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Abstract

BACKGROUND: Currently, there is an urgent need for scalable and reliable in vitro models to assess the effects of
therapeutic entities on the human liver. Hepatoma cell lines, including Huh-7, show weakly resemblance to human
hepatocytes, limiting their significance in toxicity studies. Co-culture of hepatic cells with non-parenchymal cells, and the
presence of extracellular matrix have been shown to influence the biological behavior of hepatocytes. The aim of this study
was to generate the scalable and functional hepatic micro-tissues (HMTs).

METHODS: The size-controllable HMTs were generated through co-culturing of Huh-7 cells by mesenchymal stem cells
and human umbilical vein endothelial cells in a composite hydrogel of liver-derived extracellular matrix and alginate, using
an air-driven droplet generator.

RESULTS: The generated HMTs were functional throughout a culture period of 28 days, as assessed by monitoring
glycogen storage, uptake of low-density lipoprotein and indocyanine green. The HMTs also showed increased secretion
levels of albumin, alpha-1-antitrypsin, and fibrinogen, and production of urea. Evaluating the expression of genes involved
in hepatic-specific and drug metabolism functions indicated a significant improvement in HMTs compared to two-di-
mensional (2D) culture of Huh-7 cells. Moreover, in drug testing assessments, HMTs showed higher sensitivity to
hepatotoxins compared to 2D cultured Huh-7 cells. Furthermore, induction and inhibition potency of cytochrome P450
enzymes confirmed that the HMTs can be used for in vitro drug screening.

CONCLUSION: Overall, we developed a simple and scalable method for generation of liver micro-tissues, using Huh-7,
with improved hepatic-specific functionality, which may represent a biologically relevant platform for drug studies.
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1 Introduction

Since the liver is the main site for metabolism of xenobi-
otics, the majority of drugs may have toxic effects on this
organ. Drug-induced liver injury (DILI) is a main cause of
acute and fulminant liver failure, also leading to a halt in
the way of development and regulatory approval of new
drugs [1, 2]. Safety-related issues are mainly due to the
inefficiency of existing practical scalable and reliable
models utilized for toxicity assessment. Although tradi-
tional methods used for predicting human response to
drugs, mainly including in vivo or 2D in vitro cell-based
assays, have resulted in a vast number of discoveries, the
processes are fraught with difficulties [3]. Application of
laboratory animals largely fail to reveal important signs of
toxicity in human because of numerous inter-species dif-
ferences [4]. As a result, to obtain credible data, human-
specific responses to drugs should be studied in human
cell-based platforms [5]. Primary human hepatocytes
(PHHs), cultured as a monolayer or sandwich, are the cell
sources preferred for toxicological evaluations [6, 7].
However, rapid loss of function, expensive ex vivo main-
tenance, and inter-donor variability are challenges accom-
panying the use of PHHs [8]. Hepatocyte-like cells (HLCs),
derived from human pluripotent stem cells (hPSCs), as an
alternative, could provide an unlimited supply of cells for
drug screening and precision medicine [9, 10]. However,
the production of HLCs is an expensive process, and
obtained cells show characteristics similar to fetal hepa-
tocytes with low drug metabolism capacity [11, 12].
Hepatoma cell lines, as another alternative source, can be
considered as a suitable option for in vitro drug testing
since they are relatively easy to store and maintain and
provide more stable and affordable hepatocytes. However,
these cell lines typically demonstrate low functionality and
a declined metabolism compared to PHHs [5].

Traditional in vitro cell-based models are of limited
value because the cells require complexity of the
microenvironment to function and perform as they would
in vivo [3]. PHHs rapidly lose their phenotype and function
in 2D cultures ex vivo [13]. Therefore, widely used 2D
cultured cell lines are inherently flawed by reduced liver
tissue-specific functions [14]. To overcome these limita-
tions, more sophisticated approaches are needed to better
recapitulate a liver-specific microenvironment [13]. Three-
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dimensional (3D) cell cultures are currently the most
accepted approach for functional in vitro liver models.
Multicellular spheroids, micro-tissues, or organoids are 3D
clusters of cells with enhanced cell-cell contacts that can
be produced using a number of methods, with or without
scaffolds [15-19]. When cultured in spheroids, PHHs
retained morphology, viability, and functions for five
weeks, and they can model some liver diseases or be used
for long-term DILI [19]. Several studies showed that some
hepatoma cell lines, including HepG2, C3A, and Huh-7
cultured in 3D, displayed enhanced hepatic functionality
compared to 2D cultures [15, 18-21]. HepG2 cells cultured
using Matrigel™ in 3D fashion re-acquired lost functions
of hepatocyte, such as glycogen storage, and bile canali-
culi-like structures formation [18]. Furthermore, HepG2
spheroids showed a considerable improvement in albumin
(ALB) secretion and metabolic activity as well as upreg-
ulation of phase I and II drug-metabolizing enzymes when
compared with 2D cultures [15]. Huh-7 cells when cultured
in spheroids showed enhanced expression of markers
related to apical and basolateral polarization, cell adhesion,
and tight junctions [22]. While the majority of in vitro liver
models focus on hepatocyte source, there is evidence that
suggests the presence of supportive cells in these models
can produce more organotypic culture systems, with
enhanced hepatic functions [19, 23, 24]. In a study carried
out using co-culture of immortalized Upcyte® cells,
comprised of PHHs, mesenchymal stem cells (MSCs) and
liver sinusoidal endothelial cells (LSECs) on MatrigelTM,
liver organoid-like structures were obtained and remained
functional for 10 days [24].

In addition to non-parenchymal cells, employing extra-
cellular matrix (ECM) components can recapitulate native
tissue microenvironment and support HLCs differentiation
or hepatocyte survival, proliferation, and functionality
[15, 16, 25-27]. Collagen type I and fibronectin, by distinct
roles, promote liver-specific gene expression and ALB
secretion of Huh-7.5 cells cultured in a 3D system [16]. In
a liver-on-a-chip platform developed by Bhise et al,
HepG2/C3A spheroids encapsulated by photocrosslinkable
gelatin methacryloyl hydrogel remained functional for
30 days [15]. Our previous study showed that liver orga-
noids produced via self-organization of Huh-7 in combi-
nation with human MSCs and endothelial cells in a liver-
derived ECM hydrogel significantly enhanced the func-
tionality of the hepatoma cell line, especially in terms of
ALB secretion, urea production, and cytochrome P450
(CYP) enzymes activity and inducibility [28]. In the pre-
sent study, we developed an air-driven microencapsulation
system to generate hepatic micro-tissues (HMTSs) in a size-
controlled, reproducible, and scalable manner. The bio-
engineered HMTs were proven as an in vitro liver model
which showed appropriate hepatic-specific functionality
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and relevant sensitivity for drug testing and were respon-
sive for toxicological experiments.

2 Materials and methods
2.1 Cell culture

Huh-7 cells (kindly provided by Professor Andreas K.
Nussler) were cultured and expanded in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Gaithersburg, MD, USA, 11995-040). Full characterized
human embryonic stem cell-derived mesenchymal stem
cells (hES-MSCs), which were previously established from
hES-RHS cell line [29], obtained from Royan Stem Cell
Bank (Tehran, Iran), were expanded in o-minimum
essential medium (a-MEM, Sigma-Aldrich, St. Louis, MO,
USA, M2279), and used at passages 3—5. Human umbilical
vein endothelial cells (HUVECs) were isolated from
umbilical cord of healthy newborns, after obtaining
informed consent from their parents, using 1% collagenase
(Gibco, 17104-019), maintained in endothelial growth
medium (Royan Endothelial Cell Medium), and used at
passages 1-3. All culture media were supplemented with
10% fetal bovine serum (FBS, Gibco, 16140-071), 1%
penicillin/streptomycin (Pen/Strep, Gibco, 15070-063), 1%
L-glutamine (Gibco, 25030-024), and MEM non-essential
amino acids (Gibco, 11140-035). The medium refreshment
was done every other day.

2.2 Preparation of hydrogels

Liver-derived ECM hydrogel (LEMgel) was prepared and
characterized according to our previously reported protocol
with minor modifications [28]. Briefly, we used 1% sodium
dodecyl sulfate (SDS, Sigma-Aldrich, 436,143) and 1%
Triton X-100 (Merck, Burlington, MA, USA, 108,643) to
decellularize sheep liver tissue and achieve LEM. Then, the
lyophilized LEM was milled using CHRIST lyophilizer
(Alpha 1-2 LD plus, Osterode am Harz, Germany), ster-
ilized via UV irradiation, and digested at a concentration of
6 mg/ml, using 1% (w/v) pepsin (Merck, P6887) and 0.5 M
acetic acid. The stock solution of 6 mg/ml LEMgel was
kept at 4 °C until further use.

Alginate (Alginic acid sodium salt, Sigma-Aldrich,
180,947) was dissolved to prepare a 2% concentration in
distillated water and stirred overnight. To achieve an
appropriate hydrogel mixture, named composite, equal
volumes of 6 mg/ml LEMgel and 2% alginate were mixed
to obtain a homogenous solution with a final concentration
of 3 mg/ml and 1% for LEMgel and alginate, respectively
(Fig S1A).

2.3 Characterization of the composite hydrogel
2.3.1 Scanning electron microscopy

To evaluate the microstructure of the composite hydrogel,
a cylindrical sample was fixed using 4% glutaraldehyde in
cacodylate buffer for 2 h at room temperature. After
lyophilization, a fractured surface of the sample was gold-
coated using ion sputtering and evaluated using a Jeol field
emission scanning electron microscope (JSM-7400 M,
Tokyo, Japan).

2.3.2 Rheometry

To compare the stiffness of the single-component and the
composite hydrogels, the samples of 1% alginate, 3 mg/ml
LEMgel, and the mixture of 1% alginate and 3 mg/ml
LEMgel were prepared into a cylindrical shape (18 mm in
diameter and 3 mm in height). Rheological characteriza-
tion was performed using a rheometer (Anton-Paar, Graz,
Austria, MCR 300) under strain-controlled conditions at
37 °C. The analysis was performed for 10 min at 0.1%
strain over a range of frequencies from 0.1 to 100 Hz.

2.4 Hepatic micro-tissue formation

The HMTs were generated using an extrusion method
adapted in our laboratory, as schematically illustrated in
Fig. IA. A homogeneous solution of the composite
hydrogel was prepared, mixing neutralized LEMgel and
alginate solutions at a final concentration of 3 mg/ml and
1% (w/v), respectively. An optimized cell ratios from Huh-
7, HUVECs, and MSCs, at 3:2:1, respectively, was selected
according to our previously published data [28]. A sus-
pension of total 8 x 10° cells was prepared and cen-
trifuged. Then, 1 ml of the composite was added to the cell
pellet and gently mixed to ensure a homogeneous cell-
laden suspension was made. The resultant cell-laden
composite hydrogel was loaded in a 5-ml syringe with a
24G blunt needle and injected using a syringe pump
(Harvard Apparatus, Holliston, MA, USA, PHD
ULTRA™). The size of HMTs was tuned by controlling
air and fluid flow rate to achieve the HMTs with 300, 500,
or 700 um in diameter. The generated HMTs fell into a
gelling bath containing 100 mM calcium chloride at 37 °C.
Finally, the generated HMTs were rinsed by the basal
medium (DMEM) and cultured in complete mixed medium
(CMM) for 28 days. According to the cells ratios, the
CMM consisted of DMEM, o-MEM, and EGM media at a
ratio of 3:2:1, respectively, and was supplemented with
10% FBS, 1% Pen/Strep, 1% L-glutamine, and 1% MEM
non-essential amino acids. From the initial culture day up
to day 7, the medium exchange was done every other day,
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«Fig. 1 Hepatic micro-tissue bioengineering and characterization.
A Schematic illustration of size-controlled HMTs formation using an
air-driven droplet generator loaded with cell laden composite
containing Huh-7, HUVECs and MSCs at a total density of
8 x 10° cells/ml. Upon entrance of the droplets into gelling bath,
the fast gelation of alginate resulted in formation of round HMTs.
B Phase-contrast micrographs of the generated HMTs showed that on
day 1, the single cells were homogeneously distributed in the micro-
tissues, while on day 28, a number of cell aggregates were formed
inside the HMTs. C Size distribution evaluation showed that the
extrusion method could efficiently generate HMTs with homogenous
diameter

while from day 7 to 28, the medium refreshment was done
daily.

2.5 Hepatic micro-tissue size distribution and cell
proliferation

To evaluate the size distribution of generated HMTs and
their possible variations during the culture period, the
diameter of 100 HMTs was measured for each group using
DP2-BSW software associated with a phase-contrast
microscope (Olympus, IX71, Tokyo, Japan) on days 1, 14,
and 28. Furthermore, to investigate the HMTs growth via
cell proliferation, cell number per HMT was counted on
days 1, 14, and 28, using an effective method [30], and the
results were reported as fold changes relative to that of day
1. To do this, all cells existing in a certain number of
HMTs were extracted by a two-step process, using 1%
sodium citrate at first, in order to breakdown of alginate—
calcium interactions. Next, we applied 1 mg/ml collage-
nase IV solution to degrade the crosslinks between colla-
gen fibers. Finally, cell number was determined using
trypan blue, and the counting was repeated three times for
three independent experiments.

2.6 Live/dead assay

Cell viability of the HMTs was evaluated using LIVE/
DEAD Viability/Cytotoxicity Kit (Invitrogen, 13224,
Carlsbad, CA, USA) on day 28 according to instructions
provided by the manufacturer. Briefly, the HMTs were
washed with PBS and stained using calcein-AM (2 uM)
and ethidium homodimer (4 uM) for 30 min at room
temperature. Micrographs were acquired using an inverted
fluorescence microscope (Olympus, IX71).

2.7 Gene expression analysis

Total RNA was extracted using RNeasy Mini Kit (QIA-
GEN, 74106, Venlo, Netherlands), according to the man-
ufacturer instructions. The quality of the total RNA was
controlled using 1% agarose gel and a spectrophotometer

(Biochrom WPA Biowave II, Cambridge, UK). Next, 2 g
of RNA was subjected to reverse transcription using Pri-
meScriptTM RT reagent Kit (Takara Bio Inc., Kusatsu-Shi,
Japan, RR037A). Quantitative RT-polymerase chine reac-
tion (QRT-PCR) was performed using SYBR® Premix Ex
Taq™ II (Takara Bio Inc., RR820A) on the StepOnePlus
Real-Time PCR system (Applied Biosystems StepOne
instrument), and the level of target genes expression was
normalized against glyceraldehyde 3-phosphate dehydro-
genase (GAPDH). Monolayer Huh-7 cells and human adult
liver tissue were considered as control groups. The normal
liver tissue was collected from margin of resected tumor of
a male 41-years old patient, who underwent partial hepa-
tectomy as part of the treatment regime, after obtaining
informed consent, at Imam Khomeini Hospital Complex.
The qRT-PCR was performed in duplicate for three inde-
pendent experiments. The primer sequences are listed in
Table S1.

2.8 Liver-specific protein secretion and urea
production assays

Enzyme-linked immunosorbent assay (ELISA) was per-
formed to assess the secretion of three liver-specific pro-
teins, albumin (ALB, Bethyl Laboratories, Montgomery,
TX, USA, E88-129), alpha-1 antitrypsin (A1AT, GenWay
Biotech, San Diego, CA, USA, GWB-5428A0), and fib-
rinogen (GenWay Biotech, San Diego, CA, USA, 40-288-
22856), according to the manufacturer’s instructions. Urea
level in the culture media was measured using a colori-
metric assay kit (Pars Azmun, assay kit (Pars Azmun,
Tehran, Iran, 130400) according to the manufacturer’s
instruction. The media were collected on days 1, 7, 14, 21,
and 28, following 24-h incubation of a certain number of
HMTs that were initially generated from 2 x 10° cells,
which included 10° Huh-7 cells. The assays were per-
formed in duplicates for three independent experiments.

2.9 Dil-Ac-low-density lipoprotein (LDL) uptake

The HMTs were incubated with 10 pg/ml Dil-Ac-LDL solu-
tion (Biomedical Technologies Inc., Shanghai, China, BT-902)
for 4 h at 37 °C on day 28. Then, the HMTs were thoroughly
washed and imaged using fluorescence microscopy.

2.10 Indocyanine green (ICG) uptake/release

On day 28, the HMTs were incubated for 1 h with freshly
prepared ICG solution (CardioGreen; Sigma-Aldrich,
12633) at the concentration of 1 mg/ml. Following rinsing,
ICG uptake was evaluated using a phase-contrast micro-
scope. Next, ICG release was evaluated after 16 h incu-
bation of the HMTs in ICG-free culture medium.
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2.11 Histology and immunofluorescence

To evaluate the structure and in situ liver-specific protein
expression, some of the HMTs were harvested on day 28.
The samples were fixed using 4% paraformaldehyde (PFA)
and embedded in paraffin, and 6-pum sections underwent
hematoxylin and eosin (H&E), Periodic acid-Schiff (PAS)
or immunofluorescence staining. For immunostaining, the
sections were permeabilized with 1% Triton X-100 in PBS,
and exposed to 10% related sera. Then, the sections were
incubated with primary antibodies against human Ki-67
(Abcam, ab15580, Cambridge, UK, 1:100), human albu-
min (Bethyl A80-229A, 1:200), human CYP3A4 (Santa
Cruz, Dallas, TX, USA, sc53850, 1:50), or vimentin (Ab-
cam, ab128507, 1:100) overnight at 4 °C. This was fol-
lowed by incubation with secondary antibodies at 37 °C for
1 h. The nuclei were counterstained with 1 mg/ml DAPI
(Sigma, D8417) for 2 min.

2.12 Toxicological experiments
2.12.1 Acute toxicity

For acute toxicity, HMTs on day 26, or 2D cultured Huh-7
were treated with a panel of hepatotoxins for 48 h. The
compounds were chosen according to their known impli-
cations in DILI in humans based on the literature [18, 31].
For this purpose, 2D culture of 5 x 10* Huh-7 in DMEM
were considered as control, and proper numbers of HMTs,
containing equivalent numbers of Huh-7 cells, were
transferred to ultra-low attachment plates. For drug expo-
sure, culture media were replaced by serum-free media
containing a certain concentration of each compound.
Repeated 24 h dosing regime was carried out. Finally, the
cell viability was assessed using MTS assay (Promega,
Madison, WI, USA, G5421).

2.12.2 Dose- and time-dependency

To assess dose- and time-dependency, HMTs were treated
with acetaminophen (APAP, Sigma-Aldrich, A7085),
tamoxifen (TAM, Sigma-Aldrich, T5648), and fluorouracil
(5-FU, Sigma-Aldrich, F6627) at three different concen-
trations, for 24, 48, and 72 h. Then, cell viability was
evaluated using MTS assay. Treatments were started on
day 21 and continued until measurements on day 24.
Numbers of 2D cultured Huh-7 cells, as control, and HMTs
were similar to those of the previous section.

2.13 Cytochrome P450 analysis

Basal CYP enzymes activity and their induction/inhibition
were analyzed using P450-Glo Assay (Promega) kits

@ Springer

according to lytic cell-based method, as described by the
manufacturer. For this purpose, we used suggested kits for
CYP3A4, 2C9, 2D6, and 2B6, and appropriate inducers or
inhibitors (listed in Table S2). HMTs were exposed to
inducers or inhibitors for 48 h. A Synergy HTX Multi-
Mode Microplate Reader (Biotek) was used to analyze the
luminescence of the resultant metabolites. Finally, the data
obtained from induction or inhibition of CYP enzymes are
presented as fold change, relative to its basal activity.

2.14 Statistical analysis

All quantitative data were analyzed using SPSS (v19.0) and
graphs were prepared using GraphPad Prism (GraphPad
Software, v6.0). Differences between the two groups were
compared using two-tailed Student’s t-test, and Analysis of
variance (ANOVA) was used for comparison between
more than two groups. All data are presented as
means * standard deviation (SD). P-values less than 0.05
were considered statistically significant.

3 Results
3.1 Characterization of composite hydrogel

In the current study, a biomimetic composite hydrogel was
prepared, using LEM and alginate, in order to bioengineer
hepatic micro-tissues. The LEM was prepared using a
detergent washing and enzymatic digestion protocol (Fig
S1A). The results of our previous study [28] confirmed that
using this method, the major components of liver ECM,
including collagens, laminin, fibronectin, and gly-
cosaminoglycans (GAGs), were well preserved in the
decellularized tissue while cells were effectively removed.

Upon neutralization (pH 7.4) and at 37 °C, the LEM
solution comes into gelation via self-assembly of their
fibrillar components such as collagen type I, allowing for
cell encapsulation. However, the gelation is not quick
enough and efficient to stabilize the LEMgel for scalable
generation of HMTs. Furthermore, the LEMgel alone
cannot sustain itself in the culture for a long time due to its
low mechanical strength and degradation. To overcome
this challenge, we have proposed a double-network com-
posite hydrogel using a secondary network based on algi-
nate, to allow fast gelation and support stability of the
HMTs during the 28 days. In our study, when the generated
HMTs fell into a gelling bath containing calcium chloride,
a physical network is formed by rapid gelation of alginate
which can work as a template for subsequent formation of
the LEMgel network via self-assembly. Hence, the slow
degradation of alginate network improves the stability of
the double-network microcapsules during the one-month
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culture. It is suggested that the composite hydrogel, with
the tissue specificity of LEMgel and the physical nature of
alginate, provide an appropriate micro-niche for cell
encapsulation and scalable HMTs bioengineering. Evalu-
ating ultrastructure using SEM analysis showed that the
composite hydrogel is a highly porous network with
interconnected micro-pores that could allow for efficient
nutrition to support viability of the encapsulated cells (Fig
S1B).

Prior to the generation of the double-network, we
decided to assess the gelation ability of each physical
network under appropriate physical conditions. The results
showed prominent elastic behavior (G’ > > G”) and pla-
teau behavior of the modulus versus frequency which are
the signs of an efficient gel formation for both the LEM and
alginate hydrogels (Fig S1C). The G’ mean value (Pa) was
117 for LEMgel, and 3383 for alginate. The higher mod-
ulus quantities of alginate hydrogel suggested higher
crosslink density of this network as compared with LEM
hydrogel; therefore, it could be a supportive scaffold for
the weak network of LEMgel. As expected, the composite
hydrogel showed an intermediate mechanical behavior (a
mean G’ of 1215 Pa) compared to each hydrogel alone.
This value is close to the value for liver (~ 1 kPa) [32].

3.2 Hepatic micro-tissue characterization

The HMTs were generated in three different diameters
(300, 500, and 700 pm) by tuning air flow rate (between
0.8 and 1.4 bar) in an air-driven droplet generator system
(Fig. 1A). Evaluating generated HMTs size distribution
showed that the extrusion method could efficiently and
reproducibly generate the HMTs with homogenous diam-
eter (Fig. 1B, C). We found that the single cells were ini-
tially distributed homogeneously in the HMTs. While
during the culture period, up to day 28, cell proliferation,
aggregation or probably migration resulted in the formation
of a number of cell aggregates inside the HMTs (Fig. 1B).

3.3 Hepatic micro-tissue size optimization

Generated HMTs of all three sizes maintained a uniform
size with a non-significant little variation in diameter over
the 28-days period of culture. However, the cell prolifer-
ation rate of three groups, calculated as fold change against
the initial cell number, was different (Fig. 2A). On day 28,
the cell fold-change of 300, 500, and 700 pm HMTs were
9.2 £ 0.3, 10.3 + 0.4, and 6.9 £ 0.7, respectively, indi-
cating significantly higher cell proliferation in HMTs with
500 pm diameter compared to other groups. In order to
achieve the best size, we compared the three groups with
regard to the improvement of hepatic-specific gene
expression and function. In all groups, the highest mRNA

levels of fetal hepatocyte marker, alpha-fetoprotein (AFP),
were observed on day 1, which declined over time
(Fig. 2B), while mRNA levels of maturation markers, ALB
and CYP3A4, were increased on days 14 and 28, in a
manner that the expression level of these markers in
500 pm HMTs were significantly higher than those of other
groups, particularly on day 28 (p < 0.000) (Fig. 2C). Fur-
thermore, secretions of ALB on day 28, A1AT on days 21
and 28, and fibrinogen on days 1, 7, 14, 21 and 28, as well
as urea production on day 21 were found to be significantly
higher for 500 pm HMTs as compared those for 300 or
700 pm ones (Fig. 2D). Therefore, based on the data
obtained, we selected 500 um HMTs as the ones with
optimum size for subsequent experiments. Using volu-
metric calculations and also cell counting by trypan blue,
we found that there are about 490 cells in each 500 pm
HMT on day 0. Therefore, it is expected that at this time,
there are 245, 163, and 82, Huh-7, HUVECs, and MSCs,
respectively, in one HMT.

3.4 Hepatic micro-tissues with 500 pm diameter,
an appropriate in vitro liver model

3.4.1 Full characterization of HMTs

Live/Dead staining showed that most cells inside the
HMTs were alive up to day 28, with only a small number
of dead cells (Fig. 3A). To analyze the structure and
glycogen storage, H&E and PAS staining were performed
on HMTs sections. As expected and shown in phase-con-
trast micrographs, the sections revealed numbers of com-
pact aggregating structures within one HMTs (Fig. 3B).
Almost all Huh-7 cells had the ability to store glycogen in
their cytoplasm and were PAS-positive (Fig. 3C). Fur-
thermore, Huh-7 cells within the HMTs displayed typical
functional features of mature hepatocytes, Dil-Ac-LDL
intake, and ICG uptake/release (Fig. 3D, E). We further
examined the expression of ALB and CYP3A4, as two
important hepatic proteins, using immunofluorescence (IF)
staining. The results demonstrated that the Huh-7 cell
aggregates, which were organized within the HMTs, well
expressed these proteins after 28 days of culture (Fig. 3F).
Also, using IF staining against vimentin, we found that
both MSCs and endothelial cells were organized in the
HMTs in a close contact with Huh-7 cells (Fig. 3F).

Furthermore, we evaluated cell proliferation using IF
staining and qRT-PCR to probe Ki-67 protein and mRNA
expression in HMTs. The obtained data showed that many
of cells were proliferating on day 14, but there was a sig-
nificant decline in Ki-67 positive cells and gene expression
on day 28 (Fig S2). Together, these data revealed that the
proliferation and maturation of Huh-7 cells occurred in a
sequential period.
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«Fig. 2 Comparison of 300, 500, and 700 pm hepatic micro-tissues
made to choose the best size. A Cell proliferation rate during 28 days
of culture showed that despite a little variation in HMTs diameter, cell
proliferation rate of the HMTs with 500 pm diameter was signifi-
cantly higher than other groups. B, C Gene expression of early (AFP)
and late (ALB and CYP3A4) hepatic markers analyzed using qRT-
PCR. The graphs demonstrated expression level of AFP declined
throughout the time period. Notably, expression level of ALB and
CYP3A4, particularly on day 28, was significantly higher in 500 pm
HMTs compared to other groups. Data obtained were normalized
against glyceraldehyde-3-phosphate dehydrogenase (GAPDH). D Se-
cretions of ALB, A1AT, and fibrinogen as well as urea production
were significantly higher for 500 pm HMTs compared with those of
other groups. The data are presented as Mean £+ SD (n = 3).
*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001

3.4.2 Hepatic-specific genes expression

To determine whether the micro-niche provided in the
selected HMTs (with 500 um diameter) are suitable for
improvement of Huh-7 cells functionality, expressions of a
panel of hepatic-specific gene were analyzed using qRT-
PCR during the culture period (Fig. 4). In the human liver,
drugs are predominantly biotransformed by a subset of
CYPs, namely CYP3A4, 1A2, 2B6, 2C9, 2C19, and 2D6
[33]. The gene expression analysis of these phase I
enzymes illustrated significantly higher expression levels
in HMTs, especially on day 28 (p < 0.0001) as compared
with those of Huh-7 monolayer culture. We also found
significant upregulation for nuclear pregnane X receptor
(PXR), which is considered as one of the master regulators
in drug metabolism [34], on days 14 and 28 in HMTs as
compared with 2D cultured Huh-7. Multidrug resistance
protein 2 (MRP2), as a transporter of drug metabolites, is
an indicator for the formation of bile canalicular structures
due to hepatocyte membrane polarity [35]. We found sig-
nificantly higher expression level for MRP2 in the HMTs
on day 28 as compared with 2D cultured Huh-7.

As illustrated in Fig. 4, mRNA levels of the hepatic
functionality genes, carbamoyl phosphate synthetase-1
(CPS-1), and glucose 6-phosphatase (G6Pc), and tran-
scription factor CCAAT/enhancer binding protein A
(CEBPA) were significantly increased in HMTs in a time-
dependent manner in comparison to those of 2D cultured
Huh-7. Finally, the level of ALB expression in the HMTs
on days 14 and 28 were 153 £ 51-fold and 600 £ 106-
fold, respectively, which were higher than those of 2D
cultured Huh-7.

In addition to gene expression, the secretion of four
hepatic biomarkers, ALB, A1AT, fibrinogen, and urea,
during the culture period was monitored. The results
showed that the production of these hepatic biomarkers
significantly increased over the period of 28 days in a time-

dependent manner in the HMTs as compared with those of
2D cultured Huh-7 (Fig S3).

3.4.3 Response to drug toxicity

After evaluations regarding functionality, to address our
main purpose, we aimed to perform toxicological experi-
ments including acute drug toxicity and dose- and time-
dependency, as well as CYP enzymes evaluation.

Concentrations of some of the drugs were selected based
on their therapeutic serum concentrations (C,,,x) and for
others, we decided based on the literature [31]. For the
acute drug toxicity, HMTs or 2D cultured Huh-7, as con-
trol, were exposed to an array of hepatotoxic compounds
for 48 h. The results showed that with almost of the drugs,
cell viability of the HMTs was lower than that of control
group (Fig. 5). This reflected that the sensitivity and sus-
ceptibility of the HMTs to the hepatotoxins was higher than
that of 2D cultured Huh-7 cells.

Paracetamol (APAP) is the most commonly used hepa-
totoxic drug in experimental models [36]. At the concen-
trations of 500 and 1000 pM, APAP caused a significant
decrease in cell viability of HMTs as compared to the
control group. Pioglitazone and ciglitazone are peroxisome
proliferator-activated receptor (PPAR-y) agonists. Ciglita-
zone has hepatotoxicity but pioglitazone is safe [37].
Regarding the specificity, in the current study, toxicities of
these two structurally analogs were compared. Our results
confirmed a more pronounced response to both components
at 10 uM concentration in HMTs compared to the 2D
cultured Huh-7 cells, as well as a higher susceptibility to
ciglitazone compared with pioglitazone.

Dose- and time-dependency assay is one of the most
mandatory processes in drug screening. So, we evaluated
the dose- and time-dependency of three selected drugs, i.e.
APAP, TAM, and 5-FU, for the HMTs (Fig. 6A). Our data
confirmed that the HMTs, in most of the experiments, had
proper sensitivity to increasing doses as well as increasing
exposure times, which is expected from an appropriate
in vitro model. We found that increasing doses (0.5, 1, and
10 mM) of APAP reduced cell viability following 24, 48,
and 72 h of treatments. Compared to the untreated control,
HMTs showed 68%, 63%, and 22% survival rates after
72 h exposure to APAP 0.5, 1, and 10 mM, respectively.
Cell survival rate of HMTs correlated with TAM or 5-FU
doses and exposure times, too. In this regard, the HMTs
showed their sensitivity to both toxins in a time- and dose-
dependent manner.

3.4.4 Cytochrome enzymes functionality

One of the major determinant functional markers of hep-
atocytes, which extremely declined in the hepatoma cell
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«Fig. 3 Further characterization of hepatic micro-tissues with 500 pm
diameter. Micrographs of HMTs showed that on day 28 (A) most cells
were alive and (B) a number of compact cell aggregates were formed
within a HMT. Furthermore, almost Huh-7 cells displayed functional
features typical of mature hepatocytes in terms of (C) epithelioid
organization and glycogen storage, D) Dil-Ac-LDL intake, and
(E) ICG uptake and release. (F) Immunofluorescence micrographs for
ALB and CYP3A4 showed that the Huh-7 cell aggregates well
expressed these proteins on day 28. Also, both MSCs and endothelial
cells stained for vimentin were in a close contact with Huh-7 cells

lines, is the activity and induction/inhibition potency of the
CYP450 enzymes [11]. To assess this fundamental capa-
bility, the HMTs, on day 21, were exposed to appropriate
inducers or inhibitors for 48 h and the enzyme activity was
reported as fold changes relative to non-exposed ones
(Fig. 6B). For CYP3A4, the enzyme activity increased
more than three folds when the HMTs were exposed to
phenobarbital (PB), or a combination of PB and APAP, as
inducers. Furthermore, CYP3A4 activity could be inhibited
by verapamil, as a moderate inhibitor of the enzyme [38],
where a threefold decrease in enzymatic activity was
observed. Using PB or sodium valproate, as inducers, the
activity of CYP2B6 showed more than twofold increase.
However, we showed an inhibition of CYP2B6 by cigli-
tazone, a PPARY agonist, although it was not found to be
significant. For CYP2C9 induction, we used rifampicin
(RIF), a PXR activator, or carbamazepine [39] and
observed a two-fold elevation in the enzyme activity for
rifampicin, while exposure to carbamazepine raised the
enzyme activity non-significantly. Also, when CYP2C9
was inhibited by isoniazid, the enzyme activity was
decreased significantly. Finally, the activity of CYP2D6 in
the presence of rifampicin or dexamethasone (DEX) raised
more than two-folds. Furthermore, the enzyme activity was
inhibited four-folds, as compared with its basal activity,
when the HMTs was exposed to diphenhydramine. These
results showed that the induction/inhibition potency of
CYP enzymes in the HMTs was acceptable according to
the FDA guidelines (FDA). It can be stated that our satis-
factory results from toxicological studies might have been
obtained due to the improvement in the expression and
activity of CYPs in the HMTs.

4 Discussion

A relevant in vitro liver model should possess a variety of
criteria including allowing co-culture of hepatocytes with
non-parenchymal cells in an appropriate micro-niche to
remain functional for a long time in the culture. On the
other hand, cost-effectiveness, feasibility, reproducibility,
and compatibility for scalable production process are major

challenges. Numerous liver spheroid, micro-tissue or
organoid models with considerable improvements in
maintaining functionality of hepatocytes have been intro-
duced. However, most of them require specialized equip-
ment, are expensive, and/or not scalable. Due to these
shortcomings, these in vitro models are not still imple-
mented widely in drug development pipelines. In the pre-
sent study, we developed a feasible, size controllable,
reproducible and high-throughput compatible method for
bioengineering functional hepatic micro-tissue, by co-cul-
turing of Huh-7 cells with MSCs and HUVEC in a bio-
mimetic composite hydrogel. All results obtained from the
HMTs revealed significant improvements in hepatic-
specific functionality and drug responsiveness compared to
2D cultured Huh-7.

One of the main issues regarding to in vitro liver models
is the source of hepatocyte. PHHs, as the gold-standard for
toxicity assay, are faced with lack of available sources and
rapid dedifferentiation, which impede the use of these cells
in drug discovery [12]. So, many researchers still have tried
to predict the drug-induced cytotoxicity using hepatoma
cell lines [5, 18, 21, 40]. Despite some advantages, such as
lower price and reproducibility, using 2D cell line culture,
30% of the compounds were incorrectly classified as non-
toxic [5]. It seems that improvement in the functions of cell
lines may be an appropriate solution. The results of the
previous studies have shown that 3D culture [21, 40], co-
culture systems [19], the presence of ECM [16], or com-
bining these parameters [28] may improve hepatic func-
tionality of cell lines.

Supportive interactions from stromal cells enable hep-
atocytes to adopt a more tissue-like structure, which posi-
tively affect the cellular functionality [23, 24]. In the
present study, similar to our previously reported data [28],
we used two common, feasible, and accessible human cells,
MSC and HUVEQC, as supportive stromal cells for co-cul-
turing with Huh-7. The heterotypic endothelial-hepatocyte
interactions are important for hepatogenesis, hepatocellular
polarity, and functionality, as well as liver regeneration
[41, 42]. In a self-organizing liver bud and liver organoid
generation, Takebe et al. showed that co-culturing of iPS-
derived hepatocyte-like cells and HUVECs through para-
crine signaling and especially cell-cell contact regulates
hepatocyte differentiation and promotes the HLC matura-
tion [43, 44]. Furthermore, Salerno et al. developed a liver
organotypic co-culture systems using PHH and HUVEC
and demonstrated that the cell-cell contact maintained
functionality of hepatocyte during culture period [45].
Moreover, it is shown that, supported by endothelial cells,
hepatocytes not only enhanced their primary metabolism,
drug clearance, and gene expression but they also main-
tained a differentiated morphology and established a
functional apico-basal polarization [46]. Furthermore, it is
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Fig. 4 Gene expression analysis of hepatic functionality markers for
hepatic micro-tissues with 500 pm diameter. As demonstrated in the
graphs, during the culture period, the majority of evaluated genes had
significantly higher expression levels in the HMTsS, especially on days
14 and 28 compared to Huh-7 monolayer culture. The mRNA

shown that co-culture of liver sinusoidal endothelial cells
with primary rat hepatocytes in a layered model resulted in
albumin expression maintenance up to day 37 [47]. Ma
et al. used 3D bioprinting to create liver lobule-like
structures containing hepatocyte-like cells, HUVECs, and
adipose-derived stem cells embedded in a mixed GelMA
and hyaluronic acid hydrogel. These hepatic hexagonal
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expression levels were normalized against GAPDH and reported as
fold changes relative to the expressions of 2D cultured Huh-7. The
data are presented as Mean &+ SD (n = 3). *p < 0.05; **p < 0.01;
*##%p < (0.001; and ****p < 0.0001

units were functional for up to 32 days, and the expression
of liver-specific genes were at higher levels than in hepa-
tocyte-like cells only group or monolayer culture [48]. In a
liver micro-tissue model, which involves co-culture of
HepaRG cell line and stellate cells, canalicular transporter
MRP2 were functional, which might be due to higher levels
of differentiation and polarization of hepatocytes [23].
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«Fig. 5 Response of hepatic micro-tissues to acute toxicity. The
response of the HMTs to hepatotoxins was assessed after 48 h
exposure to different concentrations of a panel of 15 compounds. 2D
cultured Huh-7 cells were considered for the control group and cell
viability was evaluated using MTS assay and presented as the
percentage of viable cells treated with chemical compound to ones
treated by an appropriate vehicle. As shown in the graphs, in most of
the experiments, the cell viability of HMTs was lower than that of the
control group. This reflected that the susceptibility of the HMTs to
most of the hepatotoxins was higher than that of 2D cultured Huh-7
cell. The data are presented as Mean = SD (n = 3). *p < 0.05;
**p < 0.01; #*¥p < 0.001; and ****p < 0.0001

As for the presence of ECM and its composition, scaf-
fold-based in vitro models allow for more complex con-
structs that closely resemble the in vivo microenvironment.
In a liver-on-a-chip spheroid-based model, where spheroids
produced from HepG2/C3A cells encapsulated within
GelMA hydrogel, ALB, A1AT, and transferrin values
increased during 30 days [15]. In another study, Huh-7.5
cells grown on a fibronectin or collagen had higher ALB

expression at both gene and protein levels compared with
without-ECM control group [16]. Recently, Lee et al.
encapsulated hepatocyte-like cells using tissue-specific
ECM microbeads to create uniform-sized tissue beads. The
microbeads significantly enhanced the viability, matura-
tion, and functionality of the cells, as compared with those
of the collagen-only group [27]. Therefore, in the present
study, we expected that a scaffold prepared based on tissue-
specific ECM would provide enhancement of hepatocyte-
specific functions of Huh-7 cells within the HMTs. As a
major component of ECM, GAGs led to tissue-specific
properties of ECM-derived biomaterials via sequestering
tissue-specific growth factors and cytokines [49]. Further-
more, GAGs affect hepatic tissue reorganization through a
variety of extracellular signaling [50]. Moreover, preserved
fibronectin and collagen components in the natural ECM
can mimic the liver microenvironment and improve hepa-
tocyte viability and functionality by enhancing attachment
and mechanical regulation [16].
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Fig. 6 Toxicological measurements for hepatic micro-tissues.
A Assessments of responses to different doses and exposure periods
of hepatotoxins showed that the HMTs, in most of the experiments,
had proper sensitivity to increasing doses as well as increasing
exposure times, which is expected from an appropriate in vitro model.
B Measurements of CYP enzymes activity of the HMTs at steady
state or after 48 h exposure to appropriate inducers or inhibitors
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showed acceptable induction and inhibition potency of the CYP
enzymes compared with their basal activity. PB: phenobarbital; RIF:
rifampicin; DEX: dexamethasone; APAP: acetaminophen. The data
are presented as Mean = SD (n =3). *p < 0.05; **p <0.01;
*#*¥p < 0.001; and ****p < (0.0001. Non-similar letters on the bars
of same groups denote significant differences at p < 0.05



Tissue Eng Regen Med (2020) 17(4):459-475

473

In addition to the biochemical properties of ECM, the
stiffness of microenvironment is known to have significant
effects on cellular behaviors [51]. Therefore, a niche at a
physiological stiffness range can contribute more to bio-
engineering a more accurate hepatic model. Stiffness of our
composite hydrogel was about 1.2 kPa, highly close to its
value of the native liver matrix. It was previously shown
that PHHs cultured on a substrate containing liver-specific
ECM with 1.2 kPa stiffness demonstrated higher expres-
sion of hepatocyte nuclear factor 4 alpha (HNF4a) and
ALB as compared to substrates with other stiffness values
[52]. We used a double-network composite hydrogel which
provided the tissue specificity of LEMgel and the physical
nature of alginate, to allow fast gelation and provide the
suitable stiffness to support the stability of the HMTs
throughout the study.

Another key factor in 3D culture systems is to ensure
that the recruiting scaffold is highly porous with inter-
connected channels to provide suitable cell attachment
sites, to support cell spreading, proliferation, and formation
of tissue-like structures and to enable efficient oxygen and
nutrient supply, and waste removal [53, 54]. In this regard,
some studies demonstrated that PLLA and alginate scaffold
with pore size about 100 pm was optimum for culture,
aggregate formation, and functionality of hepatocytes
[55, 56]. Furthermore, our previous study showed a
Hepatic-Patch generated by co-culture of human bone
marrow stromal cells, HUVEC and Huh7, within a highly
porous artificial 3D liver ECM scaffold improves liver-
specific functionality of the hepatic cell line in vitro and
in vivo [57]. In this study, the viability and improved
functionality of HMTs proved that the composite hydrogel
provides a suitable scaffold for generation of the hepatic
micro-tissues.

In terms of cellular functionality, a circuit of gene
expression, protein (enzyme) production, and the enzyme
activity as well as its induction/inhibition capability are
considerable. Successfully, in this regard, we could show
such a phenomenon for some of the important hepatic-
related functions, including ALB secretion, urea produc-
tion, glycogen storage, and CYP enzyme activity involved
in xenobiotic metabolisms. Our results showed that, com-
pared to the control group, overexpression of ALB gene
more than 600-times on day 28 in the HMTs leads to
significantly more production of ALB. CPS-1, as the most
abundant enzyme in hepatocyte mitochondria, catalyzes
the rate-limiting step of the urea cycle. The elevated
overexpression of CPS-1, more than 19-times, should be
correlated with observed improvement in urea secretion of
HMTs. G6Pc plays a key role in the connection between
glycolysis, gluconeogenesis, glycogen synthesis, and
glycogenolysis [58]. It suggests that the observed increase
in G6Pc mRNA expression, i.e. more than 100-times,

might be in association with glycogen storage (PAS
staining) in the HMTs.

One of the major determinant functional markers of
hepatocytes is the activity and induction/inhibition potency
of CYP450 enzymes [11]. Reduced expression of these
enzymes in hepatoma cell lines is thought to be a main
issue in the poor prediction of toxicity in humans [12]. To
overcome this problem, the improvement in the functions
of cell lines has been illustrated, which may lead to
improved CYP activity [18]. Our results showed that not
only the gene expression of all evaluated CYPs increased
significantly, but the activity of the enzymes was also
induced and inhibited by relative components. Further-
more, the activity of the CYP enzymes, as the most com-
mon phase I drug-metabolizing enzymes [33], were well
demonstrated in our drug testing and toxicity experiments.
In this regard, we used an array of experiments to test the
effectiveness of the generated HMTs for drug toxicity
assessment. In acute toxicity, HMTs were found to be more
susceptible to hepatotoxins, indicated by less viability,
compared with 2D cultured Huh-7. Furthermore, the
response of the HMTs to selected hepatotoxins, APAP,
TAM, and 5-FU, was dose- and time-dependent. Since the
activity and inducibility of CYP enzymes are key factors of
the drugs’ pharmacokinetics and toxicity, the observed
metabolic competence may improve the predictive power
of the HMTs as an appropriate in vitro model.

Overall, although there is a great tendency to use PHHs
or HLCs to develop in vitro human liver models, our data
showed that cell lines might still be applicable when placed
in a suitable microenvironment. Using this approach, the
scalable bioengineered hepatic micro-tissues showed sig-
nificant improvement in liver-specific functions especially
in toxicological response and drug time- and dose-
dependency.
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