
3D-HepG2 coculture with 10%HSCs model, 138.12 ± 9.65 ng
mL−1 (Figure 8A). Overall, similar levels of AFP were detected
in supernatant of 3D-imHC models (Figure 8B). At day 7, the
3D-imHC monoculture model exhibited the highest amount of
AFP, 135.79 ± 9.38 ng mL−1, whereas the 3D-imHC coculture
model showed the highest AFP secretion, 137.95± 9.35 ngmL−1,
at day 10 (Figure 8B). Unlike PHHs, iPSCs or MSCs derived
imHCs consistently express AFP as a fetal hepatic marker in 3D
models.[61,62] Thus, several studies considered the ratio between
ALB and AFP (ALB/AFP) whether they increased over time to try
to normalize the presence of AFP.[16,17,61] Our results found that
the level of AFP in 3D-imHC model decreased from day 10 to
day 14, while the ALB production continuously increased (Fig-
ure S12, Supporting information), suggesting an improvement
in hepatocyte maturation within the model. The ALB/AFP of 3D-
imHCmonoculture was also increased significantly from day 10
to day 14. While the significant level of ALB/AFP was observed
only at day 14 in 3D-imHC coculture models (Figure S12, Sup-
porting Information).

VEGF is a major cytokine to promote angiogenesis in solid
tumors. Hypervascularity andmarked vascular abnormalities are
one of hallmarks which are observed in HCC tumors.[63,64] VEGF
concentrations in 3D-HepG2 and 3D-imHC spheroids were in-
creased in time-dependent manner. Both mono and coculture of
3D-HepG2 spheroids demonstrated high level of VEGF, indicat-
ing the HCC phenotype (Figure 8C,D). The 3D-HepG2 mono-
culture model, 668.10 ± 27.76 pg mL−1, exhibited slightly higher
than the 3D-HepG2 coculture with 10%HSCs model, 549.84
± 75.46 pg mL−1 (Figure 8C). As previously discussed, HCC
is a prototypical inflammation-associated cancer. IL-6 has been
observed with high levels in non-proliferation class of HCC.[64,65]

In addition, IL-6 with cutoff 12 pg mL−1 could be considered a
promising tumor marker together with AFP for HCC.[66] High
expression of pro-inflammatory cytokine, IL-6, was only observed
in the coculture of 3D-models. The highest amount of IL-6 was
detected in the 3D-HepG2 coculture model at day 7, 24.74 ± 9.37
pg mL−1, then, IL-6 secretion rapidly decreased from day 10 to
day 14 (Figure 8E,F). Interestingly, at day 5, secreted IL-6 in the
3D-imHC coculture model was also high, 23.27 ± 1.19 pg mL−1.
The results suggested that HSCs could promote HCC progres-
sion including cytokine secretion and pro-tumorigenic ECM
components. Thus, the coculture models fabricated by HepG2
and HSCs might be the potential model for investigating the
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Figure 8. The quantification of HCC biomarkers: A) AFP, B) VEGF, and C) IL-6 in developed 3D-HepG2 and 3D-imHC models for 14 d. All biomarkers
were compared between day 5 and day 14. Mean ± s.d, two-way ANOVA, *p < 0.05, **p < 0.005, ****p < 0.0001, n = 3.
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Figure 9. Drug penetration study in 3D-liver models: Confocal fluorescent images demonstrated the penetration of DOX (red) into A) 3D-HepG2 and
3D-imHC monoculture and B) 3D-HepG2 and 3D-imHC coculture spheroids at time T = 0 to T = 240 min (4 h). Yellow arrow presented the detached
cells of 3D-imHC coculture model at T = 120 min (2 h). Scale bars represent 100 μm. The inhibitory effect of DOX in C) 2D-HepG2 against monoculture
model, D) 3D-HepG2 monoculture and 3D-HepG2-10%HSC coculture models.

underlying molecular mechanisms which relate to tumor mi-
croenvironment in anticancer drug development and could be
used as in vitro model to find new therapeutic drugs which
target to IL-6.[67]

2.5. Drug Penetration Study of Doxorubicin into 3D-Liver
Spheroids

The complicity of coculture models was tested for their biologi-
cal and physical barriers against drug penetration. Doxorubicin
(DOX) was used as a model of anticancer drug. Comparing to
the coculture, less barriers were observed in HepG2 and imHC
monoculture spheroids as DOX could reach the internal core
of the monoculture spheroids within 1 min following the addi-
tion (Figure 9A) highlighted an important role of extracellular
matrix within solid tumor. In coculture models with 10%HSCs,
DOX took up to 120 min (2 h) to reach the internal core of

the imHC spheroids and the cells started to detach from the
spheroids (Figure 9B). While the penetration of DOX into the
core of 3D-HepG2 coculture spheroids was detected at 240 min
(4 h). Inhibitory effects of DOX against the 2D-HepG2 mono-
culture and 3D-HepG2 mono- and coculture were also investi-
gated (Figure 9C,D). The 50% inhibition concentrations (IC50) of
DOX in 2D-HepG2 monoculture, 3D-HepG2 monoculture, and
3D-HepG2 coculturemodels were 35.88± 1.67, 61.40± 0.41, and
127.20 ± 6.27 μg mL−1, respectively. In 3D-HepG2 monoculture
and coculture models, the concentrations of DOX had to be in-
creased up to two and three times of its concentration used in the
2D-HepG2 in order to initiate 50% inhibitory effect highlighted
the poor representation of current 2Dmodels. These results indi-
cated that the 3D coculture model of HepG2 provided biological
barriers observed in solid tumor challenging drug penetration.
The accumulation of COL1 within the spheroids could increase
spheroid compactness and acted as the addition biological bar-
rier in solid tumors. The increase in ECM due to the crosstalk
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Figure 10. Diagram illustrated characteristics of the novel developed
spheroid models using ULA technique and this could be proposed into
four categories: HepG2 monoculture (HepG2 mono), HepG2-HSC cocul-
ture (HepG2 co10%HSCs), imHCmonoculture (imHCmono), and imHC-
HSC coculture models (imHC co10%HSCs), respectively.

between hepatoma cells and HSCs in the coculture model could
be significantly resilient to anticancer drugs.[24,68] Thus, the de-
veloped 3D-HepG2 coculture model might be promising as in
vitro models for investigating novel anticancer drugs.

3. Conclusion

In this work, we have successfully developed both 3D monocul-
ture and coculture models from imHCs, HepG2, and HSCs. The
3D spheroids were classified into four categories (Figure 10) us-
ing both normal liver biomarkers and liver cancer biomarkers.
The 3D-imHC coculture model exhibited characteristics closed
to in vivo normal liver and could be suitable for drug metabolism
studies. However, the coculture model of imHC also expressed
high level of IL-6 which relates to the interaction between imHCs
and HSCs. Thus, the 3D-imHC coculture model is currently
under investigation further for molecular alterations relating to
early stage hepatocarcinogenesis. For the 3D constructed HepG2
models, the 3D-HepG2 coculture model could be useful for anti-
cancer drug screening to find the novel targets (IL-6, COL1, and
CK19), and studying drug resistance mechanism which mim-
icked in vivo HCC. Finally, the 3D-HepG2 monoculture mod-
els developed in this work were also employed as a control for
validation of 3D-manupulation process. In conclusion, the pres-
ence of HSCs in 3D imHC coculture models could help to pro-
mote liver sinusoidal structure development (MRP2, CK19, and
ZO1) and enhance the activity of CYP3A4 andCYP2D6. Although
HSC could not improve hepatocyte functions of HepG2 cocul-
ture model, interestingly, the crosstalk betweenHSC andHepG2
significantly accelerated HCC phenotypes associating with HCC
progression and chemoresistance.

4. Experimental Section
Cell Culture and Spheroid Construction: HepG2, imHCs, and HSCs

were cultivated in a completemedium (GEHealthcareHyClone, USA) con-
tainingDulbecco‘smodified eaglemedium (DMEM)with 10% fetal bovine

serum (FBS) and 1%penicillin-streptomycin antibiotics andmaintained at
37 °C with 5% CO2 incubator. The imHCs were developed by transfecting
humanmesenchymal stem cells with hTERT plus Bmi-1 and the cells were
routinely characterized using a previous published protocol.[14] For 3D-
monoculture spheroid generation, HepG2 or imHC were seeded at 1000
cells/well into an ultralow attachment 96-well plate. HSCs at 5%, 10%, and
15% were cocultured with HepG2 or imHC in the ULA plate to fabricate
3D coculture spheroid. The media was changed every 3–4 d after seeding.
The spheroids were morphologically characterized over 14 d.

Assessment of Size, Morphology, and Cell Distribution within 3D-
Liver Spheroids Using Immunofluorescence and Confocal Microscopy: The
spheroids were morphologically characterized over a period of 14 d by a
laser scanning confocal microscope (LSCM, Zeiss, Germany). To examine
cell distribution using immunofluorescent staining, coculture spheroids
were fixed and permeabilized with 4% paraformaldehyde and 0.1% Triton-
X in PBS, respectively. The coculture spheroids were blocked with 1% BSA
and 10% FBS in PBS for 1 h and incubated with primary antibodies in-
cluding Cytokeratin-18 (CK18 (ab668), Abcam, Cambridge, UK) and Alexa
Fluor 488 conjugated alpha-smooth muscle actin (𝛼-SMA (sc53142), ac-
tivated HSC biomarker; Santacruz, USA) at 4 °C for overnight. The sam-
ples were, then, rinsed several times with PBS before incubating with the
secondary antibodies (Alexa Fluor 647 (ab150115), Abcam, Cambridge,
UK) for 2 h. Next the samples were rinsed and mounted with mounting
medium (ProLong Gold AntifadeMountant, ThermoFisher, USA) ontomi-
croscope slides with adhesive slide chamber. The 3D samples were imaged
by LCMS (LSM 800, Zeiss, Germany). The stack images were analyzed us-
ing ZEISS ZEN (blue version 3.4, Germany) to observe cell distribution.
Size and SI were measured using ImageJ software (version 1.8.0, USA)

Assessment of Protein Expression Using Immunofluorescence: Both
mono and coculture spheroids were fixed and permeabilized with 4%
paraformaldehyde and 0.1% Triton-X in PBS, respectively. The 3D-mono
and coculture spheroids were blocked and incubated with primary anti-
bodies includingmulti-drug resistance protein-2 (MRP2 (ab3373), Abcam,
Cambridge UK), Collagen type 1 (COL1 (ab34710), Abcam, Cambridge,
UK), Cytokeratin-18 (CK18 (ab668), Abcam, Cambridge, UK), Cytokeratin-
19 with Alexa Fluor 488 (ab192643, Abcam, Cambridge, UK), and Zona
Occludin1 (ZO1 (33-91000), Invitrogen, USA) as described in the previ-
ous section. The samples were rinsed several times with PBS before in-
cubating with the secondary antibodies (except CK-19) for 2 h. Next the
samples were rinsed and mounted with mounting medium. The 3D sam-
ples were visualized using LSCM (LSM 800, Zeiss, Germany). Laser in-
tensity and detector gain of LCSM depended on antibodies; CK18 (1%,
700 V), MRP2 (2%, 800 V), CK19 (1%, 730 V), ZO-1 (3%, 800 V), and
COL1 (0.7%, 760 V). The stack images were analyzed using ImageJ soft-
ware (version 1.8.0, USA) and ZEISS ZEN (blue version 3.4, Germany).
Mean fluorescent intensity (MFI) per area (mm3) were calculated to com-
pare the protein expression between mono and coculture models.

Assessment of O2 Gradient: The solution of Image-iT Green hypoxia
reagent was prepared following the manufacturing protocol. The hypoxia
reagent stock solution was added to the cells at a final concentration of 5 ×
10−6 m in the media; then the cells were incubated at 37 °C for 1 h for 3D
spheroids. The culture media was changed to the fresh growth medium,
then, the spheroids were incubated at 37 °C for 3 h. The 3D spheroids were
imaged using LSCM (LSM 800, Zeiss, Germany). The stack images were
analyzed using and ZEISS ZEN (blue version 3.4, Germany).

Assessment of Liver Functions and Liver Cancer Biomarkers Using ELISA:
Supernatants of spheroids at day 5, 7, 10, and 14 were collected and stored
at −80 °C until sample analysis. The amount of cancer biomarkers se-
creted into the culture media was measured by Milliplex Kit circulating
cancer biomarkers according to the manufacturer’s protocol (Merck, Ger-
many). The quantity of albumin production within the culture media was
determined by Human Serum Albumin DuoSet ELISA (R&D system, USA)
following manufacturing protocol.

RNA Isolation: A pool of 3D-HepG2 and 3D-imHC spheroids of day
7, 10, and 14 was harvested and washed with PBS. Total ribonucleic acid
(RNA) was extracted using Quick-RNA Microprep Kit (Zymo Research,
USA) according to the manufacturers’ protocol with an additional step
of DNase I treatment to remove any contaminating deoxyribonucleic acid
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Table 3. Primers used in this study.

Gene Forward (5′–3′) Reverse (5′–3′)

CYP1A2
CYP2B6
CYP2C8

CYP2C9
CYP2C19
CYP2D6
CYP3A4
UGT1A4
UGT2B4
UGT2B7
GAPDH

ACCCCAGCTGCCCTACTTG
CCTTCCTCTTCCAGTCCATTAC
ACAACAAGCACCACTCTGA-
GATATG

CCTCTGGGGCATTATCCATC
CAACAACCCTCGGGACTTTA
CATGGAGCTCTTCCTCTTCTTC
GCCTGGTGCTCCTCTATCTA
CCTGCTGTGTTTTTTTGGAGGT
TGGTGAGCTGCTGGCCGAGT
GGAAATCATGTCAATATTTGG
GTCTCCTCTGACTTCAACAGCG

GCGTTGTGTCCCTTGTTGT
GTTCAGCATCTTCAGGAACTCT
GTCTGCCAATTACATGATCAATCTCT

ATATTTGCACAGTGAAACATAGGA
GTCTCTGTCCCAGCTCCAAG
TCACCAGGAAAGCAAAGACA
GGCTGTTGACCATCATAAAAGC
ATTGATCCCAAAGAGAAAACCAC
CATTGTCTCAAATAATGTAGTG
CATTGTCTCAAATAATGTAGTG
ACCACCCTGTTGCTGTAGCCAA

(DNA). RNA concentrations were determined with a NanoDrop OneC
spectrophotometer (Thermo Scientific, USA) before performing quantita-
tive RT-PCR.

Quantitative RT-PCR: Quantitative reverse transcription-polymerase
chain reaction (qRT-PCR) was performed using the SYBR Green system.
First strand complementary DNA (cDNA) synthesis was performed us-
ing 100 ng of RNA and iScript reverse transcription supermix (Bio-Rad,
USA). Approximately 10 ng of first strand cDNA was used for qRT-PCR us-
ing Luna Universal qPCR Master Mix (NEB, USA) in triplicate on a C1000
Thermal Cycler (BioRad, USA) using a standard 40-cycle protocol. Primers
used in this study are listed in Table 3.

Quantification of CYP450 Activities Using Liquid Chromatography-
Mass Spectrometry/Mass Spectrometry (LC-MS/MS): Cells were routinely
seeded to form spheroids using ULA technique as mentioned above. At
day 10 after seeding, the spheroids were incubated with CYP450 probe
cocktails consisting of three drugs including dextromethorphan (CYP2D6,
15 × 10−6 m), tolbutamide (CYP2C9, 500 × 10−6 m), and midazolam
(CYP3A4, 10 × 10−6 m).[58] The supernatants were collected at time t =
4, 24, 48, and 72 h after incubation. Samples spiked with acetonitrile con-
taining an internal standard (IS), labetalol, for phase I metabolite analysis
and 0.1% formic acid with acetonitrile containing diphenhydramine (IS)
for phase II metabolite analysis. Spiked samples were vortexed thoroughly
followed by centrifugation at 14000 g, 8 °C for 10 min. The supernatants
were transferred into sample vials and injected to a LC-MS/MS system.
The LC-MS/MS system consisted of an ExionLC UHPLC coupled with a
Sciex QTRAP 6500+ hybrid triple-quadrupole linear ion trap mass spec-
trometer equipped with the ESI interface. All analytes were monitored in
the positive mode except OH-tolbutamide which was detected in the neg-
ative mode. The mobile phase consisted of 0.1% formic acid in water and
0.1% formic acid in acetonitrile. The analytical column was Phenomenex
Kinetex C18 (30 × 2.1 mm, 1.7 μm, Phenomenex, USA). The quantitative
analysis was performed in themultiple reactionmonitoring (MRM)mode.
Two MRM transitions were monitored for each drug and drug metabolite.
The transitions of the analytes and internal standard werem/z 272→ 171
and 147 for dextromethorphan, m/z 258 → 157 and 133 for dextrorphan,
m/z 326 → 291 and 249 for midazolam, m/z 342 → 203 and 297 for OH-
midazolam, m/z 518 → 324 and 342 for Midazolam 1´-O-glucuronide,
m/z 271 → 91 and 172 for tolbutamide, m/z 285 → 186 and 104 for OH-
tolbutamide, m/z 329 → 294 and 207 for labetalol, and m/z 256 → 167.2
and 165 for diphenhydramine. The most abundant product ion was used
for quantification and the other was used for identification.[55,57]

Assessment of Anticancer Drug Penetration Using Live-Cell Imaging:
Both 3D-HepG2 mono and coculture models were incubated with dox-
orubicin at concentration of 9.25 μg mL−1. The 3D samples were imaged
in real time by a LSCM (LSM 800, Zeiss, Germany). The imaging software
ZEISS ZEN (blue version 3.4, Germany) was applied to analyze the pene-
tration of doxorubicin into the internal core of spheroids.

Viability Assay: HepG2 was seeded at 1000 cells/well on an ultralow
attachment 96-well plate. HSCs at 10%were cocultured with HepG2 in the

ULA plate to fabricate 3D coculture spheroid. The media was changed ev-
ery 3–4 d after seeding. After 10 d the spheroids were exposed to serial con-
centrations, 1–600 μgmL−1, of DOX for 24 h. Viability of 2D-HepG2mono-
culture model was evaluated following 24 h exposure to DOX usingWST-1
assays. The HepG2 cells were routinely seeded at 20000 cells/well and cul-
tured into each well of a 96-well plate, in complete DMEM (GEHealthcare,
USA), 10% fetal bovine serum (GE Healthcare, USA), and 1% penicillin-
streptomycin (GE Healthcare, USA). At confluence, the cells were exposed
to DOX at 37 °C with 5% CO2 for 24 h.

Following 24 h exposure the exposure media was removed, and the
fresh media contain WST-1 reagent (Sigma-Aldrich, USA). Spheroids were
added and incubated for 1 h incubation (for 2D model) and 2 h incuba-
tion (for 3D models) at 37 °C with 5% CO2. The supernatants were taken
and add into the new 96-well flat bottom plate. The absorption was read
at 480 nm using UV–vis spectrophotometer (Tecan, Switzerland). All ex-
periments were done in triplicate (n = 3). The anticancer activity of DOX
was calculated compared with the nontreated cells.

Statistical Analysis: All experiments were performed in triplicate (n =
3) and quadruplicate (n = 4; CYP450 gene expression at day 10). The re-
sults were expressed asmean± standard deviation (SD) andmean± stan-
dard error of the mean (SEM) in CYP450 gene expression study. The data
were firstly tested by D’Agostino–Pearson normality test or Shapiro–Wilk
normality test (𝛼 = 0.05, p > 0.05) to confirm a normal distribution us-
ing Graph Pad Prism version 9.3.1. The data were, then, analyzed using
two-way ANOVAwithmultiple comparison (Dunnnett’s test) and Kruskal–
Wallis test with Dunnett’s test to confirm differences, and the significant
values were observed at ****p < 0.0001, ***p < 0.005, **p < 0.05, *p <

0.05, respectively. The letters a and bwere used to represent significant dif-
ference between types of culture (monoculture vs coculture) and between
period (day) of culture.
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