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Backgrounds/Aims: Liver organoids have emerged as a powerful tool for studying liver biology and disease and for developing new
therapies and regenerative medicine approaches. For organoid culture, Matrigel, a type of extracellular matrix, is the most commonly
used material. However, Matrigel cannot be used for clinical applications due to the presence of unknown proteins that can cause im-
mune rejection, batch-to-batch variability, and angiogenesis.

Methods: To obtain human primary hepatocytes (hPHs), we performed 2 steps collagenase liver perfusion protocol. We treated three
small molecules cocktails (A83-01, CHIR99021, and HGF) for reprogramming the hPHs into human chemically derived hepatic pro-
genitors (hCdHs) and used hCdHs to generate liver organoids.

Results: In this study, we report the generation of liver organoids in a collagen scaffold using hCdHs. In comparison with adult liver (or
primary hepatocyte)-derived organoids with collagen scaffold (hALO_C), hCdH-derived organoids in a collagen scaffold (hCdHO_C)
showed a 10-fold increase in organoid generation efficiency with higher expression of liver- or liver progenitor-specific markers. More-
over, we demonstrated that hCdHO_C could differentiate into hepatic organoids (hCdHO_C_DM), indicating the potential of these

organoids as a platform for drug screening.
Conclusions: Overall, our study highlights the potential of hCdHO_C as a tool for liver research and presents a new approach for gen-

erating liver organoids using hCdHs with a collagen scaffold.
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INTRODUCTION

Organoids are three-dimensional (3D) cell culture models
that closely mimic the architecture and function of organs or
tissues in vivo [1]. These models are typically derived from
stem or progenitor cells cultured in a specialized environment
that can promote their differentiation into various cell types.
Organoids can be created for a wide range of tissues and or-
gans, including the liver, lung, kidney, brain, and other tissues
[2-6]. Moreover, organoids provide a more physiologically
relevant environment for studying tissue biology and disease
than traditional two-dimensional (2D) cell cultures [7]. In 2D
cultures, cells are grown on a flat surface, whereas organoids
are grown in a 3D matrix that more closely resembles the ex-
tracellular matrix (ECM) found in vivo [8]. This allows for the


http://crossmark.crossref.org/dialog/?doi=10.14701/ahbps.23-052&domain=pdf&date_stamp=2023-11-30
https://orcid.org/0000-0002-1255-1964
https://orcid.org/0000-0002-1897-7990

Liver organoid using hCdHs in a collagen scaffold 343

acquisition of more accurate and representative data in various
research applications.

However, as organoids require Matrigel as a scaffold, organ-
oids from Matrigel cannot be used for clinical applications [9].
Matrigel is a commonly used ECM to create 3D cell culture
models, including organoids [10,11]. Although Matrigel has
several advantages, such as its ability to promote cell growth
and differentiation, it may contain unknown proteins that can
cause side effects such as batch-to-batch variability, angiogen-
esis, and immune rejection when used in clinical applications
[12-17]. Matrigel is derived from a tumor. Thus, foreign pro-
teins could trigger an immune response in the recipient [18].
This can lead to rejection of transplanted cells or tissues, which
can compromise the success of transplant.

Collagen organoids, also known as collagen-based organoids,
are excellent replacements for Matrigel organoids for clinical
use [19]. These organoids are 3D cell culture systems using col-
lagen as ECM, which is found in various tissues in the human
body. Collagen is a fibrous protein that can provide structural
support and a more physiologically relevant environment for
cells as it closely mimics the ECM in vivo [19,20]. This can
contribute to more accurate and representative data in drug
discovery, disease modeling, and clinical applications [19].

Human primary hepatocytes (hPHs) are known to have a low
proliferative potential. They can easily losing their morpholo-
gy. Thus, hPHs maintenance and proliferation in vitro are still
challenging [21]. We have previously reported the generation
of human chemically derived hepatic progenitors (hCdHs)
using a combination of three small molecules, i.e., A83-01,
CHIR99021, and hepatocyte growth factor (HGF) [22]. Here,
we generated organoids using hCdHs and a collagen scaffold.
We demonstrated the significantly higher generation efficiency
of hCdH-derived organoids in a collagen scaffold (hCdHO_C).
These organoids were better than hPH-derived organoids with
collagen scaffold (hALO_C) in terms of organoid features.

MATERIALS AND METHODS

Isolation of human primary hepatocytes

Human liver tissues were obtained from two donors operat-
ed on at Hanyang University Medical Center (Supplementary
Table 1). The isolation of hPHs followed a previously published
method [22]. In brief, hPHs were isolated using a two-step col-
lagenase perfusion procedure as follows: 1) washing human liv-
er fragment with Tris-EDTA buffer (Sigma) using a perfusion
pump (BT100-1F, Dongbang Hitech); and 2) digesting it with
165 units/mL collagenase solution including calcium chloride
solution (Sigma). Subsequently, the digested human liver frag-
ment was minced and filtered with a 100 um strainer (Corning)
to remove tissue debris. After centrifugation, hPHs were pu-
rified by 25% Percoll gradient centrifugation and seeded on a
collagen-coated plate (STEMCELL Technologies) in William’s
E Media (Gibco).

The study was approved by the Institutional Review Board
of the Hanyang University (IRB No. HYUH201711012020-
HEO001). Written informed consent was obtained from all par-
ticipants.

Generation of human chemically derived hepatic progenitors

hPHs were cultured with reprogramming medium con-
sisting of DMEM/F12 (Gibco) supplemented with 1% fetal
bovine serum (FBS; Gibco), 10 mM nicotinamide (Sigma), 1%
insulin-transferrin-selenium (Gibco), 60 uM beta-mercap-
toethanol (Sigma), 1% penicillin/streptomycin (Gibco), 0.1
uM dexamethasone (Sigma), and 20 ng/mL epidermal growth
factor (EGF) (Peprotech). We added three small molecules, i.e.,
20 ng/mL HGF (Peprotech), 3 uM CHIR99021 (STEMCELL
Technologies), and 4 uM A83-01 (Gibco), according to the
protocol described by Kim et al. [22]. The medium of the hC-
dHs was changed every 2 days. When cell confluency reached
80%, sub-culture was performed. For the sub-culture, hCdHs
were detached with TrypLE solution (Gibco) and washed with
DMEM. After centrifugation, 5 x 10° hCdHs were re-seeded
onto a collagen-coated 100 mm plate.

Immunostaining

All samples of hCdHs and hCdHO_C were fixed with 4%
paraformaldehyde for 20 min at room temperature (RT) or
overnight at 4°C. Samples were washed with phosphate-buff-
ered saline (PBS), permeabilized in 0.25% Triton X-100 (Sigma)
for 10 min, and washed three times with PBS. A blocking solu-
tion containing 3% bovine serum albumin (BSA) (without IgG)
and protease (Jackson ImmunoResearch) was added to samples
and incubated at RT for 1 h. After washing with a staining
solution including 10x PBS (Welgene), 1% BSA (without IgG),
protease (Jackson ImmunoResearch), and 10% sodium azide
(Sigma) three times, samples were then incubated with prima-
ry antibodies at 4°C overnight. On the next day, samples were
washed three times with a staining solution. Secondary anti-
bodies conjugated to 488 (green) and 546 or 594 (red) dyes were
then added, followed by 1 h of incubation at RT. After washing
with the staining solution thrice and PBS twice, samples were
imaged with a confocal microscope. All antibodies used in
this study are listed in Supplementary Table 2. Nuclei were co-
stained with Hoechst 33342 (1:10,000, Molecular Probes). All
cells were imaged using a TCS SP5 confocal microscope (Leica).

Real-time quantitative polymerase chain reaction

Cell pellets were incubated with TRIzol reagent (Ambion)
and chloroform to isolate total RNA. RNA purity and concen-
tration were determined with a NanoDrop machine using 1
pg/uL sample for cDNA synthesis. A Transcriptor First Strand
cDNA Synthesis Kit (Roche) was used for reverse transcription.
For real-time quantitative polymerase chain reaction (RT-qP-
CR), 1 pg of cDNA and 10 ug of quantitative PCR PreMix (Dyne
Bio) were used. PCR conditions were as follows: 40 cycles of
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95°C for 20 sec and 60°C for 40 sec. All quantitative data are
presented as mean * standard error of the mean (SEM) with
p-values. Statistical significance was evaluated by two-tailed
t-test with significance set at p < 0.05, p < 0.01, and p < 0.001.
Data from at least three different experiments were used for
each case. All primer sequences are listed in Supplementary
Table 3.

Collagen organoid culture

hPHs and hCdHs (1 x 10* cells) were mixed with 50 uL of
collagen solution consisting of collagen I (Gibco), auto-cleaved
distilled water, and 10x DMEM (Sigma) mixed at a 3:5:1 ratio
following a published protocol [23]. NaOH (Sigma) was added
until collagen solution appeared orange in color (pH of 7.0-7.4).
Huch’s protocol [3] was used for liver organoid culture. Briefly,
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the culture medium was based on an expansion medium (EM):
AdDMEM/FI12 (Invitrogen) supplemented with 1% N2 (Gib-
o), 1% B27 (Gibco), 1.25 mM n-acetylcysteine (Sigma), 10 nM
gastrin (Sigma), 50 ng/mL EGF (Peprotech), 100 ng/mL FGF10
(Peprotech), 25 ng/mL HGF (Peprotech), 10 mM nicotinamide
(Sigma), 10% RSPO1 conditioned medium (homemade), 5 uM
A83.01 (Sigma), and 10 uM FSK (Sigma). For collagen organ-
oid culture, the first 3 days after embedding with collagen, the
starting EM was supplemented with 25 ng/mL Noggin (Pepro-
tech), 30% Wnt CM (homemade), and 10 uM Y27632 (Sigma).
After 3 days, the starting EM was changed to EM without Wnt,
Noggin, or Y27632. After 10 to 14 days, organoids were re-
moved from the collagen matrix, mechanically dissociated into
small fragments of organoids, and centrifuged at 1,200 rpm for
5 min at 4°C. The supernatant was then removed and trans-

After passage

B Day 0 Day 7

HAC (-)

hPHs

HAC (+)

D Hoechst/

hPHs

hCdHs

Fig. 1. Generation of hCdHs. (A) Schematic of the hPHs culture procedure in vitro using human liver tissue. The viability of hPHs is dependent on the
presence of HAC. (B) Bright-field image of hPHs during culture without HAC(-) or with HAC(+) medium on days 0 and 7 and after passage. Scale bar:
100 um. (C) RT-qPCR of the hepatic marker (ALB) and hepatic progenitor markers (CD44, CD90, ITGA6, and FOXJT) in hPHs and hCdHs. Data on the
expression of each gene marker were normalized against GAPDH. Data were analyzed by a two-tailed t-test. They are presented as mean + standard
error of the mean (SEM) of three individual experiments performed in triplicate. (D) Immunocytochemistry of protein expression of hepatic progenitor
markers (E-CAD, EPCAM, and Ki67) and a hepatocyte marker (ALB) in hPHs and hCdHs. hCdHs, human chemically derived hepatic progenitor cells; hPHs,
human primary hepatocytes; HGF, hepatocyte growth factor. **p < 0.01, ***p < 0.001.
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ferred to a fresh collagen matrix. Organoids with collagen ma-
trix were seeded onto a pre-warmed 24-well plate for 30 min,
followed by addition of 500 pL of starting EM only to each well
for 3 days. Sub-culture was performed in a 1:4-1:8 split ratio
once every 7-10 days.

Doubling time assay

hCdHs or hPHs were seeded at a density of 1 x 10" cells/well
with collagen solution on 24-well plates. Cell numbers were de-
termined at 24 h and 72 h. Doubling time was calculated using
the following formula: doubling time = duration*log (2)/[log(-
final concentration) - log(initial concentration)] (http://www.

doubling-time.com/compute.php).

Hepatocyte differentiation

Organoids were cultured in EM for 7-10 days and split at
a 1:6 ratio. Split organoids were then cultured in EM supple-
mented with BMP7 (25 ng/mL). After 3 days, EM was changed
to differentiation medium (DM) (AdDMEM/F12 medium and
supplemented with 1% N2, 1% B27, 50 ng/mL EGF, 10 nM gas-
trin, 25 ng/mL HGF, 100 ng/mL FGF19, 500 nM A83-01, 10 uM
DAPT, 25 ng/mL BMP7, and 30 uM dexamethasone). DM was
changed every 2-3 days for 11-13 days.
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Fig. 2. Characterization of hALO_C and hCdHO_C. (A) Bright-field images showing the generation of organoids of different origin hPHs or hCdHs at the
generation stage (P0) and after sub-culture (after passage). Scale bar: 500 um (top) or 100 pm (bottom). (B) Number of cells in hCdHO_C and hALO_C.
Both hPHs or hCdHs were seeded into a 24-well cell culture plate with collagen solution. The number of cells in each organoid (hCdHO_C and hALO_C)
was counted using a Nikon Eclipse Ti-e microscope. Data were obtained from triplicate experiments for a donor, hRALO_C (n = 12) and hCdHO_C (n = 12).
(C) Doubling time of hCAHO_C and hALO_C. Organoids were dissociated into single cells and cells were counted to analyze the doubling time for 48 h. (D)
RT-gPCR of the hepatic marker (ALB) and hepatic progenitor markers (SOX9, EPCAM, CD44, CK19, and CD90) in hPHs, hALO_C, and hCdHO_C. Data on
the expression of each gene marker were normalized against GAPDH. Data were analyzed by a two-tailed t-test. They are presented as mean + standard
error of the mean of three individual experiments performed in triplicate. hPHs, human primary hepatocytes; hALO_C, hPH-derived organoids with
collagen scaffold; hCdHs, human chemically derived hepatic progenitors; hCdHO_C, hCdH-derived organoids in a collagen scaffold; ns, not significant.
**¥p < 0.001.
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RESULTS

Generation of human chemically derived hepatic progenitors
from human primary hepatocytes

We first isolated hPHs from human liver tissues using a two-
step perfusion method [24]. These hPHs were cultured in a
reprogramming medium including with/without a small mole-
cule cocktail of HGF, A83-01, and CHIR9902 (HAC) (Fig. 1A)
as described by Kim et al. [22]. These hPHs showed poor prolif-
eration when cultured in HAC(-) medium. However, when they
were cultured in HAC(+) medium, they could expand for 7
days and maintain their proliferation capacity after sub-culture
(Fig. 1B). Therefore, our reprogramming medium could de-
differentiate hPHs into hCdHs. Next, we performed RT-qPCR
to examine whether hCdHs exhibited hepatic progenitor fea-
tures by analyzing hepatic progenitor markers (CD44, CD90,
ITGA6, and FOXJI) and hepatic marker ALB as a negative
control (Fig. 1C). As expected, compared with hPHs, hCdHs
showed significantly high expression levels of hepatic progeni-
tor markers. Moreover, we examined protein expression levels
of hepatic progenitor markers E-CAD, EPCAM, and Ki67 and
the hepatic marker ALB by immunocytochemistry. We ob-
served high expression levels of hepatic progenitor markers but
low expression level of the hepatic marker ALB in hCdHs with
increased proliferation ability (Fig. 1D). Taken together, these
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results demonstrate that the presence of small molecules HAC
in the medium could promote dedifferentiation into hCdHs
and increase hepatic progenitor marker expression and prolif-
eration capacity.

Characterization of human chemically derived hepatic
progenitor-derived organoids in a collagen scaffold

Next, we determined whether hCdHs could generate or-
ganoids. Normally, organoids should be cultured in Matrigel,
a type of ECM, for stability at RT. However, Matrigel is not a
suitable option for clinical use due to its potential tumorigenic-
ity [25]. For clinical applications, we used collagen as a scaffold
for organoid culture and compared the efficiency of organoid
generation from hPHs (hALO_C) or hCdHs (hCdHO_C) (Fig.
2A). Bright-field images showing organoid generation on day 10
(P0) and after passage were obtained. Interestingly, hCdHO_C
demonstrated significantly higher generation efficiency (10-fold
increase) than hALO_C (Fig. 2B). In addition, we measured
proliferation rate by counting doubling time for hCdHO_C
and hALO_C. The graph showed the rapid growth of hCdHO_
C (68% greater) compared with that of hALO_C (Fig. 2C). We
next examined whether hALO_C and hCdHO_C maintained
their hepatic progenitor features. hALO_C and hCdHO_C
showed increased expression of hepatic progenitor markers
(SOX9, EPCAM, CD44, CK19, and CD90) compared with the
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Fig. 3. Hepatic differentiation of hCdHO_C (hCdHO_C_DM). (A) Schematic of hepatic differentiation with hALO_C and hCdHO_C. (B) Relative mRNA
levels of hepatic markers (ALB, HNF4a, AAT, ASGR1, CK19, CYPIA2, and CYP3A4) in hALO_C, hCdHO_C, hALO_C_DM, and hCdHO_C_DM determined
by RT-qPCR. Expression levels of each gene marker in all samples were normalized agasint GAPDH (triplicate experiments). (C) Immunocytochemistry
of hepatic markers (CK18 and ASGR1) in hALO_C_DM and hCdHO_C_DM. Scale bar: 50 um. hCdHs, human chemically derived hepatic progenitors;
hCdHO_C, hCdH-derived organoids in a collagen scaffold; DM, differentiation medium; hALO_C, hPH-derived organoids with collagen scaffold; EM,

extension medium; ns, not significant. ***p < 0.001.
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hepatic marker ALB (Fig. 2D). However, gene expression levels
of hepatic progenitor markers in hCdHO_C were higher than
those in hALO_C. These results indicated that once organoids
formed, both organoids showed the organoid morphology was
similar but organoid generation efficiency and features were
significantly high in hCdH_C. Overall, compared with hALO_
C, hCdHO_C enhanced the efficiency of organoid generation
and growth with high expression of hepatic progenitor markers
in a collagen scaffold.

Hepatic differentiation of human chemically derived hepatic
progenitor-derived organoids in a collagen scaffold

Finally, we investigated the hepatic differentiation potential
of hCdHO_C, which demonstrated better differentiation abili-
ty than hALO_C in a collagen scaffold. Both hALO_C and hC-
dHO_C were cultured in hepatic DM for two weeks (Fig. 3A).
After 2 weeks, we harvested hALO_C_DM and hCdHO_C_
DM to examine their gene expression by RT-qPCR. Expression
levels of mature hepatic markers (ALB, HNF4a, AAT, ASGRI,
CYPIA2, and CYP3A4) of hCdHO_C were higher than those
of hALO_C_DM (Fig. 3B). As expected, immunofluorescence
staining showed that expression levels of mature hepatic mark-
ers (CK18 and ASGR1) of hCdHO_C_DM were consistent with
results of RT-qPCR (Fig. 3C). Moreover, both hCdHO_C_DM
and hALO_C_DM showed a compact morphology with loss of
the lumen structure after hepatic differentiation. These results
demonstrated that the hepatic differentiation capacity of hC-
dHO_C and expression levels of hepatic markers of hCdHO_
C_DM were higher than those of hALO_C_DM in a collagen
scaffold.

DISCUSSION

Organoids are 3D structures that mimic the function and
structure of organs in the human body. These structures are
derived from stem cells or sometimes from tissue directly. They
can be used for a broad range of applications. The generation
of organoids by Barker et al. [26] has been a significant break-
through in the field of regenerative medicine. By using stem
cells, researchers can generate organoids that closely resemble
the structure and function of a real tissue.

Liver organoids, which have been developed by Huch et al.
[3], are also 3D structures created using stem cells or primary
hepatocytes from liver tissue. They reflect the function of the
human liver. These organoids offer a promising alternative for
liver transplantation [27], studying liver diseases, and testing
liver drugs [27-29]. The main benefit of liver organoids is their
potential use in drug screening. The development of drugs for
liver disease is a major challenge worldwide. Many patients die
due to the lack of effective drugs. However, liver organoids can
provide an alternative platform for drug testing to treat liver
disease patients. This approach could help address the shortage
of donor organs and improve lives of countless patients. Liver

organoids can also be used to study liver diseases including
hepatitis, cirrhosis, and fatty liver disease. By investigating
mechanisms of these diseases using organoids, researchers can
gain a better understanding of how they develop and prog-
ress. This knowledge could support the development of new
treatments for these diseases. Overall, liver organoids present
a novel and promising strategy for drug testing, disease model-
ing, and liver transplantation. Although there remain obstacles
to be overcome, advantages of these organoids make them a
promising option for future studies. Therefore, researchers
should continue to conduct studies with liver organoids to pro-
vide patients with a better life.

In this study, we focused on the generation of collagen organ-
oids for clinical applications using a collagen scaffold instead
of Matrigel to generate organoids. When we compared the
efficiency of organoid generation between collagen and Matri-
gel, Matrigel was better for organoid generation. However,
organoids derived from Matrigel have not been used for clin-
ical studies due to the unknown composition of Matrigel [13].
Collagen organoids represent a significant advancement in the
field of 3D cell culture systems. Unlike traditional 2D cell cul-
tures, collagen organoids provide a more physiologically rele-
vant environment for cells as collagen closely mimics the ECM
found in vivo [19,20]. These organoids are also highly custom-
izable. They can be created using different cell types and ECM
components. They can be designed to mimic specific tissue
architectures and functions [30,31]. This allows researchers to
generate highly specialized organoids tailored to the specific
needs of their research projects.

Although the generation of organoids without Matrigel is
still challenging, Matrigel might be replaced with several can-
didate materials such as collagen, decellularized ECM, synthet-
ic hydrogels, and peptide and recombinant protein matrices
[17]. We attempted to combine collagen and hepatic progenitor
cells for the generation of organoids, which can be adapted to
clinical applications. We initially hypothesized that prolifer-
ating cells would be beneficial for the generation of organoids.
However, the generation efficiency of organoids might be
dependent on EPCAM expression, for which normal primary
hepatocytes (hPHs) do not express [3]. To reprogram hPHs, we
used a HAC(+) reprogramming medium reported previously
[22] and successfully performed dedifferentiation of hPHs into
hCdHs which has a high expression of EPCAM. Next, we as-
sessed organoid generation, features, and differentiation ability
of two different cell lineages (hPHs and hCdHs). We optimized
the suitable potential of hydrogen (pH) in the collagen scaffold
for organoid generation by following the James protocol [23].
To visually indicate the pH in the collagen scaffold, we used
DMEM 10x including phenol-red, which turned yellow (acidic)
or red (basic). We then adjusted the pH from 7.0 to 7.4 by add-
ing NaOH because the initial collagen scaffold was acidic due
to DMEM 10x. We confirmed the pH level with a pH paper
(BTB). We observed that a pH of less than 7 (acidic) or greater
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than 7.6 (basic) showed disruption of its scaffold easily and dis-
played low organoid generation efficiency. After optimizing, we
cultured both hPH- and hCdHs-collagen organoids and found
that the organoid generation efficiency of hCdHO_C was high-
er than that of hALO_C. hCdHO_C also had higher expression
levels better of liver progenitor markers than hALO_C. In ad-
dition, we examined hepatic differentiation in these organoids
by measuring mRNA expression and performing immunos-
taining of hepatic markers. For further studies, we plan to per-
form several assays to determine hepatic functions of hALO_
C_DM and hCdHO_C_DM, such as albumin secretion, CYP
gene activation, and PAS staining, to determine whether these
hepatic-induced organoids could express functional features of
hepatocytes.

Taken together, these results demonstrate that both hCdHO_
C and hALO_C are suitable as a liver organoid model. Howev-
er, hCdHO_C is better than hALO_C in terms of large-scale
culture and generation efficiency. Therefore, collagen organ-
oids represent an exciting development in the field of 3D cell
culture systems. As research in this area continues to advance,
collagen organoids are likely to become an important tool for
studying tissue biology, disease, and regenerative medicine.
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