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ABSTRACT

Recently, use of cell sheets with bio-applicable fabrication materials for transplantation has been an attractive
approach for the treatment of patients with liver failure. However, renewable and scalable cell sources for
engineered tissue patches remain limited. We previously reported a new type of proliferating bipotent human
chemically derived hepatic progenitor cells (hCdHs) developed by small molecule-mediated reprogramming.
Here, we developed a patient-specific hepatic cell sheet constructed from liver biopsy-derived hCdHs on a
multiscale fibrous scaffold by combining electrospinning and three-dimensional printing. Analysis of biomaterial
composition revealed that the high-density electrospun sheet was superior in increasing the functional properties
of hCdHs. Furthermore, the hepatic patch assembled by multilayer stacking with alternate cell sheets of hCdHs
and human umbilical vein endothelial cells (HUVECs) recapitulated a liver tissue-like structure, with histological
and morphological shape and size similar to those of primary human hepatocytes, and exhibited a significant
increase in hepatic functions such as albumin secretion and activity of cytochrome P450 during in vitro hepatic
differentiation compared with that in hCdH cells cultured in a two-dimensional monolayer. Interestingly, in the
hepatic patch, the induction of functional hepatocytes was associated with both the electrospun fibrous-
facilitated oncostatin M signaling and selective activation of AKT signaling by HUVECs. Notably, upon trans-
plantation into a mouse model of therapeutic liver repopulation, the hepatic patch effectively repopulated the
damaged parenchyma and induced the restoration of liver function with healthy morphology in the lobe and an
improved survival rate (>70%) in mice. Overall, these results suggested that liver biopsy-derived hCdHs can be
an efficient alternative source for developing hepatic cell sheets and patches with potential clinical applications
in tissue engineering to advance liver regeneration.

1. Introduction

consumption, hepatotoxic drugs, or viral infections. However, the use of
human hepatocytes has been hindered by the shortage of donor tissue,

Hepatocyte transplantation is one of the most available approaches limited numbers of cells suitable for transplantation, and low efficiency
for the treatment of patients with liver failure induced by alcohol of engraftment in diseased livers [1-3]. In addition, mature human
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hepatocytes are difficult to maintain and proliferate in vitro owing to the
loss their proliferative potential during culture. Based on the strategy of
cell fate conversion by small molecules, we have recently succeeded in
generating human chemically derived hepatic progenitor cells (hCdHs)
with the potential for high proliferation and bi-lineage differentiation,
such as hepatocyte and biliary epithelial cells, both in vitro and in vivo
[4]. Upon implantation in vivo, the hCdHs acquired mature hepatocyte
properties and secreted human albumin, implying that hCdHs possess a
remarkable hepatocyte-forming potential in vivo.

In recent years, cell sheet-based tissue engineering has attracted
much attention as an alternative approach in cell transplantation ther-
apy [5,6] because it can be used to enhance the engraftment efficiency
without any loss of transplanted cells. A previous study showed that the
function and therapeutic effects of hepatic cell sheets after trans-
plantation were higher than those of direct cell infusion [7]. The
development of liver tissue-like phenotype and function was facilitated
by utilizing human umbilical vein endothelial cells (HUVECs) and
stacking them in a layer-by-layer manner [8], but these biomimetic
structures comprised double layers with each cell sheet rather than
multilayers mimicking the structure of an in vivo liver (Scheme 1).
Furthermore, hepatic sheets for transplantation have been developed
using hepatocyte-like cells derived from various stem cells such as
pluripotent stem cells (PSCs) and mesenchymal stem cells (MSCs) [9,
10]. Because hCdHs retain a superior capacity for hepatic functionality
to other stem cells, we hypothesize that hCdH-derived hepatocytes
(hCdH-Heps) are a potential cell source for hepatic cell sheet trans-
plantation. However, the feasibility and therapeutic effects of cell sheet
transplantation of human hepatic progenitor cells on the liver surface
are yet to be elucidated.

Most technical approaches in cell sheet-based tissue engineering are
based on cells seeded on a scaffold to mimic the microenvironment of
the extracellular matrix (ECM). Among both natural and synthetic ma-
terials used to develop various scaffolds, polycaprolactone (PCL) scaf-
fold material is one of the most biocompatible formulations to generate
fibrous scaffolds as ECM substitutes [6,11]. Multiscale PCL electrospun
fiber mats can be produced by electrospinning and three-dimensional
(3D) printing, which is widely used to fabricate tissue engineering
scaffolds [12,13]. In the context of cellular functionality, an electrospun
fibrous scaffold with an ECM-like structure modulates physiological
functions by activating various intracellular signaling pathways related
to cellular processes such as cell mobility, proliferation, and
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differentiation [13,14]. However, the cellular mechanism underlying
electrospun fibrous scaffold-supported hepatic differentiation from he-
patic progenitor cells for engineering hepatic cell sheets is not
completely elucidated.

Oncostatin M (OSM) is a member of the interleukin-6 (IL-6) cytokine
family, which includes interleukin-6, interleukin-11, and leukemia
inhibitory factor (LIF). The OSM signaling pathway involves two
different heterodimeric receptors that share gp130 (a common subunit
receptor for ligands of the IL-6 family) and either LIF receptor f (LIFRf)
or OSM receptor 3 (OSMR), which is expressed in the hepatocytes of
normal livers [15]. Functionally, OSM critically regulates processes such
as liver development involving the maturation of fetal hepatocytes,
hematopoiesis, and angiogenesis through the Janus kinase/signal
transducer and activator of transcription (JAK/STAT), PI-3 kinase-Akt
(PI3K/AKT), and the mitogen-activated protein kinase (MAPK) path-
ways [16]. In addition to its role in liver development, OSM is also
involved in regulating inflammatory responses in several diseases
affecting different organs and tissues. Furthermore, the expression of
pro-inflammatory cytokines such as IL6 and TNF-a in various cell types
can be regulated by nanofibrous scaffolds [17,18], suggesting the exis-
tence of cross-talk between OSM and nanofibers during liver develop-
ment, especially during hepatic maturation.

In this study, to determine whether patient liver-derived reprog-
rammed hepatic progenitor cells can be a new cell source for hepatic cell
sheet transplantation, we generated patient-specific hCdHs from tissues
obtained by liver biopsy from the surgical specimen and developed a
hepatic cell sheet and patch for transplantation by seeding either hCdHs
or HUVEGCs into electrospun fibrous scaffolds in a layer-by-layer manner
(Scheme 1). Functional analysis revealed that the hepatic patch syn-
thesized using hCdHs recapitulated a liver tissue-like structure and
promoted liver regeneration in a hepatic injury mouse model by
acquiring functional hepatocyte-like cells associated with OSM-
dependent and OSM-independent signaling pathways. Therefore,
patient-specific hCdHs may be a novel source to develop hepatic cell
sheets/patches for application in personalized tissue engineering and
cell sheet-based regenerative medicine.
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Scheme 1. Schematic illustration of in vivo liver-mimicking hepatic cell sheets and patch. To generate the hepatic cell sheet and patch, hCdHs or HUVECs were
seeded onto each electrospun fibrous sheet as indicated, and functional hepatocytes from the hCdHs (hCdH-Heps) were induced under in vitro hepatic differentiation
conditions. Single-layers had hepatic cell sheets containing hCdH-Heps on the fibrous sheet, while multilayers (double and triple) had a hepatic patch containing a
hepatic cell sheet and a HUVEC sheet with differential arrangement of cells, respectively. hCdHs: human chemically derived hepatic progenitor cells, hCdH-Heps:

hCdHs-derived hepatocytes, HUVECs: human umbilical vein endothelial cells.
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2. Materials and methods
2.1. Fabrication of edge-framed electrospun sheets

For electrospinning, the polymer solutions were prepared by dis-
solving PCL granules (MW 80,000; Sigma-Aldrich, St. Louis, MO, USA)
in a mixed solvent of dichloromethane and dimethylformamide at 3:1
(v/v). The solution concentration was 14% (w/v). PCL solutions were
infused through a blunt-tip metal needle with an inner diameter of 250
pm at a feed rate of 60 pm/min. The spinning needle was connected to a
DC power supply, and a high voltage of 20 kV was applied. The distance
from the needle tip to the ground collector was 180 mm. The electro-
spinning times were set as 30 and 180 s to determine the optimal fiber
density of the scaffolds. The as-spun fiber sheets were edge-framed by
the fused PCL framework structures, which were printed using a
customized 3D printing machine that used material extrusion. Before
printing, a filament-form feedstock (1.7-mm diameter) was prepared
from the PCL granules using a custom-made extrusion machine. The
prepared filaments were printed through a hot nozzle with an inner
diameter of 0.4 mm at a heating temperature of 100 °C.

2.2. Isolation of human primary hepatocytes (hPHs)

This study was approved by the Institutional Review Board of
Hanyang University, Seoul, Republic of Korea (HYI-16-229-3). Liver
tissues were obtained from the surgical specimen with consent from a
donor who visited Hanyang University Medical Center (Table S1). hPHs
were isolated by a two-step collagenase perfusion method as previously
described [19]. Biopsied livers were incubated with collagenase for 30
min at 37 °C. Then, hPHs were isolated by Percoll (Sigma-Aldrich)
gradient centrifugation.

2.3. Cell culture and reprogramming into hepatic progenitors

First, the hPHs (1 x 10° cells/well) were seeded onto collagen-coated
six-well culture dishes (Advanced BioMatrix, San Diego, CA, USA) in
basal medium, DMEM/F-12 (Gibco, Gaithersburg, MD, USA) supple-
mented with 1% fetal bovine serum (Gibco), 1% insulin-transferrin-
selenium (Gibco), 0.1 pM dexamethasone (Sigma-Aldrich), 50 pM 2-
mercaptoethanol (Sigma-Aldrich), 10 mM nicotinamide, 20 ng/mL
epidermal growth factor (Peprotech, Cranbury, NJ, USA), and 1%
penicillin/streptomycin (Gibco). After overnight incubation at 37 °C
with 5% COs, the basal medium was replaced with a reprogramming
medium comprising a basal medium supplemented with 20 ng/mL of
hepatocyte growth factor (HGF, Peprotech), 4 pM A83-01 (Gibco), and
3 pM CHIR99021 (STEMCELL Technologies, Cambridge, MA, USA),
hereafter termed HAC [4]. The reprogramming medium was changed
every couple of days, and each split was performed at a 1:3 ratio.
HUVECs were cultured in Endothelial Cell Growth Basal Medium-Plus
(EBM™-Plus, Lonza, Basel, Switzerland) with a Plus SingleQuot™ Kit
and growth supplements (EGM™-Plus Endothelial Cell Growth Me-
dium). The medium was changed every couple of days, and each split
was performed at a 1:3 ratio.

2.4. Electrospun fibrous sheet stacking and hepatic differentiation studies

The hCdHs and HUVECs were both plated on electrospun fibrous
sheets at 1 x 10° cells and cultured in the reprogramming medium and
EGM (Lonza), respectively. After 3 days of incubation, the sheets were
stacked according to the designed formation in the reprogramming
medium and EGM at a 1:1 ratio for stable proliferation of both cells.
Before stacking, collagen gel solution (Advanced BioMatrix) was coated
on the cell-cultured sheets and cured at 37 °C with 5% CO5 to obtain a
structurally robust stacking assembly. A single layer was formed when
only hCdHs were seeded, double layer when hCdHs and HUVECs were
seeded, and triple layer when HUVECs, hCdHs, and HUVECs were
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seeded (Scheme 1). As a two-dimensional (2D) control, hCdHs and
HUVECs were seeded onto six-well plates at 1 x 10° cells/well,
respectively. After overnight incubation, the medium was replaced with
a hepatic differentiation medium comprising the reprogramming me-
dium (maintained with HAC) supplemented with 20 ng/mL OSM (R&D
Systems, Minneapolis, MN, USA) and 10 pM dexamethasone for 14 days.
The hepatic differentiation medium was changed every 2 days.

2.5. Lentivirus production

mCherry lentivirus was packaged by co-transfection with psPAX2
lentiviral packaging plasmids and pCMV-VSV-G plasmids in human
embryonic kidney 293 T cells. Culture supernatants containing the vi-
ruses were harvested 72 h after transfection, filtered, and stored at
—80 °C. The titer of the virus preparations was <10’ IFU/mL, as
determined by a Lenti-X p24 rapid titer kit (Takara Bio, Inc. Kusatsu,
Shiga, Japan).

2.6. Isolation of mRNA and quantitative reverse-transcription polymerase
chain reaction (RT-qPCR)

Total RNA was extracted from samples using TRIzol reagent (Gibco).
Then, cDNA samples were synthesized using a Transcriptor First Strand
cDNA Synthesis Kit (Roche, Basel, Switzerland), and real-time PCR was
performed with qPCR PreMix (Dyne Bio, Seongnam-si, Gyeonggi-do)
using a CFX Connect Real-Time PCR Detection system (Bio-Rad, Her-
cules, California, USA). All reactions were performed in triplicate.
Primer sequences are listed in Table S2.

2.7. Immunofluorescence staining

Antibodies used in this study are listed in Table S3. Staining was
performed according to the manufacturer’s instructions. Nuclei were
counterstained with Hoechst 33342 (1:10000, Molecular Probes,
Eugene, OR, USA). Fluorescently stained cells were viewed under a TCS
SP5 confocal microscope (Leica, Wetzlar, Hesse, Germany).

2.8. Human albumin assay

The presence of human albumin was determined in the culture me-
dium using a Human Albumin Enzyme-Linked Immunosorbent Assay
(ELISA) Kit (Bethyl Laboratories, Montgomery, TX, USA) according to
the manufacturer’s recommendations. The culture medium from the
hCdH-Heps was subjected to a hepatocyte differentiation protocol for 14
days (measured in triplicate). Mouse serum was collected after admin-
istration of diphtheria toxin (DT) only (DT-only group) and trans-
plantation of the hCdHs and hepatic patch (transplanted group).

2.9. Cytochrome P450 (CYP) activity assay

To measure CYP1A2, CYP2C9, and CYP3A4 activity, the hCdHs,
hCdH-Heps, and hPHs were treated with 100 pM omeprazole (to induce
the CYP1A2 activity) and 25 pM rifampicin (to induce the CYP2C9 and
CYP3A4) for 4 days, respectively. CYP activity was determined using the
P450-Glo Assay (Promega, Madison, WI, USA) according to the manu-
facturer’s recommendations. Each experiment was performed in
triplicate.

2.10. Detection of human OSM and vascular endothelial growth factor
(VEGF)

To detect human OSM and VEGF, conditioned media of the 2D
control, sheet, and patch with hCdHs were collected after hepatic dif-
ferentiation. Human OSM and VEGF were measured using the Human
OSM ELISA Kit (Abcam, Cambridge, UK) and Human VEGF Quantikine
ELISA Kit (R&D Systems), respectively, according to the manufacturer’s
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recommendations. Each experiment was performed in triplicate.
2.11. Scanning electron microscopy (SEM)

The ultrastructure of the electrospun fibers and cultured cells was
visualized using SEM as described in a previous study [20]. The
cell-laden scaffolds were washed three times with phosphate-buffered
saline and fixed for 30 min in 5% glutaraldehyde solution containing
0.1 M sodium cacodylate (Sigma) and 0.1 M sucrose (Sigma). After
washing with distilled water for 5 min, the samples were slowly dehy-
drated by serial incubation in 50%, 60%, 70%, 80%, 90%, and 100%
ethanol solutions for 5 min each and then treated with hexamethyldi-
silazane (J. T. Baker, Phillipsburg, NJ, USA) for 15 min. When
completely dried, the samples were sputtered with Pt until a
20-nm-thick coating was obtained. The samples were then imaged via
SEM (S-4800; Hitachi, Japan).

2.12. Western blotting

Cells were lysed in a buffer containing 50 mM Tris-HCI (pH 7.4), 5
mM EDTA, 150 mM NacCl, 1% Triton X-100, and a protease inhibitor
mixture. Equal amount of protein (20 pg) was separated by 8% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then electro-
transferred to Immobilon membranes (Millipore, Bedford, MA), which
were subsequently blotted using the indicated antibodies and visualized
using chemiluminescence (Amersham ECL, Marlborough, MA, USA).

2.13. Animal experiments

Alb-TRECK/SCID mice (kindly gifted by Dr. Taniguchi) were housed
and cared for under specific-pathogen-free conditions in accordance
with the HYU Industry-University Cooperation Foundation regulations
(2019-0149). One day before transplantation, the mice were injected
with 1.5 pg/kg of DT to induce liver damage. For hepatic patch trans-
plantation, the liver surfaces of 7 mice were exposed and the hepatic
patch, after being washed with DMEM/F-12 media, was carefully placed
on the liver surface and sutured; these operations were repeated. For
sham operation, the liver surfaces of 7 mice were exposed and the just
washed with DMEM/F-12 media. For the detection of human albumin
using ELISA, mouse serum was collected. Serum samples were diluted at
a ratio of 1:4 to determine the ELISA. The levels of hepatic damage and
function markers alanine aminotransferase (ALT), total bilirubin, ALB,
and alkaline phosphatase (ALP) in the serum of transplanted mice were
measured using a biochemical analyzer (FUJI DRI-CHEM, NX700i, Fuji
film).

2.14. Statistical analysis

Quantitative data are presented as mean + standard deviation with
inferential statistics (p-values). Statistical significance was evaluated by
two-tailed t-tests with significance set at *p < 0.05, **p < 0.01, and ***p
< 0.001.
Supporting Information

Supporting Information is available online or from the authors.

3. Results and discussion

3.1. Synthesis and characterization of patient-specific hCdHs from
biopsied liver tissue

To produce functional hepatocyte-like cells that are stably cultured
in vitro, many studies have been conducted on alternative cell sources,
including embryonic stem cells (ESCs) [21,22], induced PSCs (iPSCs)
[23,24], MSCs [25,26], and directly converted hepatocyte-like cells [27,
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28]. However, the use of ESCs faces ethical issues, MSCs rapidly lose
their differentiation ability in vitro and most of stem cells including iPSCs
are associated with a risk of tumorigenesis [29-32]. Previously, our
research group developed hCdHs that could stably proliferate and
differentiate into functional hepatocyte-like cells (hCdH-Heps) in vitro
[4]. In the present study, to synthesize hCdHs, hPHs were harvested
from the tissues of a biopsied liver (Table S1). Liver biopsy can be per-
formed within few hours, and without major complications in the real
world [33]. The hPHs isolated through liver biopsy were rapidly
differentiated to proliferating hCdHs in the reprogramming medium
after 7 days by an approximate doubling time of 35.2 + 0.6 h (Fig. 1A,
SIA and S1B). The hCdHs maintained the expression of
progenitor-specific markers for more than 10 passages (Figure S1C and
S1D). Then, the hCdHs effectively differentiated to hepatocyte-like cells
2 weeks later in the hepatic differentiation medium (Fig. 1A). To eval-
uate the characteristics of the hCdHs and hCdH-Heps, the expression
levels of hepatic stem cell and mature hepatocyte-specific markers were
determined by RT-qPCR and immunocytochemistry (Fig. 1B-E). The
expression levels of hepatic stem cell marker genes (CK19, CD44,
EpCAM, CD90, and SOX9) and proteins (AFP, CK19, and SOX9) were
increased in the hCdHs (Fig. 1B and C), whereas those of mature he-
patocyte marker genes (ALBUMIN, ASGR1, HNF4a, MRP2, and AAT) and
proteins (ALBUMIN, HNF4q, CK18, and CYP3A4) were increased in the
hCdH-Heps (Fig. 1D and E). These results indicated that patient-specific
hCdHs could be easily generated from a biopsied liver and maintained in
a long-term culture with rapid proliferation and hepatic differentiation
potential. Owing to these characteristics, the use of hCdHs may
contribute to improve the result of cell-based therapy by generating a
large number of cells for clinical applications.

3.2. Fabrication of edge-framed electrospun sheet for multilayer
composition and optimization of fiber density in scaffolds for developing
functional hepatic sheets of hCdHs

To obtain a histologically similar structure to that observed in vivo,
we mimicked the liver structure by stacking fibrous electrospun sheets.
The base fibrous sheet scaffolds were fabricated by a combination of
electrospinning and 3D printing processes, as shown in Fig. 2A. The
generated scaffolds comprised an electrospun fiber mat and a 3D printed
framework, which provided a foundation for cell adhesion-based func-
tionality and the structural stability of an overall sheet, respectively.
Electrospun fibers exhibit tremendous potential for mimicking the
microscale organization of native ECM structures, thereby providing a
variety of topographic effects regulating the functions of cell adhesion,
proliferation, and differentiation [34-36]. In a previous study, the
nanofibrous architecture of liver ECM was confirmed using decellular-
ized liver tissues [37]. Typically, the fibril diameters of native ECM are
known to range from several nanometers to hundreds of nanometers
[38,39]. However, considering practical tissue engineering applications,
such ultrafine architecture, characterized by small pores and low
permeability, can cause some adverse effects such as obstructive
perfusion and inhibition of cell-cell interactions. Typically, the di-
ameters of electrospun fibers are determined by the solution concen-
tration. It is more difficult to break the surface tension of the polymer
solution, which is considered a trigger to form fine jets, at high con-
centrations than at low concentrations. Thus, high concentration solu-
tions generally cause larger fiber diameters with more deviations.
Fig. 2B shows the fiber morphologies and distribution of fiber diameters,
which ranged from approximately 500 nm to 2.5 pm. This hybrid
microstructure, which involved both nanometer- and micrometer-scale
features, was expected to provide the scaffold functionalities of nano-
topographic effects without deterioration of mass transport conditions
for perfusion, which will be addressed in the following sections. After
obtaining a fibrous sheet by electrospinning, a framework structure was
printed on the edge of the as-spun sheet using an extrusion material-type
custom-made 3D printer. To construct the hepatic patch in a
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Fig. 1. Generation and characterization of patient-specific hCdHs derived from biopsied human liver. (A) Two-centimeter liver tissue strips were harvested
from a patient’s liver by a biopsy, and the hPHs were isolated by collagenase. The hPHs isolated from the biopsied liver tissue were then reprogrammed into hCdHs
with HAC for 2 weeks. The hCdHs differentiated into hepatocyte-like cells (hCdH-Heps) in the hepatic differentiation medium for 2 weeks. Scale bars, 100 pm. (B)
The expression of hepatic progenitor cell markers determined by RT-qPCR. GAPDH was used as an internal control for RT-qPCR. Data are means + SDs (n = 3). Data
were analyzed by one-way ANOVA with post-hoc (Tukey). *p < 0.05, **p < 0.01 and ***p < 0.001. (C) Immunostaining with hepatic progenitor marker proteins
ALBUMIN (green)/AFP (red) and CK19 (green)/SOX9 (red). Nuclei were counterstained with Hoechst 33342 (blue). Scale bars, 50 pm. (D) The mature hepatocyte
marker gene expressions determined by qRT-PCR. GAPDH was used as an internal control for RT-qPCR. Data are means + SDs (n = 3). Data were analyzed by one-
way ANOVA with post-hoc (Tukey). *p < 0.05, **p < 0.01 and ***p < 0.001. (E) Inmunostaining with mature hepatocyte marker proteins ALBUMIN (green)/HNF4a
(red) and CK18 (green)/CYP3A4 (red). Nuclei were counterstained with Hoechst 33342 (blue). Scale bars, 50 pm hCdHs, human chemically derived hepatic pro-
genitors; hPHs, human primary hepatocytes; RT-qPCR, quantitative reverse transcription PCR; HAC, reprogramming medium.
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Fig. 2. Manufacturing of edge-framed fibrous sheets for multilayer stacking and optimization of functional hepatocytes on the hepatic cell sheet with
different fiber densities. (A) Two-step procedures of electrospinning and edge-framing 3D printing. (B) SEM image of a fibrous scaffold electrospun with 14% (w/v)
PCL solution and the resulting distribution of fiber diameters. The scale bar is 5 pm. The 300 fibers were randomly selected from the SEM images and measured for
the diameter analysis by using Image J (NIH, USA) software. (C) Multilayer stacking assembly using the three edge-framed fiber scaffolds. The scale bar is 10 mm. (D)
SEM images of two types of scaffolds with low and high fiber densities, fabricated by electrospinning for 30 s and 180 s, respectively. Scale bars are 10 pm. (E)
Morphological observation of hCdH-Heps cultured on the low- and the high-density fiber scaffolds. Scale bars, 500 pm (low magnification) and 100 pm (high
magnification). (F) Relative gene expression levels of mature hepatocyte-specific markers, including ALB, ASGR1, HNF4A, MRP2, AAT and CYP3A4 in hCdH-Heps
cultured without or with electrospun fiber sheets, as measured by RT-qPCR. GAPDH was used as an internal control. Data are shown as means + SDs (n = 3). Data
were analyzed by one-way ANOVA with post-hoc (Tukey). **p < 0.01 and ***p < 0.001. hCdHs, human chemically derived hepatic progenitors; hPHs, human
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layer-by-layer manner, the printing paths were determined in three with respect to the size or shape of lesions. For both electrospinning and
different sizes, thereby assembling the fabricated sheet scaffold, as 3D printing, we homogenously used an FDA-approved biomaterial PCL,
shown in Fig. 2C. The use of a 3D printing system implies that the which has a favorable mechanical flexibility (i.e., a rubber-like property
framework can be designed and tailor-made in a patient-specific manner owing to its low glass-transition temperature of —60 °C) that is suitable
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for soft tissue engineering. Owing to the good flexibility of the constit-
uent materials, the overall multilayer assembly showed decent stability
in the construction, which is an essential property for in vivo applications
mentioned later in this article.

In previous studies using electrospun fiber scaffolds, cell functions
tended to be more activated in scaffold mats with larger quantities of
fibers, which ensured more effective topographical cues [40-44]. These
results implied that the cultured cells preferentially interacted with
multiple fibers, rather than with fewer fibers. Therefore, it is favorable
to integrate a large number of fibers in the electrospun scaffold, i.e., the
scaffold should have a high fiber density. In this context, we compared
the differentiation capacities of hCdHs on different scaffolds with high
and low densities of constituent fibers. The two types of scaffolds were
prepared by electrospinning for 30 or 180 s, as shown in Fig. 2D.
Considering cell perfusion can be obstructed in scaffolds with remark-
ably high fiber densities, the fiber density was restricted to a maximum
spinning time of 180 s. Although mCherry-expressing hCdHs were
differentiated on both types of electrospun sheets (Fig. 2E), the
expression levels of hepatocyte-specific markers, including ALB, ASGR1,
HNF4A, MRP2, ATT, and CYP3A4, were increased in the high-density
scaffolds than in the low-density scaffolds (Fig. 2F). These results sug-
gest that multiple fibers attached to cells provide favorable topographic
effects of a 3D liver microanatomy and ultrastructure because they
mimic the parenchymal space of the liver in vivo. Considering the he-
patocyte size of 15-30 pm [45], the number of underlying fibers per area
was estimated to be less than 10 fibers and several tens of fibers for the
low- and high-density scaffolds, respectively. Therefore, a high-density
sheet electrospun for 180 s was used in subsequent experiments to
exploit the demonstrated hepatic functionality.

3.3. Fabrication of the hepatic patch by stacking the cell-laden electrospun
fibrous sheets

To fabricate the hepatic patch, we seeded hCdHs and HUVECs onto
each electrospun fibrous sheet and hierarchically stacked them indi-
vidually 4 days before hepatic differentiation (Fig. 3A and Scheme 1).
Because HUVECs develop in the early stage of embryogenesis [46], they
are essential for organogenesis and cellular differentiation and secreting
several growth factors called angiocrine factors, and increased VEGF
expression in regenerating livers contributes to the proliferation of si-
nusoidal endothelial cells [47-49]. Previously, hepatocyte-like cells
were cultured with HUVECs to generate liver buds. These liver buds
were more similar to human liver tissue than the liver buds cultured
without HUVECs [50]. Therefore, we generated a multilayered hepatic
patch and performed hepatic differentiation for 14 days after stacking
the electrospun fibrous layers (Fig. 3A). To facilitate observation, GFP
and mCherry were used to tag HUVECs and hCdHs, respectively. On day
14, the HUVECs formed a tube shape in the triple-layered hepatic patch
(HUVECs, hCdH-Heps, and HUVEC layers; Fig. 3B) and were slightly
differentiated in the double layers (HUVECs and hCdH-Heps layers)
without significant changes compared with their state before differen-
tiation (Fig. 3B). When compared morphologically, the hCdH-Heps in
the double- and triple-layered hepatic patches showed more aggregation
than that in the 2D control. In addition, on observation of the z-stacking
of the hepatic patch, HUVECs (green) and hCdH-Heps (red) were stacked
in a layer-by-layer manner in the double- and triple-layered hepatic
patches (Fig. 3C). To investigate the cell morphology and distribution of
hCdH-Heps on each electrospun layer, we produced 3D surface images
using SEM [51] for each of the hCdH-Heps layers (Fig. 3D). As expected,
the hCdH-Heps were combined and showed a size similar to that of hPHs
in the double- and triple-layered hepatic patches. These results showed
that cell-cell interaction and desired cellular morphology were achieved
using HUVECs in the double- and triple-layered hepatic patches.
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3.4. Evaluation of the hepatic function of the layered hepatic patch in
vitro

Next, we tested the marker expression of hCdH-Heps in the hepatic
patch using RT-qPCR and immunostaining. The expression levels of
hepatocyte-specific marker genes (ALBUMIN, ASGR1, CK18, MRP2, and
CYP3A4) and proteins (ALBUMIN, HNF4a, and CK18) in hCdH-Heps
were significantly elevated in the hepatic patch compared with those
in the 2D culture (Fig. 4A and B). In the 2D culture, induction of hepatic
differentiation with HUVECs (2D co-culture) increased the expression of
hepatocyte-specific markers compared with that in the 2D culture
without HUVECs (2D), but the hCdH-Heps differentiated on the hepatic
patch showed a significantly increased hepatic marker expression
compared with that in the 2D co-culture (Fig. 4A). Therefore, we used
only the 2D culture as a control for further experiments to focus on the
ability of the hepatic patch, rather than focusing on the functional
ability of HUVECs. Next, to test the functional activity of the hepatic
patch, the hepatic function was determined by measuring albumin
secretion. As shown in Fig. 4C, albumin secretion by hCdH-Heps on the
hepatic patch increased in a time-dependent manner. These results
showed that the in vivo-like structure of the electrospun sheets increased
the hepatic differentiation capacity of the hCdHs. In addition, an anal-
ysis of CYP activity, which is one of the functional features of hepato-
cytes, confirmed that CYP activity increased with the increase in number
of layers (Fig. 4D). In particular, CYP1A2, CYP2C9, and CYP3A4 activity
was significantly increased in the hepatic patch (Fig. 4D). CYP1A2 is
localized in the endoplasmic reticulum and metabolizes xenobiotics in
the body, such as polyunsaturated fatty acids, caffeine, aflatoxin Bi, and
paracetamol (acetaminophen), into signaling molecules [52]. Moreover,
the thickness of the differentiated hepatocytes was also increased
(Fig. 4E). Hepatocyte thickness is one of the main factors regulating
hepatic function. Large cells require increased mRNA, ribosome, and
protein synthesis to maintain cellular function [53]. In addition to the
internal events in cells, VEGF, HGF, and SDF-1, derived from sur-
rounding cells and endothelial cells, regulate the redistribution of the
cytoskeleton [54,55]. However, the influence of cell size on gene and
protein expression remains unclear. These results indicated that the
hepatic patch with endothelial cells not only induced morphological
changes in hCdH-Heps but also exhibited mature hepatic functions.

3.5. Identification of cellular events of patient-specific hCdHs in the
hepatic patch

For enhancing hepatic differentiation of hCdHs on electrospun
fibrous scaffolds with endothelial cells, we focused on the downstream
signaling of OSM, a member of the IL-6 cytokine family, on addition of
exogenous OSM to differentiate the hCdHs into hepatocytes. OSM is
known to play a critical role in the maturation of hepatocytes and their
differentiation from fetal hepatocytes [56] and various stem cells [57,
58] in vitro. In western blotting, the time course analysis of 2D hCdHs for
detecting OSM-mediated downstream molecules [59] including JAK/-
STAT3, PI3K/AKT, and MAPK during hepatic differentiation showed
increased phosphorylation of most downstream molecules, except JNK,
in a time-dependent manner after OSM treatment (Figure S2). Based on
the time course analysis, we examined the activation of signaling mol-
ecules on a hepatic cell sheet (single layer) or a hepatic patch (triple
layer) on days 3 and 10 during hepatic differentiation. We found that the
hepatic cell sheet promoted consistent phosphorylation of
OSM-mediated downstream molecules, whereas the phosphorylation of
AKT was selectively increased with the use of the hepatic patch
(Fig. 5A). We further confirmed these differential activations of
OSM-mediated downstream molecules between the hepatic sheet and
patch by quantification of western blotting using densitometry (Fig. 5B).
Although we also investigated the possibility of the presence of other
relevant factors, such as the HGF signaling pathway, to regulate hepatic
differentiation by qPCR, the expression of HGF and c-MET was not
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Fig. 4. Evaluation of the hepatic function in vitro in the hepatic cell sheet and patch. (A) Relative expression levels of mature hepatocyte-specific markers, like
ALB, ASGR1, HNF4a, CK18, MRP2, and CYP3A4 of the hCdH-Heps differentiated from hCdHs with 2D-cultured cells (black), 2D co-culture (grey), single (green),
double (blue), and triple (red) layers, as measured by qRT-PCR. GAPDH was used as an internal control. Data are shown as the means + SDs (n = 3). Data were
analyzed by one-way ANOVA with post-hoc (Tukey). *p < 0.05, **p < 0.01, ***p < 0.001. (B) hCdH-Heps differentiated from hCdHs on single, double, or triple layers
of electrospun fiber stacked sheets expressed mature hepatocyte-specific markers, ALB (red, upper), HNF4a (red, middle), and CK18 (green, bottom). Nuclei were
counterstained with Hoechst 33342 (blue). Scale bars, 50 pm. (C) The human albumin secretion levels (ng/mL) were measured in a conditioned hepatic differen-
tiation medium. Each sample was harvested every couple of days. Data are means + SDs (n = 3). Data were analyzed by one-way ANOVA with post-hoc (Tukey). *p
< 0.05 and **p < 0.01. (D) Measurement of CYP1A2, CYP2C9 and CYP3A4 activity of the hCdH-Heps in the un-induced 2D culture and induced 2D culture, single-,
double-, and triple-layered hepatic patch. CYP1A2 activity was induced by omeprazole and CYP2C9 and CYP3A4 activity were induced by rifampicin. Data are
means + SDs (n = 3). Data were analyzed by one-way ANOVA with post-hoc (Tukey). *p < 0.05, **p < 0.01 and ***p < 0.001. (E) Thicknesses of hCdH-Heps on the
2D culture (black) and single- (green), double- (blue), and triple- (red) layered hepatic patch. In total, nine points from different areas were measured using Leica’s
LAS AF system. Data are shown as the means + SDs. Data were analyzed by one-way ANOVA with post-hoc (Tukey). **p < 0.01 and ***p < 0.001. hCdHs, human
Ehemically derived hepatic progenitors; hCdH-Heps, hCdHs-derived hepatocytes.

affected by the use of the hepatic sheet or patch (data not shown),
indicating that HGF signaling might not be associated with hepatic
differentiation in terms of the impact of the hepatic sheet or patch.
Interestingly, qPCR of both the OSM ligand and OSM-related receptors
such as gq130, LIFR, and OSMR revealed significant upregulation of the
OSM ligand gene (>3000 fold), but not of the OSM-related receptors, on
the hepatic sheet and patch when compared with that in the 2D culture
(Fig. 5C). These findings are supported by those of previous studies,
which reported that the expression of growth factors and inflammatory
cytokines, including IL-6, in various cells and in vivo can be modulated
by fibrous scaffolds [17,18]. We further confirmed the enhanced protein
expression and secretion of OSM using the hepatic sheet and patch after
hepatic induction in comparison with those in the 2D culture, using
western blotting and ELISA (Fig. 5D and E). Therefore, these results
indicated that electrospun fibers might additionally activate
OSM-mediated signaling pathways via the amplification of the OSM
ligand to facilitate hepatic induction from hCdHs. In contrast, HUVECs
may improve hepatic differentiation in an OSM-independent manner
based on both the similar induction of OSM ligand by the electrospun
fibers and the selective activation of AKT without changes in the elec-
trospun fiber-activated OSM downstream signaling molecules, as shown
in Fig. 5A-C. Communication between hepatocytes and endothelial cells
may be mediated by VEGF and its tyrosine kinase receptor, VEGFR.
Recently, VEGFR2" early hepatic progenitor cells in humans were re-
ported to be capable of terminal differentiation into mature liver cell
types [60]. Exogenous treatment of hepatic progenitor cells with VEGF
results in a significant increase in hepatic genes such as HNF4a, AFP, and
ALBUMIN [61]. Notably, in our study, VEGF secretion with the hepatic
patch was more than two-fold higher than that with the hepatic sheet, as
shown by ELISA (Fig. 5F). Considering the VEGF/VEGFR2 axis activates
several downstream signaling pathways, including the PI3K/AKT
pathway that trigger multiple biological responses in various cell types
[62,63], it is likely that the significantly enhanced capacity for hepatic
differentiation with the patch is associated with the VEGF produced by
HUVECs (Fig. 5G).

3.6. Evaluation of therapeutic effects of hepatic patch on acute liver
damage mouse model

Next, to determine whether the hepatic patch mitigates liver dam-
age, we transplanted the hepatic patch (triple layer) into acute liver
damage mouse models [64]. In this mouse model, liver damage can be
induced by the administration of DT by controlling the human
heparin-binding epidermal growth factor-like receptor (HB-EGF) with
an albumin promoter [65]. Transplantation experiments were per-
formed by carefully covering the surface of the damaged liver with the
differentiated hepatic patch. After 1 week and 4 weeks, each mouse liver
was harvested and embedded in paraffin for histological analysis
(Fig. 6A). The hepatic patch was stably attached with the DT-treated
liver, and it mitigated liver damage as compared to the DT-only con-
trol group (Fig. 6B). The DT-only group showed necrosis in the liver
through DT-induced injury, but the group that received the hepatic

10

patch transplant showed an undamaged histology (Figure S3A). After 4
weeks, it was concluded that the integration of the hepatic patch
occurred after more than 1 week after transplantation, and interestingly,
healthy morphology was observed even in the different lobes which
were not uncovered by the hepatic patch at 4 weeks in the transplanted
group. These results suggest that the therapeutic effect of the hepatic
patch is not limited to the covered lobe, but it affects the entire liver. In
addition, the DT-only group showed a high mortality rate, and all mice
died before 7 weeks (Fig. 6C). However, the hepatic patch-transplanted
group showed an increased survival rate of more than 70%. In addition,
the expression levels of serum hepatic damage markers, including ALT,
total bilirubin, and ALP, were significantly reduced and total albumin
expression level was increased in the hepatic patch-transplanted group
than 2D transplanted mice and negative control (Fig. 6D), indicating
that the transplantation of the hepatic patch restored liver function. We
further confirmed the engraftment of 2D-cultured hCdHs and the he-
patic patch upon transplantation. Inmunofluorescence staining showed
that the hCdH-Heps on the hepatic patch stably expressed mature he-
patic markers such as ALB, human ASGPR1, CK18, and HNF4A, as well
as those of hCdHs alone after transplantation (Fig. 6E and S3B). Notably,
the hepatic patch-transplanted group showed a significantly increased
level of human albumin in mouse serum compared to that of the
2D-cultured hCdHs in a time-dependent manner after transplantation
(Fig. 6F). Based on human albumin levels in mouse serum, we found
similar results of human albumin secretion (>1000 ng/mL) in the hCdHs
generated from liver tissue which were deived biopsy and surgical
specimen [4]. Interestingly, a CD31-positive area, which is known to be
a blood vessel marker, was observed with a vessel-like structure in the
transplanted hepatic patch at 4 weeks. These data suggested that func-
tional blood vessel-like structures might generate in the patch
(Figure S3C). Human albumin secretion also significantly increased in
the patch than in the 2D-cultured cells in a time-dependent manner after
transplantation (Fig. 6F). Collectively, our data suggest that the
hCdH-Heps cultured on the electrospun fiber stacked sheets can stably
engraft in the host liver after transplantation and play a role similar to
that of the original liver through the synthesized blood vessel-like
structures.

Cell-based therapy has been developed as an alternative to liver
transplantations and has traditionally been divided into autologous and
allogeneic therapies. For clinical applications, at least 1 x 10° cells are
needed [66]. Theoretically, 1 x 10° cells can be obtained from 1000
cells x 20 population doublings (1000 x 220 = 1,048,576,000 cells).
Since the population doubling times of hCdHs is about 35 h, a duration
of 700 h is needed for 20 population doublings. Therefore, after 29 days,
we obtained 1 x 10° cells from 1000 cells. Using biomaterials combined
with cell therapy and patient-specific hCdHs, we elucidated that the
hepatic patch effectively repopulated damaged parenchyma and
exhibited a high survival rate (>70%), along with the restoration of liver
function, in a preclinical mouse model. These findings may contribute in
improving the efficacy of stem cell transplantations and its clinical ap-
plications, especially in the case of autologous cell-based therapy for the
treatment of acute liver failure. For allogeneic cell-based therapies in
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clinical trials, MSCs have been used in clinical settings for the treatment
of liver diseases due to their immunomodulatory and anti-inflammatory
potential. In a clinical applications reported recently, it has been pro-
posed that in a combination therapy of two different cell types, including
MSCs for liver regeneration, the treatment with MSCs induced tolerance
upon liver transplantation [67]. Therefore, the approach of the combi-
nation of an allogeneic hepatic patch with MSCs may be of interest as a
novel strategy for liver regeneration in the future.

4. Conclusion

Our study reported an efficient regenerative therapeutic strategy
involving a patient-specific hepatic patch with a similar structure to that
observed in vivo developed by combining an electrospun fibrous sheet
stacking technique with liver biopsy-derived hepatic progenitor cells.
The hCdHs cultured on the electrospun fibrous sheets differentiated into
highly functional mature hepatocyte-like cells, and the stacking concept
recapitulated histological characteristics similar to those of a normal
liver. Furthermore, these hepatic patches developed using hCdHs and
HUVECs demonstrated the ability to exhibit not only functional features
but also therapeutic effects in acute liver damage models. It may be more
appropriate to use liver sinusoidal endothelial cells, hepatic stellate cells
and Kupffer cells instead of HUVECs for increasing potential of clinical
trials and in vivo mimicking. Therefore, our hepatic patch system pro-
vides a technique for the generation of artificial livers and may have
potential clinical applications in the future.
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