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Abstract

Multicellular microtissues of primary human hepatocytes (PHHs) co-cultured with other supporting cell types are a promis-
ing model for drug screening and toxicological studies. However, these liver microtissues (LMs) rapidly lose their functions
during ex vivo culture. Here, in order to mimic the cellular and structural hepatic microenvironment, we co-cultured PHHs
with human mesenchymal stromal cells (MSCs) and human umbilical vein endothelial cells (HUVECsS) in the presence of
cell-sized microparticles (MPs) derived from liver extracellular matrix (LEMPs). The microwell culture platform enabled
biofabrication of size-controlled multicellular microtissues (PHH:HUVEC:MSC =3:2:1) with efficient LEMP incorpora-
tion (about 70% at a 2:1 ratio of cells:MP). The biofabricated liver microtissues (BLMs) were cultured ex vivo for 14 days
and compared to the cell-only LM in terms of gene and protein expression, functional activity, cytochrome P450 (CYP450)
enzyme inducibility, and drug sensitivity. The results supported superior hepatic-related gene expression, functional activ-
ity, and polarity for PHH in BLM compared to LM. CYP450 enzyme inducibility and dose-responsive sensitivity to toxic
drugs were significantly higher in the BLM group. In conclusion, microtissue engineering by incorporation of tissue-specific
microparticles within a multicellular microtissue can offer some advantages for drug discovery studies and cell transplanta-
tion applications. In the near future, this approach could generate a scalable platform of several functional biofabricated
microtissues representing different organs.

N.N. Semenov Federal Research Center for Chemical
Physics, Russian Academy of Sciences, Moscow 117977,
Russia

< Massoud Vosough 6
masvos @royaninstitute.org

Department of Developmental Biology, University 7

of Science and Culture, ACECR, 14155-4364 Tehran, Iran Department of Biology and Anatomical Sciences, School

of Medicine, Shahid Beheshti University of Medical
Department of Regenerative Medicine, Cell Science Sciences, 14155-4364 Tehran, Iran

Research Centre, Royan Institute for Stem Cell Biology 8 Department of Tissue Engincering and Applied Cell

and Technology, ACECR, 14155-4364 Tehran, Iran

Department of Stem Cells and Developmental Biology,
Cell Science Research Center, Royan Institute for Stem Cell
Biology and Technology, ACECR, 14155-4364 Tehran, Iran

Department of Cell Engineering, Cell Science
Research Center, Royan Institute for Stem Cell Biology
and Technology, ACECR, 14155-4364 Tehran, Iran

Transplant Research Center, Shiraz University of Medical
Sciences, 71936-13311 Shiraz, Iran

@ Springer

Sciences, School of Advanced Technologies in Medicine,
Shahid Beheshti University of Medical Sciences,
14155-4364 Tehran, Iran

Institute for Regenerative Medicine, Sechenov University,
Moscow 117977, Russia

Division of Pathology, Department of Laboratory Medicine,
Karolinska Institute, 17177 Stockholm, Sweden


http://orcid.org/0000-0001-5924-4366
http://crossmark.crossref.org/dialog/?doi=10.1007/s42242-021-00137-4&domain=pdf

Bio-Design and Manufacturing (2021) 4:790-805

791

Graphic abstract

Sheep liver

Microtissue formation

h

PHHs

= =
- ~
~

- ~

e " Aggrewell plates  >~_

-
-

T

e o e Ve e

Microtissue with

Drug screening

Keywords Liver microtissue - Hepatocyte maintenance - Microparticles - Decellularized tissue - Drug screening

Introduction

In vitro models that employ primary human hepatocytes
(PHHs) are proven to provide more reliable results in pre-
dicting drug toxicity and disease modeling compared to
hepatic cell lines and pluripotent stem cell-derived hepat-
ocyte-like cells [1]. Although PHHs are considered the
gold standard tool for drug screening and toxicity assays
in a variety of culture platforms, the fact that they inevi-
tably lose hepatocyte-specific features within a few hours
after an ex vivo culture notably affects their applicability

and efficacy [2]. Furthermore, the translation of in vitro
results into predictable in vivo outcomes is problematic for
the drug development industry. Updated methods that aim
to maintain the primary characteristics in isolated PHHs
commonly focus on hepatic microenvironment recapitula-
tion by mimicking cell-cell and cell-matrix interactions
[3, 4]. An ideal model would consider PHH interactions
with the supporting stromal cells, extracellular matrix
(ECM), and soluble factors [5, 6]. The cell-cell junctions
and cell-matrix connections regulate PHH polarization,
which is crucial for maintenance of functionality [7, 8].
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Accordingly, several culture methods have been devel-
oped that maintain hepatic functions by mimicking the
in vivo microenvironment via co-culture of PHHs with
non-parenchymal cells under sandwich, spheroid, or
microfluidic conditions [7, 9—-16]. Bone marrow-derived
mesenchymal stromal cells (BM-MSCs) and human
umbilical vein endothelial cells (HUVECS) are two reli-
able and accessible cell sources for such applications.
Paracrine factors secreted by MSCs and endothelial cells
are critical for hepatocyte maintenance and maturation
[17]. Cell-cell interactions with MSCs have an essen-
tial role in self-organization and condensation of three-
dimensional (3D) multicellular cultures [17]. Salerno and
colleagues reported a liver organotypic co-culture system
that used PHH and HUVEC to preserve hepatic function
for an extended period of time [15]. Such heterotypic cell
contacts could improve albumin (ALB) secretion, urea
synthesis, and drug biotransformation. In another study,
immortalized PHHs were co-cultured with MSCs and liver
sinusoidal endothelial cells using Upcyte® technology to
generate functional liver organoid-like structures that pre-
served hepatic function for up to 10 days [16].

The co-culture of PHH in multicellular 3D aggregates
benefits from both cell—cell interactions and scalability for
mass production. However, long-term function of PHH is
hampered by the lack of liver-specific ECM, which is an
essential component to mimic critical cell-ECM interac-
tions. Organ-specific ECM provides the proper biophysical
and biochemical cues for physiologic function in different
tissues [18]. Accordingly, ECM derived by tissue decellular-
ization has been implemented as a tissue-specific substrate
and is superior to collagen or Matrigel™ as a support for
primary cell cultures [19].

In particular, PHHs maintained their normal morphol-
ogy when cultured on intact or solubilized liver matrix in
comparison with non-liver-derived ECM [20-22]. Hence,
we hypothesized that PHH function could be maintained
by enrichment of the microtissue environment with liver-
derived ECM (LEM). Moving away from our established
technique in generating hybrid hydrogels of alginate/LEM
[23, 24], we encapsulated hepatocytes, MSCs, and HUVECs
in size-controlled microcapsules in a scalable manner.
Although the co-culture strategy and LEM were both effec-
tive in terms of preserving hepatocyte functions, cell migra-
tion was impaired by the dense network. Similarly, another
challenge with the encapsulation strategy may be the limited
diffusion and transport of endogenous and exogenous factors
produced by a compact hydrogel network [25]. In order to
overcome such limitations, we formulated the LEM as cell-
sized microparticles (MPs), which could be incorporated
within the liver microtissue (LM) during cell aggregation.
By using microwell plates, homogenous 3D cell microtis-
sues were fabricated with or without the liver ECM-derived
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MPs (LEMPs). Our results showed that the incorporation
of LEMPs considerably improved functional properties and
maintained hepatic functions for at least 14 days.

Materials and methods
Fabrication of liver ECM-derived MPs (LEMPs)

Decellularization of sheep liver tissue and LEM digestion
were performed according to our previous report [23] with
some modifications. Briefly, the frozen sheep liver was cut
into 2-mm-thick pieces and washed five times in deion-
ized water (dH,0). Next, the liver pieces were stirred in 1%
sodium dodecyl sulfate (SDS, Sigma-Aldrich, 436,143) at
4 °C for 72 h. The SDS solution was subsequently refreshed
every 24 h. Then, the samples were washed two times with
dH,O and stirred in 1% Triton X-100 (Merck, Burlington,
MA, USA, 108,643) for 30 min. The process was followed
by a 48-h dH,0 rinse to eliminate any remaining detergents
and cellular fragments and achieve pure LEM. The resultant
LEM was lyophilized and milled using a Christ lyophilizer
(Alpha 1-2 LDplus, Osterode am Harz, Germany) and sub-
sequently frozen until further use. Next, to prepare the gel
precursor solution, the LEM powder was digested using 2%
pepsin (Merck, P6887) in 0.5 M acetic acid (Sigma) and
stirred with a magnetic stirrer at 4 °C for 48 h to produce a
pre-gel solution at a concentration of 20 mg/mL [23]. Then,
the w/o emulsion method was used to fabricate LEMPs
(Fig. 1a). For this purpose, a homogeneous mixture of the
LEM (20 mg/mL) and gelatin (50 mg/mL) solutions was
obtained by stirring at 40 °C for 10 min. The homogeneous
mixture (1 mL) was added into 80 mL of oil for homog-
enization at 7000 r/min for 5 min. Next, the emulsion was
cooled for 1 h at 4 °C and cross-linked using a glutaralde-
hyde solution (0.2% w/w) at 700 r/min for 12 h in an ice
bath. The cross-linked MPs were collected at 4000 r/min
and washed twice with dH,0. The MP suspension was then
passed through a 40-um mesh to remove the larger MPs.
The LEMPs were sterilized by treatment with 70% alcohol
for 20 min.

Characterization of liver ECM-derived MPs (LEMPs)

Scanning electron microscopy (SEM) was used to evalu-
ate the LEMP morphology. The sample was dehydrated and
gold-coated using a sputter coater (MSP-1S, Shinku Device,
Ibaraki, Japan) and subsequently visualized by SEM (VE-
8800, Keyence, Tokyo, Japan). Size distribution was meas-
ured using ImagelJ software, and the data were analyzed with
Prism software. The morphology of the LEMPs was addi-
tionally viewed, and their Young’s modulus was measured
by atomic force microscopy (AFM). The LEMPs were fixed
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Fig. 1 Production and characterization of LEMPs. a Schematic illus-
tration of MP production from LEM. b Phase contrast image. Scale
bar: 100 pm. ¢ SEM image of LEMP. Scale bar: 20 pm. d Size dis-
tribution of MPs. e Young’s modulus (E) of MPs measured by AFM.
f Collagen content in microparticles, LEM gel, and intact liver. g

on a Petri dish coated with poly-L-lysine. The AFM experi-
ments were conducted with a Bruker Bioscope Resolve
microscope (Bruker, USA) combined with an Axio Observer
inverted optical microscope (Carl Zeiss, Germany) in phos-
phate-buffered saline (PBS) at room temperature, using
triangular ScanAsyst-FLUID cantilevers with a nominal
spring constant of 0.7 N/m, nominal frequency of 150 kHz,
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Cell viability assay of MPs by 48-h culture with fibroblasts at differ-
ent cell: MP ratios. ECM extracellular matrix, LEM liver extracellu-
lar matrix, LEMP liver ECM-derived MPs, SEM scanning electron
microscopy, MP microparticle, LM liver microtissue, BLM biofabri-
cated liver microtissue, AFM atomic force microscopy

and nominal tip radius of 20 nm (Bruker, USA). The AFM
imaging was performed in the PeakForce Tapping mode at a
scan rate of 1 Hz and an image resolution of 512 x 512 pix-
els. The Young’s moduli E values were extracted from force
curves obtained manually and monitored through the opti-
cal microscope over 10 different LEMPs. The force curves
were acquired with a 2.5-um vertical ramp distance and a
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50-um/s vertical piezo-speed. In order to calculate Young’s
modulus, the extended part of a force curve was processed
using the Hertz model and the initial 10% of the curve after
the contact point was used for the fit in order to avoid the
influence of the hard substrate. All of the image and force
curve processing were performed using NanoScope Analysis
software (Bruker, USA).

The collagen content of the decellularized liver, LEMPs,
and intact liver was quantified using a colorimetric Sircol
Biocolor Assay kit (Biocolor Ltd., Northern Ireland, UK).
This assay is a dye-binding method designed to measure acid
and pepsin-soluble collagens. The absorbance was measured
at 550 nm using a microplate reader.

Human foreskin fibroblasts (HFFs) were cultured with the
LEMPs at three cell:MP ratios (1:1, 1:3, and 1:10) for 48 h to
examine the cytocompatibility of the LEMPs. Cell viability
was assessed using the Orangu Viability kit (Cell Guidance
Systems, OR01-500).

Toluidine blue (TB) and Masson trichrome (MT)
staining

Toluidine blue (TB) and Masson trichrome (MT) stain-
ing were performed 14 days post-aggregation with routine
protocols to, respectively, investigate glycosaminoglycans
(GAGs) and collagen as the main components of the MPs.

Cell preparation and liver microtissue (LM)
generation

HUVECSs were isolated according to a previous report [26].
Briefly, the HUVECs were isolated from the umbilical
cord of healthy newborns after receipt of informed con-
sent from their parents. The umbilical vein was incubated
with 1% collagenase (Gibco, 17,104-019), and the isolated
cells were cultured and propagated in endothelial growth
medium (Royan Endothelial Cell Medium) supplemented
with 1% L-glutamine (Gibco, 25,030-024), 1% penicillin/
streptomycin (Pen/Strep, Gibco, 15,070-063), 1% minimum
essential medium (MEM) non-essential amino acids (Gibco,
11,140-035), and 10% fetal bovine serum (FBS, Gibco,
16,140-071) up to passage 4. MSCs were obtained from
the Royan Stem Cell Bank (Iran). The cells were cultured up
to passage 3 in Dulbecco’s modified Eagle medium/nutrient
mixture F-12 (DMEM/F12) (Gibco) supplemented with 1%
L-glutamine, 1% Pen/Strep, 1% MEM non-essential amino
acids, and 15% FBS. Cryopreserved PHHs from three donors
(Supplementary, Table S1) were thawed and suspended in
40 mL of William’s Medium E (Sigma-Aldrich, W-4125)
and centrifuged at 50 g for 3 min at 4 °C. Next, the cells
were resuspended in 25 mL of William’s Medium E. Then,
25 mL of 90% Percoll (Sigma-Aldrich, P-1644) solution in
PBS was added to the tube and gently mixed. Subsequently,
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the suspended cells were gently added to the tube that con-
tained Percoll and centrifuged at 90 g for 10 min at 4 °C.
The dead cells were aspirated from the top of the gradient.
In order to wash out the Percoll, the cell pellet was sus-
pended in 30 mL of warm William’s Medium E; this step
was repeated once. Finally, cell counts were conducted with
a hemocytometer, and we assessed cell viability by Trypan
blue staining. The PHHs were cultured in hepatocyte basal
medium (HBM, Lonza, 17,104—-019) supplemented with 1%
L-glutamine, 1% Pen/Strep, 0.1% insulin (Lonza, CC-4321),
0.1% transferrin (Lonza, CC-4313BB), 2% bovine serum
albumin-fatty acid free (BSA-FAF, Lonza, CC-4362BB),
0.1% hepatocyte growth factor (HGF), 0.1% ascorbic acid
(Lonza, CC-4316BB), 0.1% gentamicin sulfate (GA, Lonza,
CC-4381BB), 0.1% hydrocortisone (Lonza, CC-4335BB),
0.1% epithelial growth factor (thEGF, Lonza, CC-4317BB),
100 nM dexamethasone (Dex, Sigma-Aldrich, D-2915), and
1% FBS.

In order to generate LM, a total of 900000 viable cells
that consisted of PHHs:HUVECs:MSCs at a 3:2:1 ratio
were seeded per well of a 24-well plate (AggreWell ™
plate, 800 pm, Stem Cell Technology, 34,811) in a co-culture
medium (Fig. 2a). The medium consisted of hepatocyte cul-
ture medium (HCM, Lonza, CC-4182), Royan endothelial
medium, and DMEM/F12 in a 3:2:1 ratio, supplemented
with 1% L-glutamine (Gibco, 25,030-024), 1% Pen/Strep
(Gibco, 15,070-063), 10 ng/mL HGF, 100 nM Dex, and 1%
FBS. Cell aggregation was observed with a phase-contrast
microscope (Olympus, IX71, Tokyo, Japan). After 24 to
48 h, condensed microtissues had formed and were harvested
through a 70-um filter mesh. The microtissues were main-
tained in co-culture medium with 1% FBS for 14 additional
days (up to day 14), with medium renewal every 48 h in the
low-attachment dishes. The microtissue was measured using
Image] software, and data were analyzed by Prism software.

Incorporation of liver ECM-derived MPs (LEMPs)
within liver microtissues (LMs)

In order to generate the MP-incorporated microtissues, the
cell ratio and other conditions were identical to those for
the cell-only microtissues, with the exception of the initial
cell suspension that was mixed with a suspension of 1500
MPs prior to cell seeding onto the microwell plate. The MPs
were labeled with fluorescein isothiocyanate (FITC) before
the co-culture process to evaluate a successful incorpora-
tion. After co-culture, the supernatant was collected, and
the FITC-labeled MPs were counted using a hemocytometer
chamber. We measured the incorporation efficiency by com-
paring the number of MPs that failed to incorporate with the
initial number of MPs in the co-culture.

We assessed cell viability of the microtissues after
14 days with the Live/Dead® Viability/Cytotoxicity Kit
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(Invitrogen, 1.3224). We added 0.2 pM calcein AM and
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microtissues for 30 min at room temperature. The microtis-
sues were subsequently washed and visualized with a fluo-
rescence microscope (Olympus, IX71).
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Quantitative reverse transcriptase-polymerase
chain reaction (qRT-PCR)

RNA extraction from snap-frozen samples was conducted
using the RNeasy Mini Kit (Qiagen, 74,106, Venlo, The
Netherlands). Equal amounts of RNA from each sample
were used to synthesize cDNA using a PrimeScript™
Reverse Transcriptase Kit (Takara Bio, Inc., Kusatsu-Shi,
Japan) according to the instructions from the manufac-
turer. Quantitative reverse transcriptase—polymerase chain
reaction (QRT-PCR) was performed for hepatocyte-spe-
cific [27] and epithelial-mesenchymal transition (EMT)
genes. Real-time PCR was performed using a real-time
PCR system (Applied Biosystems StepOne instrument)
with fast SYBR green® (Takara, RR820) and two techni-
cal replicates for each sample. The expression of markers
in the biofabricated liver microtissues (BLM) was com-
pared to the LM on days 7 and 14 relative to day O of the
co-culture. The expression levels of these genes were nor-
malized against glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). The analysis was performed by the com-
parative CT method (2724¢r). The primers used in this
study are listed in Table S2 (supplementary information).

Immunostaining for hepatic, mesenchymal,
and endothelial markers

On days 7 and 14, we performed immunostaining to deter-
mine the expression of hepatic-specific, mesenchymal,
and endothelial markers in the microtissues. For this
purpose, the microtissues were fixed in 4% paraformal-
dehyde, integrated in agar gel (2%), blocked in paraffin
after processing, and subsequently sectioned into 6-um
slices [28]. The sections were incubated overnight with
primary antibodies against human ALB (Bethyl A80-
229A, 1:200), CYP3A4 (Santa Cruz, Dallas, TX, USA,
sc53850, 1:50), HNF4a (Abcam, Ab41898), E-cadherin
(E-cad; Santa Cruz, SC8426), ZO-1 (Abcam, Ab59720),
CD31 (Abcam, Ab28364), and vimentin (Vim, Abcam,
Ab128507) at 4 °C. This was followed by incubation with
secondary antibodies for 1 h at 37 °C. The nuclei were
counterstained with Hoechst 33,342 (Sigma-Aldrich).
Finally, the slides were visualized with a fluorescent
microscope (Olympus, IX71).

Immunofluorescent pictures were used to quantify
CYP3A4 and ALB expression in the hepatocytes (i.e.,
after counting the nuclei, the number of positive cells for
these proteins was divided by the total number of nuclei).
For each protein, 10 distinct histological sections from
three biological replicates were considered.
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Albumin (ALB) and fibrinogen secretion and urea
production

The conditioned media of the microtissues were collected on
days 1, 7, and 14. The samples were assessed for ALB and
fibrinogen secretion using an ALB-ELISA kit (Bethyl Labo-
ratories, Montgomery, TX, USA, E88-129) and a Fibrino-
gen ELISA kit (GenWay Biotech, San Diego, CA, USA,
40-28,822,856) according to the manufacturers’ instruc-
tions. The urea level in the culture media was measured
using a Colorimetric Assay kit (Pars Azmun, Tehran, Iran,
130,400) according to the manufacturer’s instructions.

Cytochrome P450 (CYP450) inducibility

On day 14, microtissues were pretreated with inducers for
72 h for enzyme induction assessment [29]. The inducers
included phenobarbital (500 pM) for both CYP3A4 and
CYP2B6, and rifampicin (25 uM) for CYP2C9. CYP450
activity was assessed with luminogenic P450Glo CYP450
Assay (Promega) kits (CYP3A4, V9002; CYP2B6, V8321;
CYP2C9, V8791) according to the vendor’s instructions
for nonlytic assays using cultured cells. Microtissues were
incubated with luciferin-PFBE (CYP3A4, 1:40 dilution),
luciferin-2B6 (CYP2B6, 1:1000 dilution), or luciferin-H
(CYP2C9, 1:50 dilution) for 3 h. Medium samples were col-
lected from each microtissue strainer, and luciferin metab-
olites were measured using a Synergy HTX MultiMode
Microplate Reader (Biotek). The data that pertain to CYP
enzyme induction are presented as fold changes relative to
the basal activity of 1% dimethyl sulfoxide (DMSO), which
was the vehicle control group.

Drug sensitivity assay

In the hepatotoxicity experiments, we exposed the micro-
tissues from both groups to different medications for 48 h
at different concentrations: diclofenac (Sigma-Aldrich,
D6899); 5-fluorouracil (5-FU; Sigma-Aldrich, F6627);
acetaminophen (APAP, Sigma-Aldrich, A7085); or tamox-
ifen (TAM, Sigma-Aldrich, T5648). All samples contained
a final level of 0.8% v/v DMSO. After 48 h, the conditioned
medium was removed and cell viability was assessed by
Orangu™ kit (at 1:10 ratio, reagent:medium) added and
incubated for 20 min at 37 °C and 5% CO,. After the incu-
bation period, we assessed cell viability by measuring the
absorbance at 450 nm using a microplate reader.

Periodic acid-Schiff (PAS) staining for glycogen storage
Glycogen storage in the microtissues was evaluated by peri-

odic acid-Schiff (PAS) staining. The microtissue sections
were oxidized in 1% periodic acid for 5 min and rinsed
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in distilled water. Next, the sections were covered with
Schiff’s reagent for 10 min. The sections were immersed in
running tap water for 5-10 min and visualized with a light
microscope.

Indocyanine green (ICG) uptake and release

On day 14, the generated microtissues were incubated with
1 mg/mL indocyanine green (ICG) solution (CardioGreen;
Sigma-Aldrich, 12,633) for 1 h in an incubator under stand-
ard conditions to assess ICG uptake. After taking micro-
graphs to assess ICG release, we incubated the microtis-
sues in fresh medium for 4 h and then took another set of
micrographs.

Statistical analysis

Data are presented as mean + SD. The data were analyzed
by one-way and two-way ANOVA and Tukey’s post hoc test
for differences between groups. The mean difference was
considered statistically significant at p <0.05.

Results

(a) Production and characterization of liver ECM-derived
MPs (LEMPs)

We forged decellularized liver tissue into MPs by
chemical cross-linking of the droplet dispersion of
gelatin/LEM (70/30 by weight) solution in a w/o emul-
sion (Fig. la). Phase contrast and SEM observation
showed that the resultant MPs (Figs. 1b and 1c) were
characterized by spherical shape and most (about 70%)
had diameters of 8—12 pm (Fig. 1d). AFM revealed
the presence of grains that had diameters of approxi-
mately 200-300 nm on the surface of the MPs (Fig.
S1), which generated a root-mean-square (RMS) rough-
ness of about 50 nm. Young’s moduli (E) of the MPs,
measured by AFM, varied between individual parti-
cles in the range of 15-80 kPa (average: 33 + 18 kPa)
(Fig. le). In order to assess composition and collagen
content in the MPs, we compared the collagen content
in three groups (MP, LEM gel, and intact liver) with
a colorimetric Sircol Biocolor Assay kit. Assessment
of collagen content showed that MPs, like the LEM
hydrogel, contained high amounts of collagen com-
pared to the normal liver (Fig. 1f). In order to confirm
bio-compatibility, we evaluated HFF viability at differ-
ent cell:MP ratios (1:1, 1:3, and 1:10). There was no
significant cytotoxicity observed (Fig. 1g).

After 14 days, both MT and TB staining indicated
collagen and GAG precipitation in the BLM group, but
not the LM group (Fig. S2). Therefore, the MPs could

(b)

(©)

induce collagen and GAG secretion by co-cultured
cells.

Taken together, these data confirmed that MPs
lacked toxicity and could be highly incorporated with
a homogenous distribution in the culture system.
Biofabrication of liver microtissues (LMs)

We investigated the possibility of microtissue for-
mation in AggreWell plates. A mixture of single cells
composed of PHH, HUVEC, and MSC at a 3:2:1 ratio
was embodied with or without MP to generate BLM
or LM, respectively (Fig. 2a). The MPs were added
to the cell mixture prior to seeding onto the plates at
different cell/MP ratios (2:1, 1:1, and 1:2) in order to
determine the optimal ratio for cell condensation into
3D aggregates. The results showed that microtissue
formation was effective only at a cell:MP ratio of 2:1
because cell condensation was hindered by the MPs
at higher loadings (Fig. 2b), which was likely due
to impaired cell-cell interactions in the presence of
large amounts of MPs. We subsequently investigated
the efficiency of MP incorporation within the formed
microtissues. Quantification of unloaded MPs implied
efficient incorporation of MPs into the microtissues (up
to 75% +5%). FITC-labeled MPs were homogenously
distributed throughout the microtissues (Figs. 2¢ and
S3). Cell viability of the microtissues was not affected
by MP incorporation. There was no significant cell
death detected by the live/dead assay in either the LM
or BLM groups (Fig. 2d). Notably, the viability of the
microtissue was supported mainly by the supportive
cells because there was massive cell death in the PHH-
only hepatospheres (Fig. S4).

The microtissues were monitored for 14 days in a
suspension culture to evaluate homogeneity and integ-
rity over time. A large majority of microtissues (>90%)
were spherical and uniform in size (range 100-200 pm)
(Fig. 2e). The morphological features did not signifi-
cantly change during the 14-day period, which was
probably the result of cell-cell and cell-ECM interac-
tions (Fig. 2e).

Liver-specific and epithelial-mesenchymal transition
(EMT) gene expression profile of liver microtissues
(LMs)

We measured expression of hepato-specific genes to
evaluate the impact of the MPs on the maintenance of
microtissues during 14 days of culture. Measurement
of alpha-fetoprotein (AFP) (a de-differentiation marker)
indicated significant upregulation in the LM group and
no significant change in AFP expression was detected
in the BLM group. At the end of the 14 days, there was
significantly greater AFP expression in the LM group
compared to the BLM group (p <0.01). In addition,
we observed that expression of the mature hepatocyte
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marker ALB was significantly higher in the BLM group
compared to the LM group at days 7 and 14 (p <0.05)
(Fig. 3). Analysis of additional liver-specific genes
proved the expression of phase I/II enzymes and phase
III transporters in both groups, with significantly higher
expression in the BLM group compared to the LM
group after 14 days of culture. This finding suggested
that MP incorporation could support maintenance of
liver-specific mature genes.

Next, we explored whether EMT occurred in the
LM group via analysis of the genes involved in the
EMT process. qRT-PCR data indicated significantly
higher expressions of Ep-cam (p <0.001) and E-cad
(p £0.01) epithelial markers in the BLM compared
to the LM group at day 14. These data indicated that
hepatocytes, the only epithelial cells in our construct,
had better maintenance of their epithelioid phenotype
in the presence of LEMPs. In line with this result, 7TGF-
P, which induces EMT, downregulated in the BLM
group compared to the LM group on day 14 (»p <0.01)
(Fig. 3). This analysis supported EMT prevention in
the BLM group compared to the LM group. We also
assessed other mesenchymal genes involved in EMT
(N-cad, ZEB1, Twist, Vim, and MMP14). These genes
expressed in both the BLM and LM groups, but with
no significant differences (Fig. 3). These data could be
attributed to the contribution of MSCs that typically
express these mesenchymal genes. This result was pre-
dictable because MSCs contributed to our microtissues
and they regularly expressed these genes. Therefore,
the data suggested that MPs could support long-term
maintenance of PHHs in microtissues through inhibi-
tion of EMT progression.

Immunostaining for hepatocytic proteins of liver micro-
tissues (LMs)

Immunostaining revealed a homogenous pattern for
expression of hepatocytic proteins ALB and CYP3A4
throughout both microtissue groups (Fig. 4a). Approx-
imately 40% of the cells were ALB-positive in both
the BLM and LM groups on day 7. The proportion of
ALB-positive cells remained unchanged in the BLM
group after 14 days but decreased up to about 10% in
the LM group on day 14 (» <0.01). The quantified data
showed significantly greater CYP3A4 expression in
the BLM group on days 7 and 14 (p <0.05) (Fig. 4a).
The expression and membranous localization of E-cad
were further confirmed by immunostaining in the BLM
and LM groups (Fig. S5). Co-expression of HNF4q,
a nuclear marker for hepatocytes, in double-staining
with ALB was detected in the BLM and LM groups
on day 14. The data showed that this marker was better
preserved in the BLM group compared to the LM group
(Fig. 4b).
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We observed that ZO-1 expression, as a polarity
marker, robustly upregulated in the BLM group com-
pared to the other group on days 7 and 14 (Fig. 4c). In
order to determine spatial distribution of the endothe-
lial cells, we assessed CD31 expression on day 14.
Interestingly, we found that the endothelial cells had
a tubular morphology in sections stained for CD31
in the BLM (Fig. 4d). Double-staining of CD31 and
ALB showed that this marker was robustly expressed
in the BLM group compared to the LM group. In order
to understand the localization of MSCs in microtis-
sues, we investigated the expression of the vimentin
marker. We noted that vimentin was expressed during
the culture period, particularly in the peripheral zone
of microtissues in both groups (Fig. 4d).

Functional assessment of liver microtissues (LM)

In order to assess the performance of microtissues
in long-term experiments, we characterized the hepatic
function over 14 days in culture. ALB and fibrinogen
secretion and urea production showed significantly
higher functional levels after 14 days of culture in the
BLM compared to the LM group (Fig. 5a; p <0.05,
p<0.01, and p <0.05, respectively). These data indi-
cated that the basic functions of PHH were main-
tained for at least 14 days during the ex vivo culture in
LEMP-incorporated microtissues. CYP450 inducibil-
ity was measured by the pentoxyresorufin-o-deethylase
(PROD) test on 14-day cultured microtissues in order
to evaluate enzyme activity (Fig. 5b). CYP3A4 and
CYP2B6 were induced by phenobarbital, and CYP2C9
was induced by rifampicin. There was no significant
difference observed in inducibility of CYP3A4 in the
LM and BLM groups. However, the inducibility of
CYP2B6 and CYP2C9 was significantly higher in the
BLM compared to the LM group (p <0.05). We also
evaluated drug sensitivity of the 14-day cultured micro-
tissues. In vitro drug toxicity was assessed after 48 h
of exposure to different doses of APAP, TAM, 5-FU,
and diclofenac (Fig. 5¢). The BLM group showed a
higher dose—response sensitivity to the four toxic drugs
compared to the LM group. PAS staining of the 14-day
cultured microtissues revealed higher glycogen storage
in the BLM compared to the LM group (Fig. 5d). In
both groups, the integrity of microtissue structure was
confirmed by H&E staining (Fig. 5d). Furthermore, the
BLM group had higher uptake of organic anion ICG,
followed by its complete release over time (Fig. Se).
Together, the data showed that PHHs had better main-
tenance of their functionality when the LMs were sup-
plemented with LEMPs.
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Discussion

Cell-based in vitro liver tissue models could be promising
tools to predict liver toxicity, which is usually observed
after chronic exposure of hepatocytes to different compo-
nents. These models require optimization of in vitro cul-
ture conditions for long-term culture of PHHs [30]. The
conventional two-dimensional (2D) monolayer culture of
PHH is considered the gold standard model for predict-
ing drug toxicity in vitro; however, PHHs de-differentiate
and rapidly lose hepatocyte-specific functions within a few
days under these oversimplified conditions [31]. In the
native tissue, hepatocytes have connections with ECM at
the basolateral sides and are connected with each other and
with non-parenchymal cells through the apical side [8].
These cell—cell and cell-ECM interactions can be partially
achieved by 2D cultures.

Numerous studies have shown that the metabolic activ-
ity of hepatocytes is better maintained by 3D contact with
ECM [32]. The most frequently used 3D culture models
for hepatocytes are a sandwich culture between two ECM
layers and cell encapsulation into hydrogels. Of these two
models, the hydrogel-based encapsulation approach ena-
bles upscaling to mass production [33]. However, using
ECM or collagen as encapsulating hydrogels for PHH cul-
ture may generate problems. For instance, cell migration
could be restricted by the surrounding hydrogel network.
In addition, the nutrient supply and transport of soluble
factors could be limited by the hydrogel mesh size, espe-
cially under static culture conditions [34-37]. To avoid
these limitations and provide efficient cell-ECM interac-
tions in 3D cell aggregates, Yamada and colleagues fab-
ricated cell-sized collagen MPs by using a microfluidic
emulsification device and incorporated them within rat
hepatospheres. They showed that the expression of hepat-
ocyte-specific genes such as ALB and ornithine transcar-
bamylase significantly increased in hepatocytes when
cultured with MPs at a 1:1 ratio compared to hepatocytes
that were cultured alone or at higher ratios of MPs. They
showed that incorporation of MPs at higher cell:MP ratios
had detrimental effects due to the limited cell—cell contacts
in the presence of particle spacers [38]. In another study,
different sizes of collagen-based MPs were evaluated to
assess the success of their incorporation in PHH aggre-
gates. Only the cell-sized MPs facilitated aggregation of
PHHs and were incorporated into the hepatospheres. These
MP-incorporated cell aggregates showed improved liver-
specific functions such as ALB secretion and ammonia
clearance [39, 40].

Although incorporation of MPs to enrich the microen-
vironment of 3D hepatospheres with ECM proteins such
as collagen-supported hepatocyte functions well, some
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modifications to the cellular and protein composition could
be beneficial to further recapitulate the native hepatocytic
niche. Collagen MPs provide essential ligands for efficient
adherence of hepatocytes, but do not completely represent
the complex composition of the liver ECM. The original
liver ECM contains type I collagen as the main compo-
nent as well as fibronectin and collagen types IIL, IV, V,
and VI, all of which are essential for hepatic function and
preservation of the original liver cell phenotype [41, 42].
On the other hand, hepatocyte interaction with non-paren-
chymal liver cells is crucial to support their functionality
during in vitro culture [43]. In the present study, we have
demonstrated the application of LEMPs to support PHH
functionality in a 3D co-culture with human MSCs and
HUVECs. The strategy of producing LM by a co-culture
of hepatocytes with MSCs and HUVECs originated from
a pioneering study by Takebe et al. in 2013 [44]. These
two cell types provide soluble factors and cell-cell inter-
actions that are important for cell condensation to form
3D microtissues and promote hepatic differentiation and
maturation [17].

In order to provide 3D cell-ECM interactions, we previ-
ously co-cultured the three cell types as single cells within
LEM gel and showed the supportive effects of the LEM-
derived hydrogel [23]. This strategy effectively provided
3D cell-ECM interactions; however, 3D cell-cell contact
was not completely achieved, as only a few cells could form
heterogeneous 3D aggregates due to limited cell migration
within the hydrogel. The use of LEM gel in the form of cell-
sized MPs inside cell aggregates could be superior to the
alternative strategy of aggregate encapsulation inside LEM
gel. First, MP incorporation during cell aggregation allows
for scalable generation of size-controlled cell aggregates.

The MP incorporation approach provides more homog-
enous cell-ECM interactions throughout the 3D microtissue
because the MPs can be uniformly distributed within the
microtissue compared to the encapsulation strategy, where
only the peripheral cells interact with the LEM gel. The
cell dilution effect of the incorporated MPs could lead to
more efficient and homogeneous diffusion of exogenous
and endogenous factors throughout the 3D cell aggregate
[45]. The use of LEM as MPs enables free cell movement
and organization within the microtissue and growth of the
microtissues, as they are not confined within a surrounding
matrix. In addition, the MP incorporation approach allows
for control of cell-cell and cell-ECM interactions to gener-
ate a balance of these interactions by adjusting the cell: MP
ratio. Finally, MPs could be used as an engineering tool to
regulate the microenvironment of the cell aggregate via their
own biophysical and biochemical properties or delivery of
soluble factors [46].

We developed a simple w/o emulsion method to produce
cell-sized MPs from digested decellularized liver tissue.
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Liver LEMPs were produced with a homogenous size dis-
tribution (10 +£6 um) in the optimal range for incorpora-
tion in cell aggregates [38] and a suitable elastic modulus
(33 + 18 kPa). The stiffness of the microenvironment has a
significant impact on cellular behaviors like polarity and
function [47]. Normal liver has an elastic modulus (E) below
6000 Pa [48-50]. Many studies have shown that the natural
behavior of cells is influenced by stiffer scaffolds. For exam-
ple, it has been reported that ALB synthesis was elicited
when the elastic modulus of polyethylene glycol-heparin was
10 kPa [47].

When single cells were mixed during aggregation, the
MPs allowed for microtissue formation up to a cell:MP
ratio of 2:1 and they were effectively incorporated within
the microtissues (about 80%). The microwell plates, when
used as a culture platform, enabled scalable and size-con-
trolled production of a large number of 3D microtissues
(7200 microtissues/plate), which were identical in size
(150450 pm). Their size homogeneity was maintained
during the subsequent 14-day culture in suspension. When
proliferating cells used in 3D culture, the cells located in the
external layers show more proliferation, whereas the internal
cells in the core area might be quiescent or even necrotic
because of limitations in diffusion of O, and nutrients [51].

Generally, cell-permeable probes such as calcein-AM are
used to stain cells for live/dead assay. Membrane-impermea-
ble vital DNA dyes are used to stain dead cells and can even-
tually diffuse into the core of the microtissue; however, this
may take a few hours [52]. The optimal incubation period
should ensure a homogenous diffusion pattern through the
microtissue. Weak emitted fluorescence signals in the core
of the microtissue might be due to the less viable cells or
decreased metabolism of cells in the core [51]. However,
the live/dead assay showed viable cells in the internal parts
of the microtissues.

During the 14-day in vitro culture, there was significant
upregulation of the liver-specific genes and proteins at the
mRNA and protein levels upon MP incorporation. The
expressions of epithelial markers E-cad and ZO-1, as key
proteins for cell polarity, were significantly higher in the
BLM compared to the LM group, which suggested that the
cells preserved a more polarized phenotype in the presence
of MPs during the 14-day culture. This observation was fur-
ther supported by downregulation of TGF-f, which is the
inducer of EMT [53]. Hepatocyte dedifferentiation through
EMT phenomenon is a reversible phenomenon that usually
happens in the absence of a specific signaling network trig-
gered by the ECM. It has been shown that hepatocytes cul-
tured on a monolayer of collagen dedifferentiated and lost
specific liver functions, while the application of a collagen
sandwich maintained the cuboidal shape of hepatocytes for
long periods of time. This study showed that matrix-induced
EMT was reversible after changing the microenvironment of

the cells [54]. Therefore, it seems that EMT progression is
inhibited by providing more pronounced cell-ECM interac-
tions in the presence of LEMPs.

This model improved the ex vivo maintenance of hepato-
cytes and activity of specific CYP450 for a more extended
period (at least 14 days) compared to cultures on Matrigel or
collagen gels (7 days) [55, 56]. After 14 days of co-culture,
secretions of ALB, fibrinogen, and urea production were
significantly higher in the MP-incorporated microtissues
compared to the cell-only microtissues. Only the MP-incor-
porated microtissues showed CYP2B6 and CYP2C9 activity
after induction with phenobarbital and rifampicin.

3D liver models have shown sensitivity and specificity in
detecting hepatotoxicity [57-59].

We found that the MP-incorporated microtissues were
more susceptible to toxic secondary metabolites and hepa-
totoxins compared to the cell-only microtissues. Overall, the
results showed that MP incorporation improved the func-
tionality of hepatocytes in BLM and maintained the key
functional properties at acceptable levels for at least 14 days.

Conclusions

In this study, we aimed to develop a scalable method for
in vitro maintenance of functional PHHs by recapitulating
3D cell—cell and cell-ECM interactions from native liver tis-
sue. To this end, we produced size-controlled multicellular
aggregates by co-culturing PHH with MSC and HUVEC
(3:2:1 cell ratio) in microwell plates. LEM was formulated
with cell-sized MPs that were incorporated within the LM
(2:1 cell:MP ratio) during cell aggregation. This bioengi-
neered LM had acceptable levels of essential hepatic fea-
tures and functions during the 14-day culture. Nevertheless,
future investigations are needed to provide more details
about hepatocyte functionality and bile canaliculi devel-
opment and functions. This in vitro model should be opti-
mized to improve the maintenance of hepatocyte function
for extended periods of time, which is essential for repeated
drug exposure tests and chronic toxicity studies.
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