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Abstract: Human pluripotent stem cells (hPSCs) are capable of unlimited proliferation and can
undergo differentiation to give rise to cells and tissues of the three primary germ layers. While
directing lineage selection of hPSCs has been an active area of research, improving the efficiency
of differentiation remains an important objective. In this study, we describe a two-compartment
microfluidic device for co-cultivation of adult human hepatocytes and stem cells. Both cell types were
cultured in a 3D or spheroid format. Adult hepatocytes remained highly functional in the microfluidic
device over the course of 4 weeks and served as a source of instructive paracrine cues to drive hepatic
differentiation of stem cells cultured in the neighboring compartment. The differentiation of stem
cells was more pronounced in microfluidic co-cultures compared to a standard hepatic differentiation
protocol. In addition to improving stem cell differentiation outcomes, the microfluidic co-culture
system described here may be used for parsing signals and mechanisms controlling hepatic cell fate.

Keywords: microfluidics; co-culture; primary hepatocytes; embryonic stem cells; hepatic differentiation

1. Introduction

Human pluripotent stem cells (hPSCs) can proliferate indefinitely and give rise to cells
of the three primary germ layers—endoderm, mesoderm, and ectoderm [1,2]. The potential
of differentiating stem cells into any adult cell type makes them incredibly promising for
cell-based therapies [3–5]. Most differentiation protocols deliver inductive cues (often
growth factors) sequentially over the course of multiple days [6–8]. For example, a protocol
for generating hepatocyte-like cells from hPSCs consists of three stages: (1) induction of
endoderm with Activin A, (2) hepatic progenitor stage, and (3) hepatic maturation stage
driven by hepatocyte growth factor (HGF) [9–14]. There have been a number of recent
reports on the benefits of 3D (organoid/spheroid) cultures for hepatic differentiation and
maturation of hPSCs [15–19]. Therefore, we wanted to implement a 3D culture format in
this study.

Co-cultures, or the use of feeder layers, represent an important strategy for main-
taining the pluripotent state of hPSCs. However, co-cultures may also be used to direct
the differentiation of stem cells. Previous reports have shown that hepatic differentia-
tion may be enhanced by co-cultivation with fibroblasts [20], liver stromal cells [21,22],
and endothelial cells [23]. Our lab has previously described the use of micropatterned
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surfaces containing stem cells and adult hepatic or stromal cells in distinct but proximal
locations and has shown that the presence of adult cells improved the differentiation of
stem cells [24,25]. However, these previous examples of co-cultures were carried out in
standard (large volume) cultures. We hypothesized that placing stem cells and adult cells
inside microfluidic cultures may improve differentiation by increasing local concentrations
of paracrine instructive signals.

Microfluidic devices utilize minimal amounts of media and may be automated to
control the delivery of inductive cues and exchange of media, so as to minimize human
involvement and chances of contamination [26]. Another, less appreciated benefit of
microfluidic cultures has to do with accumulation of secreted signals under a diffusion-
dominant culture regime [27–30]. Several reports have pointed to enhanced autocrine and
paracrine signaling under such culture conditions [31–34]. Our team has shown that mouse
PSCs maintained pluripotency in a microfluidic device by upregulating the production
and signaling of endogenous leukemia inhibitor factor (LIF) [35]. We also demonstrated
that adult hepatocytes exhibit enhanced phenotype and function in microfluidic devices by
upregulating the production of hepato-inductive GFs, including HGF [36,37]. Additional
studies by our team pointed to enhanced paracrine signaling for microfluidic co-cultures
compared to large volume (transwell) co-cultures or the use of conditioned media [38,39].

In this study, we describe a microfluidic co-culture device comprised of two culture
compartments interconnected by grooves to allow the exchange of paracrine signals. Each
microfluidic compartment contained arrays of microwells to organize cells into spheroids.
We demonstrated that human hepatocytes maintained high levels of hepatic phenotype
and function over the course of 4 weeks in this microfluidic device. Stem cells seeded
into the adjacent microfluidic compartment received instructive cues from adult cells and
differentiated along the hepatic lineages. Hepatic differentiation in microfluidic co-cultures
was more pronounced than in microfluidic monocultures or in a standard culture dish,
which is attributed to the high local concentration of HGF and other signals secreted by
adult hepatocytes.

2. Materials and Methods
2.1. Microfluidic Co-Culture Device Fabrication
2.1.1. Fabrication of Microfluidic Co-Culture Devices

The microfluidic co-culture device consisted of the flow layer (top) for transport of
media and the microwell layer (bottom) to organize 3D cell spheroids. The fabrication of
the master molds for the microfluidic flow and microwell layers was carried using standard
photolithography techniques and is described in Figure S1.

2.1.2. Mold Fabrications

The flow (culture chamber) and microwells (bottom part of the device) master molds
were fabricated using standard photolithography. Three photomasks with microfluidic pat-
terns were designed using CAD software (version 2019, Autodesk Inc., San Francisco, CA,
USA). The flow master mold was composed of two SU-8 resist layers to achieve microchan-
nels 10 µm in height and a culture chamber 75 µm in height. First, a pristine 4-inch silicon
wafer (452, University Wafer MS) was coated with SU-8 2010 (MicroChem, Westborough,
MA, USA) and exposed to create the microchannel layer. After the post-exposure bake, a
second 75 µm layer of SU-8 2025 (MicroChem, Westborough, MA, USA) was deposited
to expose the flow layer. The microwell master mold comprised 84 microwells, each with
a 300 µm diameter and 300 µm depth. For the later mold, a second pristine wafer was
coated with SU-8 2100 (MicroChem, Westborough, MA, USA) to create a 300 µm layer. A
mask aligner (KLOE mask aligner (KUB-3)) was used to UV-expose all SU-8 layers. All
fabrication steps (spin coating, soft bake, exposure, post-exposure bake, development, and
hard bake) were conducted according to the manufacturer’s instructions.
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2.1.3. PDMS Device Fabrication

Soft polymer devices were cast using the master molds under standard PDMS proce-
dures. A 10:1 ratio of PDMS and curing agent (Ellsworth adhesive, Minneapolis, MN, USA)
was poured over a silicon master, and a replica was molded by standard soft lithography
procedures (Figure S1). Inlets and outlets from the cured flow layer (top) were punched
using a 5 mm punch. Afterwards, the flow and microwell (bottom) PDMS layers were
exposed to oxygen plasma for 2 min at 30 W (G-500 plasma cleaning system, Yield Engineer-
ing Systems, Livermore, CA, USA), and manually aligned under a stereoscope (Zeiss Stemi
508, Oberkochen, Germany). Four PYREX cloning cylinders (10 mm (d) × 10 mm (h)) were
secured at the inlets and outlets using PDMS prepolymer and used as media reservoirs in
static conditions. The aligned PDMS chips were then placed in an incubator overnight at
80 ◦C to strengthen the bond between the two layers and the cloning cylinders.

2.2. Cultures of Human Hepatocytes Isolated from the Liver of Humanized Liver Chimeric Mice

Chimeric mice with humanized livers (PXB-mice®) were generated using a previ-
ously reported method [40,41]. The cells were isolated from the liver of PXB-mice with a
replacement index greater than 90% in the Saito lab at USC [42], plated, and cultured in
T-75 flasks for 7 days to allow freshly isolated human hepatocytes for cell fate restoration,
as described previously [43], followed by shipping to Mayo Clinic Rochester. The total
time for hepatocyte cultures in a T-75 flask was 1 week. Cells were detached from the
flask by treatment with 0.05% trypsin–EDTA for 15 min. The cells were then resuspended
in 2% dimethyl sulfoxide-supplemented hepatocyte clonal growth medium (dHCGM)
(200 µL with 8 × 106 cells/mL) and seeded into a microfluidic device. Prior to cell seeding,
microfluidic devices were made low-binding by overnight treatment with 1% Pluronic
F-127 (non-ionic surfactant) in 1X PBS. After treatment, devices were rinsed with copious
amounts of 1X PBS to remove excess Pluronic.

To achieve uniformity of cell seeding, 200 µL of cell suspension at a concentration of
8 × 106 cells/mL was loaded into one of the media reservoirs (inlet) while keeping the
outlet empty. The hydrostatic pressure between the inlet and outlet reservoirs drove cells
into the device and filled the wells. After 2 min, we carefully collected cell suspension
from both inlet and outlet reservoirs and added it to the opposite reservoir to populate
wells again. This process was repeated six times to ensure uniform loading of cells into
microwells (~84 spheroids or up to 1500 cells/each well). Excess cells were carefully
removed by aspirating media, and 200 µL of dHCGM media was added into each reservoir.
It is important to note that, during the whole process, the adjacent compartment was filled
with 200 µL of media to avoid cross-contamination. The media were changed carefully
every other day. The dHCGM contained DMEM supplemented with 10% FBS, 20 mmol/L
HEPES, 15 µg/mL L-proline, 0.25 µg/mL insulin, 50 nmol/L dexamethasone, 44 mmol/L
NaHCO3, 5 ng/mL EGF, 0.1 mmol/L ascorbic acid 2-phosphate, 100 IU/mL penicillin G,
100 µg/mL streptomycin, and 2% DMSO.

Cell viability was assessed in microfluidic devices. The devices were washed twice
with 1X PBS to remove all media. The live/dead staining solution was prepared by adding
20 µL of ethidium homodimer and 5 µL of Calcein-AM (Live/Dead Viability/Cytotoxicity
Kit, Thermo Fisher Scientific, Waltham, MA, USA) to 10 mL PBS. Then, 200 µL of live/dead
solution was added to each device and incubated for 30 min at room temperature, followed
by washing the cells using 1X PBS. An image was acquired in brightfield and fluores-
cence channels for Calcein-AM (ex/em 494/517 nm) and ethidium homodimer (ex/em
528/617 nm), using an inverted microscope (IX-83, Olympus, Tokyo, Japan).

2.3. Hepatic Differentiation of hPSCs under Standard Culture Conditions

The hPSCs, H9 SOX17-mCHERRY, were expanded on growth-arrested Mouse Em-
bryonic Fibroblast (MEF) feeder layer. H9 cells were cultured in DMEM/F12 medium
(Invitrogen, Carlsbad, CA, USA) with 20% knockout serum replacement (KSR), 1 mM
L-glutamine, 1% nonessential amino acids, 0.1 mM β-mercaptoethanol, and 4 ng/mL basic
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fibroblast growth factor (Invitrogen). Induction of definitive endoderm (DE) was initiated
using serum-free RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with
100 ng/mL of Activin A (R&D Systems Inc., Minneapolis, MN, USA), 50 ng/mL Wnt3a,
2 mM L-glutamine, and 1% penicillin/streptomycin for 48 h. Then, the same medium
without Wnt3a was supplemented with 1 × B27 supplement (Invitrogen) and 0.5 mM
sodium butyrate for another 4–6 days. The DE cells were then detached with trypsin–EDTA
and reseeded at a ratio of 2:1 on collagen I-coated 12-well plates (or microfluidic co-culture
devices) for hepatic differentiation. The hepatic progenitor stage was induced with S2 me-
dia containing IMDM, +L-glu, +HEPES culture medium supplemented with 20% FBS, 1%
Pen/Strep 100x, dexamethasone (100 nM), insulin (0.126 U/mL), 1-thioglycerol (0.3 mM),
FGF-4 (20 ng/mL), HGF (20 ng/mL), BMP2, and BMP4 (10 ng/mL each) (R & D Systems).
The day after seeding, old media were aspirated and replaced with fresh S2 media sup-
plemented with 0.5% dimethylsulfoxide (DMSO). Cells remained in this medium for 9 to
14 days. Then, the cells were further differentiated and maintained in S3 culture medium
(L15 medium) supplemented with 5% FBS, 1% Pen/Strep 100x, dexamethasone (100 nM),
insulin (0.126 U/mL), FGF-4 (20 ng/mL), HGF (20 ng/mL), Oncostatin M (50 ng/mL) (R
& D Systems), and 0.5% DMSO for 16 days. The S3 medium was changed daily during
this stage.

2.4. Hepatic Differentiation of hPSCs in Microfluidic 3D Co-Cultures

HESCs were differentiated toward DE stage as described above, then collected from
12-well plates and seeded into a microfluidic device. At this point, a device containing
adult hepatocyte spheroids in one compartment had DE cells seeded into the adjacent
compartment. As mentioned above, the adult cell compartment was filled with 200 µL
of dHCGM to prevent stem cells from crossing over. Then, we pipetted 200 µL of stem
cell suspension with ~5 × 106 cells/mL into the inlet of the stem cell compartment while
keeping the outlet empty. This initiated flow into the cell culture compartment and filled the
wells with cell suspension. The flow stopped within ~10 s as the level of liquid equilibrated
between media reservoirs. At this point, cells settled down into the wells. We waited for
2 min before aspirating cell suspension and placing it in the opposite inlet (reservoir) to
repeat seeding. We found this seeding method to help with uniform filling of wells with
cells. The process was repeated four to six times to populate wells with sufficient density
(~500–1000 cells per well). We then carefully removed the media by aspiration and added
200 µL of dHCGM media mixed with S2 media with only 25% inductive growth factors.
The media were replaced with fresh media every other day.

2.5. Flow Cytometry

Stem cells were collected from standard multi-well plates for flow cytometry analysis
at various timepoints throughout the 3-step differentiation. Cells were dispersed into single
cells through incubation in TrypLE Express at 37 ◦C for 5 min, followed by fixation in 4%
PFA at 4 ◦C. Cells were stored in PBS at 4 ◦C until staining. To stain the cells, the block
solution (PBS + 0.1% Triton X-100 + 5% donkey serum) was added to the cells and incu-
bated at room temperature for 40 min. Cells were incubated with primary and secondary
antibodies at room temperature for 1 h each; dilution factors were performed according
to the manufacturer’s recommendation. The antibodies are listed in the supplementary
table (Table S1). The cells were washed three times with PBST, and the supernatant was
aspirated. The cell suspension was treated with 100 µL of PBST before being analyzed with
the Accuri C6 or Attune flow cytometers. FlowJo v10 software was used to analyze and
process flow cytometry data.

2.6. Immunofluorescent Staining of Cells

Immunofluorescence staining was carried out according to a previously published
method [44]. In brief, cell monolayers or spheroids were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA, USA) for 15 min and incubated with a perme-
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abilization buffer containing 2% bovine serum albumin (Sigma Aldrich, St Louis, MO, USA)
and Triton X at 0.1% (Invitrogen) in phosphate-buffered saline (PBS) for 45 min at room
temperature. Using the following primary antibodies, cells were stained for OCT4, SOX17,
albumin, AFP, HNF1β, HNF4α, and human specific MRP2 and incubated overnight at
4 ◦C. Cells were incubated with secondary antibodies for 3 h at 4 ◦C. Excess secondary
antibody solution was removed by flushing three times with fresh 1X PBS. Then, Alexa
488-labeled phalloidin (Invitrogen; 1:500, 30 min) and DAPI (1:5000, 5 min) were used to
stain actin filaments and cell nuclei, respectively. Immunostaining samples were mounted
with Fluoromount-G (SouthernBiotech, Birmingham, AL, USA). Afterwards, micrographs
were acquired using a fluorescence microscope (Olympus IX83) and a confocal microscope
(LSM 780, Zeiss Microscopy, Oberkochen, Germany) with ×10, ×20, and ×40 objectives.

2.7. ELISA

Albumin secretion was assessed using a commercial ELISA assay (Bethyl Laboratories,
Montgomery, TX, USA). Albumin values were normalized to the cell number (84 spheroids
or up to 1500 cells/each well). Hepatocytes were cultured in a microfluidic co-culture
device as 3D and monoculture (2D microfluidic) for 33 days with daily media exchange.
The media were collected every other day, and the albumin level secreted by hepatocytes
was measured by ELISA. HGF, urea, and bile acid assays were carried out using HGF
DuoSet ELISA (DY294) from R&D Systems (Minneapolis, MN, USA), QuantiChrom™ Urea
Assay Kit (DIUR-100) from BioAssay Systems (Hayward, CA, USA), and Total Bile Acid
Assay Kit (MET-5005) from Cell Biolabs (San Diego, CA, USA). All assays were performed
per the manufacturers’ instructions. Three samples from hepatocytes’ conditioned media,
from days 3, 7, and 14, were analyzed using a spectrophotometer (Synergy H1, BioTek
Instruments, Winooski, VT, USA). Secretome profiling: Supernatants were collected from
human hepatocyte spheroids monocultured in microfluidic devices and frozen at −80 ◦C.
Secretome profiling analyses were conducted using Human Angiogenesis and Growth
Factor 17-Plex and Human Cytokine/Chemokine 96-Plex discovery assays at Eve Technolo-
gies (Calgary, AB, Canada). Media from three devices (n = 3) were evaluated for days 3, 7,
and 14.

2.8. RT-PCR Analysis of Hepatic and Stem Cell Gene Expression

Cells were collected by separating the two layers of the microfluidic device and collect-
ing the cell spheroids from each chamber. For PCR analysis, total RNA was isolated using
the High Pure RNA Isolation Kit (Roche Diagnostics, Mannheim, Germany), according to
the manufacturer’s instructions. RNA was converted to cDNA using the Transcriptor First
Strand cDNA Synthesis Kit (Roche), and the quantitative PCR reactions were set up using
the FastStart Universal SYBR Green Master (Roche). All PCR reactions were performed
in duplicate. Primers are listed in Table S2. The relative expression level of each gene
was calculated using the comparative threshold cycle (∆Ct) method, with GAPDH as a
housekeeping gene.

2.9. Modeling HGF Secretion and Distribution in the Microfluidic Device

A 3D model of the microfluidic device was drafted in AutoCAD and exported to
COMSOL (v6.0, Burlington, MA, USA). The 3D model reflected the geometry of the mi-
crofluidic device and included hepatic spheroids (individual diameter = 171.4 µm). The
HGF secretion rates were determined from experimental data (ELISA): 2.52, 2.84, and
3.54 × 10−3 ng·spheroid−1·h−1 at days 3, 7, and 14, respectively. The COMSOL model,
including the HGF diffusion coefficient, was taken to be 8.5 × 10−11 m2·s−1 [37] with the
assumption of no flow in the device. The model generated HGF concentrations in 6 min
increments over the course of 48 h.
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2.10. Statistical Analysis

A minimum of three biological replicates were used for each condition. The data are
represented as mean ± standard deviation (SD). Statistical significance between experimen-
tal groups was assessed using a two-tailed unpaired t-test. Differences were considered
statistically significant at p-values < 0.05, with the value denoted by the following notation:
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. GraphPad Prism (ver. 9; GraphPad
Software) was used to statistically analyze the data.

3. Results
3.1. Design of a Microfluidic Device for 3D Co-Cultures of Hepatocytes and Stem Cells

Microfluidic devices were fabricated from silicone rubber (PDMS) using standard
soft lithography techniques (Figures S1 and S2). The co-cultivation microfluidic device
consisted of two layers: microwell layer (two sets of 84 wells, each well 300 µm in diameter
and depth) (Figure 1A,B) and a flow channel layer (~75 µm tall). The device was made
low-binding by treatment with Pluronic such that, upon seeding and landing in wells, cells
organized into spheroids within 24 to 48 h. The two compartments were connected by
grooves, allowing the exchange of paracrine signals (Figure 1A). Our microfluidic cultures
did not have active flow or pumping, and were specifically designed to harness and locally
accumulate signals secreted by adult hepatocytes for differentiation of stem cells.

Why use adult hepatocytes as the source of instructive cues for driving the hepatic
differentiation of stem cells? Our team has previously demonstrated that adult rodent
hepatocytes and liver explants cultured in microfluidic devices in the absence of flow
upregulated the production of inductive cues (e.g., HGF, epidermal growth factor (EGF),
insulin-like growth factor (IGF)-1) [37,45,46]. In fact, the phenotype of hepatocytes was
dependent on the geometry of the culture chamber—taller chambers resulted in dilution of
endogenous signals and a lower hepatic phenotype [34]. In this paper, we wanted to test the
hypothesis that HGF and other signals produced by adult hepatocytes may be harnessed
to drive the hepatic differentiation of stem cells. We wanted to establish syngeneic cultures
and first focused on microfluidic cultures of adult human hepatocytes.

Human hepatocytes were isolated from the livers of humanized liver chimeric mice.
This is a urokinase plasminogen activator (uPA)-severe combined immunodeficiency (SCID)
mouse model where transplanted hepatocytes have a competitive advantage over trans-
genic host hepatocytes, to the extent that the hepatic parenchyma in these mice consist
largely (~96%) of human hepatocytes [41,47]. Unlike cadaveric human hepatocytes, which
are of variable quality, human hepatocytes are isolated from chimeric mice in a manner
similar to rodent hepatocytes and are of reproducibly high quality.

These cells were seeded first and cultured in the device for 5 to 7 days, to give the cells
time to acclimatize and to re-establish their hepatic phenotype in the microfluidic device.
hPSCs were differentiated into definitive endoderm (DE) in standard cultureware and
then seeded into the device that already contained hepatocytes. The co-cultures of human
hepatocytes and DE stem cells were maintained for an additional three weeks (Figure 1C).
Using co-cultures enables cell maturation in a way that is not routinely possible in 2D
cultures, and, at the same time, it is easy to access spheroids and collect samples to test
various biological assays (Figure 1D).

3.2. Long-Term Maintenance of Functional Human Hepatocytes

Human hepatocytes were seeded into a compartment of the microfluidic co-culture
device (Figure 2A). The two compartments were identical in dimensions and had 84 wells
each. The cells began to aggregate 24 h post-seeding, formed spheroids after 2 days, and
appeared to undergo compaction/condensation until day 7, stabilizing at a diameter of
171.4 µm with a coefficient of variation (CV) of 4.1%. Figure 2B shows an array of uniformly
sized hepatocyte spheroids in a compartment of a microfluidic device, while Figure 2C
provides a histogram of spheroid size distribution. Importantly, hepatocyte spheroids
remained highly functional and expressed markers of a well-differentiated phenotype after
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extensive cultivation. Figure 2D shows immunofluorescent staining for albumin, a hallmark
indicator of liver function, and HNF4α, another important marker of the hepatic phenotype,
after 28 days of culture. Both markers were strongly expressed in hepatocyte spheroid
cultures at this late timepoint. We also examined albumin secretion, urea synthesis, and bile
acid production from hepatocytes that were maintained in microfluidic spheroid cultures
(Figure 2E–G), and we then compared the albumin secretion in microfluidic spheroid
cultures to microfluidic 2D or monolayer cultures. These results, presented in Figure 2E,
demonstrate that, while hepatocytes remained functional in 2D cultures for 14 days, their
long-term function was dramatically enhanced in 3D cultures, where robust production of
albumin extended to 33 days.
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Figure 1. Design of the microfluidic 3D co-culture device. (A) The concept of the co-culture device:
adjacent microfluidic compartments are populated with adult hepatocytes and stem cells. Both cell
types are cultured as spheroids. Each compartment contains an array of wells designed to organize
cells into spheroids. Compartments are interconnected by grooves to allow cross-talk via paracrine
signals. Adult hepatocytes secrete instructive signals that drive the hepatic differentiation of stem
cells residing in the neighboring compartment. (B) The images show the top view of an image of
a microfluidic co-culture device. High-magnification images of grooves and microwells show the
platform for communication between two groups of adult hepatocytes and stem cell spheroids
through endogenous signals. (C) A multi-stage differentiation protocol in a co-culture device.
(D) The design of the device allows for the collection of each cell type separately for phenotype and
gene expression analysis. We can remove the top chamber, access the spheroids separately, and collect
them, which makes our chip compatible with traditional biological assays such as immunofluores-
cence microscopy, RT-PCR, and flow cytometry.
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describing seeding of cells and spheroid formation in a microfluidic device. Devices were made low-
binding by treatment with Pluronic. This promoted cell aggregation into spheroids inside microwells.
(B) A time-lapse sequence showing the aggregation of cells into a spheroid followed by spheroid
compaction. An array of 84 hepatocyte spheroids is shown in the bottom image. (C) Spheroids were
uniformly sized, with an average diameter of 171.4 ± 7.1 µm. (D) Immunofluorescence staining
of a hepatocyte spheroid for hepatic markers (albumin and HNF4α) after 4 weeks of culture in a
microfluidic device. (E) Production of albumin in a microfluidic monolayer (2D) and spheroid (3D)
cultures of hepatocytes (n = 3). (F) Urea synthesis analysis for hepatocyte spheroid at 3, 7, and 14 days.
(G) Bile acid production for hepatocyte spheroid at 3, 7, and 14 days. Data are shown as mean ± SD,
** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns (not significant).
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3.3. Polarization, Biliary Excretion, and Gene Expression in Microfluidic Spheroid Cultures of
Adult Hepatocytes

Unlike typical apical/basolateral polarization of columnar epithelium, a hepatocyte
is polarized to contain protein transporters in the basal domain and bile acid transporters
in the apical and lateral domains. Polarized and well-differentiated hepatocytes are ex-
pected to excrete bile into canaliculi that drain it into intrahepatic bile ducts [48]. MRP2 is
a transporter responsible for the delivery of amphiphilic anionic conjugates (e.g., biliru-
bin glucuronides) into bile, and is expressed in well-differentiated hepatocytes [49]. As
seen from immunofluorescence images in Figure 3A,B, MRP2 is expressed strongly in
spheroids and is co-localized with actin. The regions with MRP2 localization (white ar-
rows in Figure 3B) strongly suggest polarization of hepatocytes and the existence of bile
canaliculi in the spheroids. A z-stack projection in Figure S3B helps to better appreci-
ate the bile canalicular network inside a hepatocyte spheroid. Additional analysis of
transporter gene expression was carried out by RT-PCR. As shown in Figure 3C, gene
expression of BSEP and MRP2—transporters responsible for taurine and glutathione con-
jugates, respectively [50]—was enhanced after 28 days of culture, while gene expression
for MRP3 and MDR1 remained the same. MRP3 is a type of transporter located on the
basolateral membrane of the hepatocyte that secretes glucorinated drug metabolites into
the bloodstream [51,52]. MDR1 is localized on the apical membrane of the hepatocytes and
serves to transport hydrophobic drug metabolites into the bile canaliculi [51,53]. We note
that, while the day 0 timepoint denotes hepatocytes at the time of seeding into microfluidic
devices, these cells were collected from 2D cultures and, therefore, may also be thought of
as a 2D standard culture control. It is therefore telling that, after 4 weeks of culture, bile
transporter gene expression is either better than or similar to that of hepatocytes at the time
of seeding.

In addition to bile acid production, the liver is responsible for metabolizing xenobiotics
present in the circulation. These molecules are regulated via drug transporters, including
the organic anion-transporting polypeptides 1B1 (OATP1B1) and 1B3 (OATP1B3) located
in the sinusoidal (basal) side of a hepatocyte [54]. As seen from Figure 3C, genes for
both OATP1B1 and OATP1B3 were expressed at the highest level at day 28, several fold
higher than for 2D hepatocyte cultures at the time of seeding into a microfluidic device.
Once taken up by the hepatocytes, xenobiotics (toxicants and drugs) are metabolized by
a family of cytochrome P450 enzymes (CYPs). We assessed a panel of CYPs, including
CYP1A2 (propranolol) [55], CYP3A4 (clarithromycin) [56], CYP2C9 (Ibuprofen) [57], and
CYP2D6 (desipramine) [58]. Figure 3C shows that gene expression levels for these enzymes
increased over time and were at their highest level on day 28 of culture. For all four CYP
isoforms characterized, gene expression in microfluidic 3D cultures was manyfold higher
compared to 2D hepatocytes at the time of seeding. The fold increase ranged from 4.4 for
CYP1A2 to ~100 for CYP3A4.

The benefits of microfluidic cultures were also obvious when evaluating gene ex-
pression for albumin and α1-antitrypsin (A1AT), serum proteins produced by the liver.
Gene expression for both proteins was at its highest level after 28 days of 3D cultures in a
microfluidic device. Taken together, our data demonstrate that human hepatocytes cultured
as spheroids in a microfluidic device exhibited polarity and gene expression consistent with
a well-differentiated hepatic phenotype. We hypothesized that such microfluidic cultures
may secrete instructive signals to promote the differentiation of neighboring stem cells. We
focused on hepatocyte growth factor (HGF)—a key morphogen in liver development and
regeneration processes.

3.4. Assessing Production of HGF and Other Secreted Signals in Microfluidic Hepatocyte Cultures

HGF is the key signal driving early hepatic specification as well as maturation during
liver development [59]. Because of its importance in development, HGF is a mainstay in
directed hepatic differentiation protocols for hPSCs. Such protocols are often subdivided
into DE, hepatic progenitor, and hepatic maturation stages, with HGF present at the
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maturation stage in concentrations ranging from 10 to 20 ng/mL [60]. It is also worth
mentioning that HGF is unstable, with a half-life of <15 min [61], which likely limits its
bioactivity when added as a bolus into media. We hypothesized that adult hepatocytes in
the microfluidic co-culture system may produce HGF molecules in a continuous manner, in
sufficiently high concentrations to affect differentiation of the stem cell compartment (see
Figure 4A).
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Figure 3. Polarization and hepatic gene expression in microfluidic spheroid cultures of human
hepatocytes. (A) A cartoon describing the localization of bile canaliculi to the apical and lateral
domains of hepatocytes within a spheroid. (B) Immunofluorescence imaged by confocal microscopy
at day 28 of cultures. Hepatocyte spheroids were stained with phalloidin for F-actin (green) and
MRP2 (red). A representative image shows that the bile acid transporter MRP-2 and actin were
arranged along the cell periphery in an organized pericanalicular pattern. (C) RT-PCR analysis for
markers of a well-differentiated hepatic phenotype: bile transporter proteins (BSEP, MRP2, MRP3,
and MDR1), drug transporters (OATP1B1 and OATP1B3), CYP450 enzymes (CYP1A2, CYP3A4,
CYP2C9, and CYP2D6), and serum proteins produced by the liver (A1AT and albumin). Data are
represented as mean ± SD, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns (not significant)
(n = 4 per group).
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Figure 4. Secretome analysis for microfluidic human hepatocyte spheroid cultures. (A) Schematic of
the microfluidic co-culture showing adult hepatocytes producing HGF and other signals that diffuse
into the neighboring stem cell compartment. (B) HGF ELISA of media collected from microfluidic
spheroid cultures of human hepatocytes. Data are represented as mean ± SD, * p ≤ 0.05 (n = 4 per
group). (C) COMSOL modeling of HGF secretion, accumulation, and diffusion in the microfluidic
device at t = 48 h. Note that the signal is localized to the hepatocyte compartment. (D) COMSOL
modeling heatmaps of HGF accumulation in the hepatocyte and stem cell compartments over time.
(E) Model-predicted increase of HGF concentration in hepatocyte and stem cell compartments over
the course of 48 h. The graph reports the average concentrations of HGF in each culture compartment.
(F) Signals secreted by human hepatocytes with known roles in hepatic differentiation, proliferation,
and maturation.

While GF production is typically attributed to nonparenchymal cells of the liver
(e.g., stellate cells [62]), it has long been appreciated that hepatocytes express genes for
multiple GFs relevant to the normal and fibrotic states of the liver [63,64]. Our team has
shown that 2D and 3D cultures of rodent hepatocytes as well as explant liver cultures
upregulate production of HGF in microfluidic devices under a diffusion-controlled regime
(absence of flow) [37,45,46]. In fact, the hepatic function of these cultures was dependent
in large part on HGF signaling and was degraded when this signaling was inhibited. In
the present study, we characterized the production of HGF in human hepatocyte cultures.
As may be seen from ELISA results in Figure 4B, microfluidic spheroid cultures of human
hepatocytes produced HGF robustly (~1 ng/mL), with levels increasing over time in
parallel with increased functionality of cells (see, for example, albumin synthesis data in
Figure 2E). We note that ELISA measurement required the collection of all media from
the microfluidic device—a process that mixed cell-conditioned media in the small-volume
culture chamber (3 µL) with media from reservoirs (~200 µL).
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In order to determine the local concentration of HGF in the culture chamber around
hepatocyte spheroids, we set up a COMSOL model incorporating device geometry, cell
number, and secretion rate based on ELISA measurements. The results of the modeling
are presented in Figure 4C,D. They highlight that 96% of secreted HGF was expected to
be present at the source, in the cell culture chamber, with <4% of HGF distributed across
the transport channel and media reservoirs. Thus, the design of the microfluidic device
enabled accumulation of this signal in a specific location within the device, in the vicinity
of the stem cell compartment. Our modeling highlighted that HGF concentration built
up rapidly over the course of 48 h (time between media exchanges), reaching 2 µg/mL
in the source (hepatocyte) chamber. The model also calculated that the recipient (stem
cell) compartment was exposed to a high concentration of HGF, reaching 600 ng/mL at
the 48 h timepoint. While our model was simplified and did not take into account the
internalization or degradation of HGF, the results are compelling as they suggest that
stem cells are exposed to an order-of-magnitude higher level of HGF in our microfluidic
co-culture system compared to standard hepatic differentiation. In addition, HGF and
other inductive signals are produced continuously by adult cells in the microfluidic device
and are likely more bioactive than in standard differentiation protocols.

What would happen if co-culture experiments were performed in large-volume cul-
tures? Our microfluidic device is designed specifically to promote local accumulation
of signals secreted by the adult hepatocytes next to stem cells. The design parameters
that influence concentration gradients of signals are the number of cells in the culture
chamber, the dimensions of transport channels leading from the culture chamber to the
media reservoir, and the dimensions of the culture chamber itself. To demonstrate the
importance of the geometry of the culture format, we modeled two hypothetical scenarios:
(1) a scenario where the height of the culture chamber in the microfluidic co-culture device
was not 75 µm as in the original design but 1 mm and (2) a scenario of hepatocyte spheroids
and stem cells separated by a 1 mm column of media in a transwell configuration. For this
modeling, the HGF secretion rate was assumed to be the same as in the original microflu-
idic device—likely an overestimation. Modeling results presented in Figure S4 suggest
that HGF concentrations experienced by stem cells in both scenarios were at least 10-fold
lower than in the original low-volume microfluidic device, ~43 ng/mL and ~57 ng/mL for
scenarios 1 and 2, respectively. These results underscore the potential benefits of optimally
designed microfluidic devices for harnessing secreted signals.

To further explore the signals through which adult hepatocytes may induce differenti-
ation of DE cells, we conducted secretome analysis on conditioned media from microfluidic
human hepatocyte spheroid cultures (Figure 4F). We found that hepatocytes release multi-
ple growth factors, other than HGF, that are known to play a role in hepatoblast formation
and proliferation, along with those that influence hepatocyte differentiation, proliferation,
and maturation. For example, the conditioned media contained high levels of fibroblast
growth factor 2 (FGF2), which has been reported to initiate hepatic gene expression to gen-
erate hepatoblasts and mark a split between pancreatic and hepatic lineages following DE
stage [65]. Hepatocyte cultures also produced IL-17 and IL-22, which have been shown to
play a role in proliferation of hepatoblasts [66,67], as well as IL-27, platelet derived growth
factor (PDGF), leukemia inhibitory factor (LIF), and stromal cell derived factor 1 (SDF-1),
all of which have been reported to play roles in inducing hepatic differentiation [67–70].
BMP-9 may play a role in hepatocyte maturation [71], and follistatin enhances hepatocyte
proliferation [72]. IL-8, secreted by microfluidic hepatocyte cultures at high levels, has been
shown to play a role in transdifferentiation of mature hepatocytes into cholangiocytes and,
thus, could later be advantageous for generating complex multi-cellular organoids [73].
Of note, VEG-F and angiopoietin-2 were also present at high concentrations in media
conditioned by hepatocytes. These GFs play a role in endothelial development but, given
that these cells are already differentiated towards definitive endoderm, endothelial lineage
is likely inaccessible in our system. On the whole, our analysis reveals that microfluidic hep-
atocyte cultures produce multiple signals, including but not limited to HGF, that have been
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implicated in various stages of hepatic differentiation. As noted at the beginning of this
section, the ability of hepatocytes to produce cytokines and growth factors is generally un-
derappreciated. Typical preparations of primary hepatocyte cultures have >90% purity but
leave open the possibility that nonparenchymal cells are present and shape the secretome to
a certain extent. We believe that isolating human hepatocytes from chimeric mice and using
a human-specific immunoassay for secretome analysis makes this possibility unlikely.

3.5. Creating Co-Cultures to Guide Hepatic Differentiation of Stem Cells

The workflow of a co-culture experiment is shown in Figure 5A,B. hPSCs were first
differentiated to definitive endoderm (DE) and then seeded into a microfluidic device
already containing adult hepatocyte spheroids. Figure 5B shows an image of hepatocyte
and DE stem cell spheroids residing in adjacent microfluidic compartments interconnected
by microgrooves (500 µm in length and 10 µm in height). A reader may note that DE stem
cells were fluorescent. These cells were genetically engineered to co-express a DE marker,
SOX17, with mCherry [74].

The intensity of fluorescence decreases as stem cells differentiate out of the DE stage
and along the hepatic lineage (Figure 5C,D). Stem cell spheroids changed in size during dif-
ferentiation (Figure 5E). Similar observations of proliferation and cell death over the course
of the differentiation process were made by us previously when working with spheroids in
suspension cultures [44]. Conversely, we found that the size of adult hepatocyte spheroids
remained unchanged during 28 days of microfluidics culture (Figure 5F).

3.6. Assessing Hepatic Differentiation of DE Stem Cells in Co-Cultures with Adult Hepatocytes

Next, we wanted to evaluate hepatic differentiation in microfluidic devices. Three ex-
perimental groups were set up: (1) microfluidic mono-cultures, (2) a standard differentiation
protocol in 2D culture plates, and (3) microfluidic co-cultures adapted from Zern et al. [75].
The workflow for this set of experiments is shown in Figure 6A. hPSCs (H9 cells) were
expanded on mouse embryonic fibroblasts (MEFs) for 8 days, as described previously [76].
Pluripotent stem cells were differentiated into stage 1 (DE) by exposure to activin A and
Wnt3A for 48 h, followed by 6 days of DE2 media (no GFs). Immunofluorescence staining
confirmed that stem cells lost expression of the pluripotency marker Oct4 and gained the
DE marker SOX17 at the end of stage 1. After completion of stage 1, DE stem cells were
collected and reseeded either into collagen-coated multi-well plates or into microfluidic
devices. In multi-well plates, stem cells were differentiated into hepatic progenitors (stage 2)
for 9 days and then exposed to hepatic maturation signals (stage 3) for 12 to 16 days. Key
inductive cues for stages 2 and 3 were BMP4 and HGF, respectively. A detailed compo-
sition of the media may be found in the Methods section. In a standard multi-well plate,
beginning with stage 2, stem cells exhibited polygonal morphology consisting of epithelial
cells (Figure S5). RT-PCR and flow cytometry analyses (Figure S6) confirmed that our
differentiation protocol produced results similar to those reported in the literature, with
93.8% SOX17+/OCT4− cells at the end of stage 1, 16.2% albumin+ cells at the end of stage
2, and 63.4% albumin+ cells by the end of stage 3 (Figure S5). It is worth noting that, during
the differentiation process, cells underwent morphological changes and acquired cuboidal
hepatic morphology at the end of stage 3.
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Figure 5. Establishing co-cultures of human hepatocyte and stem cell spheroids in a microfluidic
device. (A) Workflow for establishing a co-culture. Human hepatocytes are isolated from mice with
humanized livers, seeded into one compartment of the co-culture device, and cultured for 7 days
to promote spheroid formation. Pluripotent stem cells are differentiated into definitive endoderm
(DE) in a standard culture plate and then seeded into the device containing hepatocyte spheroids.
(B) An image showing hepatocyte and DE stem cell spheroids in a co-culture device. Note that stem
cells contained the mCherry (red fluorescence) reporter for SOX17—marker of DE. (C,D) The red
fluorescence signal decreases as stem cells differentiate out of the DE stage and toward a hepatic
fate. (E) Comparison of spheroid area for adult hepatocytes and stem cells. The latter undergo
considerable changes in size in the process of differentiation. (F) Images showing hepatocyte and
stem cell spheroids at different points during 4 weeks of culture, ** p ≤ 0.01, **** p ≤ 0.0001, ns
(not significant).
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Figure 6. Assessing hepatic differentiation of stem cells in microfluidic 3D co-cultures. (A) Differ-
entiating hPSCs (H9 cells) using standard and microfluidic protocols. S1 media promotes DE stage,
S2—hepatic progenitor stage, S3—hepatic maturation stage. hPSCs are differentiated in standard
cultures into DE stem cells and then placed into a microfluidic device that already contains adult
hepatocytes. Subsequent differentiation in the microfluidic device is performed in combination
media comprised of 3:1 ratio of hepatocyte maintenance:stem cell media. Microfluidic differentiation
is benchmarked against a standard protocol carried out in multi-well plates. (B) Representative
images showing albumin expression in SC-hepatocytes at the end of the standard and microfluidic
differentiation protocols. (C) RT-PCR analysis of DE marker (SOX17), hepatic proteins (A1AT and
albumin), drug transporters (OATP1B1 and OATP1B3), CYP450 enzymes (CYP3A4 and CYP2C9),
and bile transporters (MRP2, MRP3, and MDR1). Data are presented as mean standard deviation,
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns (not significant).
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DE stem cells were also collected from multi-well plates and transferred into a mi-
crofluidic device to create mono- or co-cultures. It has been reported that high initial
plating density is important for the DE stage [77] and for final differentiation yield [78].
This is because a significant fraction of stem cells undergo apoptosis in the process of DE
differentiation. Given that a microfluidic compartment housed a relatively small number
of cells (84 spheroids, or up to 1500 cells/well) we found it beneficial to begin microfluidic
differentiation at the DE stage and not the pluripotent stage. DE stem cells were seeded
into microfluidic devices to create either mono- or co-cultures with adult hepatocytes. The
co-cultures were exposed to mixed media comprised of dimethyl sulfoxide-supplemented
hepatocyte clonal growth medium (dHCGM, or hepatocyte maintenance media) and
S2 or S3 media (Table S3) for stem cells. This reduced the reliance on media supple-
mented with inductive growth factors by 75% while producing albumin-expressing cells
at the end of stage 3 as shown in Figure 6A. We tested different ratios of dHCGM and
stem cell differentiation media and found that stem cells did not survive and differentiate
effectively in 100% dHCGM. A mixture of 25% stem cell and 75% hepatic maintenance
media was found to be sufficient to drive differentiation.

In addition to immunofluorescence staining, we analyzed the expression of genes for
endoderm, serum proteins produced by the liver, liver metabolic enzymes, drug trans-
porters, and bile transporter proteins (see Figure 6B). Endoderm marker, SOX17 was
significantly reduced, in microfluidic co-cultures compared to traditional 2D cultures. Gene
expressions for A1AT and albumin, serum proteins produced by the liver, were signifi-
cantly higher in microfluidic co-cultures compared to 2D culture, despite the fact that the
former received 1/4 of the amount of the inductive cues (e.g., HGF and OSM) present in
standard stem cell media (Figure 6C). In fact, gene expressions for liver metabolic enzymes
(CYP3A4 and CYP2C9), drug transporters (OATP1B1 and OATP1B3), and bile transporter
proteins (MRP2, MRP3, and MDR1) were significantly higher for stem cell-derived hepato-
cytes (SC-hepatocytes) differentiated in 3D microfluidic co-cultures compared to standard
2D cultures.

Is the presence of adult hepatocytes necessary to drive the hepatic differentiation of
stem cells in a microfluidic device? To answer this question, we set up a microfluidic mono-
culture experimental group and carried out hepatic differentiation of stem cells inside a
microfluidic device in the absence of adult hepatocytes. The results of this experiment,
shown in Figure S7, revealed that differentiating stem cells as microfluidic monocultures
was less effective compared to co-cultures with adult hepatocytes. This is despite the
fact that monocultures were differentiated in 100% stem cell media (stage 2 and 3 media),
whereas co-cultures contained only 25% stem cell media. This experiment conclusively
shows that adult hepatocytes are indeed important drivers of the differentiation process in
microfluidic devices.

3.7. Benchmarking SC-Hepatocytes against Human Hepatocytes

After rigorously comparing hepatic differentiation in microfluidic co-cultures to a
standard differentiation protocol, we proceeded to benchmark SC-hepatocytes against adult
hepatocytes. We also showed that hepatic differentiation in microfluidic co-cultures results
in higher differentiation than in microfluidic 3D monocultures (Figure S7). Immunoflu-
orescence staining of SC-hepatocytes differentiated in microfluidic co-cultures showed
high levels of the hepatic markers HNF4α, HNF1β, and albumin (Figure 7A). Albumin
was expressed strongly and uniformly throughout an SC-hepatocyte spheroid in a manner
resembling adult hepatocyte spheroids. HNF4α and 1β appeared as puncta in the nuclei at
a frequency consistent with adult hepatocyte spheroids (see, for example, Figure 2D).



Cells 2023, 12, 1982 17 of 22

Cells 2023, 12, x FOR PEER REVIEW 17 of 22 
 

 

Is the presence of adult hepatocytes necessary to drive the hepatic differentiation of 

stem cells in a microfluidic device? To answer this question, we set up a microfluidic 

mono-culture experimental group and carried out hepatic differentiation of stem cells 

inside a microfluidic device in the absence of adult hepatocytes. The results of this ex-

periment, shown in Figure S7, revealed that differentiating stem cells as microfluidic 

monocultures was less effective compared to co-cultures with adult hepatocytes. This is 

despite the fact that monocultures were differentiated in 100% stem cell media (stage 2 

and 3 media), whereas co-cultures contained only 25% stem cell media. This experiment 

conclusively shows that adult hepatocytes are indeed important drivers of the differen-

tiation process in microfluidic devices. 

3.7. Benchmarking SC-Hepatocytes against Human Hepatocytes 

After rigorously comparing hepatic differentiation in microfluidic co-cultures to a 

standard differentiation protocol, we proceeded to benchmark SC-hepatocytes against 

adult hepatocytes. We also showed that hepatic differentiation in microfluidic co-

cultures results in higher differentiation than in microfluidic 3D monocultures (Figure 

S7). Immunofluorescence staining of SC-hepatocytes differentiated in microfluidic co-

cultures showed high levels of the hepatic markers HNF4α, HNF1β, and albumin (Fig-

ure 7A). Albumin was expressed strongly and uniformly throughout an SC-hepatocyte 

spheroid in a manner resembling adult hepatocyte spheroids. HNF4α and 1β appeared 

as puncta in the nuclei at a frequency consistent with adult hepatocyte spheroids (see, 

for example, Figure 2D). 

 

Figure 7. Assessing phenotype of SC-hepatocytes differentiated in microfluidic co-cultures. (A) 

Immunofluorescence staining for hepatic markers HNF-1β (white), HNF4α (red), and albumin 

(green) in SC-hepatocytes at day 21 in a microfluidic co-culture device (scale bar = 50 μm). (B) RT-

PCR analysis of hepatic gene expression in human hepatocytes and SC-hepatocytes. ** p ≤ 0.01, *** 

p ≤ 0.001, ns (not significant). 

Figure 7. Assessing phenotype of SC-hepatocytes differentiated in microfluidic co-cultures.
(A) Immunofluorescence staining for hepatic markers HNF-1β (white), HNF4α (red), and albu-
min (green) in SC-hepatocytes at day 21 in a microfluidic co-culture device (scale bar = 50 µm).
(B) RT-PCR analysis of hepatic gene expression in human hepatocytes and SC-hepatocytes. ** p ≤ 0.01,
*** p ≤ 0.001, ns (not significant).

Analysis of hepatic gene expression in our SC-hepatocytes revealed a significant in-
crease in albumin gene expression (~0.5 times) compared to human hepatocytes, a similar
level of A1AT, and an increase in HNF-1β expression compared to human hepatocyte
control. The gene expression for bile transporter proteins (MRP2 and MRP3) was also
comparable between SC-hepatocytes and human hepatocytes, indicating successful differ-
entiation (Figure 7B). While MDR1 expression in microfluidic SC-hepatocyte cultures was
not as high as in human hepatocytes, it was significantly higher in than SC-hepatocytes
produced in conventional 2D culture.

4. Discussion

In this study, we developed microfluidic 3D (spheroid) co-cultures to test the hypoth-
esis that adult hepatocytes provide instructive cues to drive differentiation of stem cells
along the hepatic lineage. We provide several novel observations. First, human hepatocytes
isolated from mice with humanized liver cultured as spheroids in a microfluidic device
remained highly functional and maintained a differentiated hepatic phenotype for at least
4 weeks. In fact, expression of several bile acid and drug transporters as well as CYP450 en-
zymes was higher at the end of the culture than at the start. While there have been previous
examples of long-term human hepatocyte cultures, most notably by Khetani et al. [79], our
cultures appear to be more functional in terms of albumin production and do not require
supporting cells or micropatterned surfaces. Second, stem cells placed into microfluidic
co-cultures benefit significantly from the presence of adult hepatocytes in the adjacent
microfluidic compartment. Hepatic differentiation of stem cells is more pronounced in
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microfluidic co-cultures compared to a standard differentiation protocol. This is despite
the fact that microfluidic co-cultures were exposed to 75% hepatic maintenance and 25%
hepatic progenitor (S2) or hepatic maturation (S3) media, whereas standard cultures were
in 100% stem cell media.

Why do microfluidic co-cultures enhance hepatic differentiation of stem cells? Our
team has previously described enhanced production of HGF and other hepato-inductive
signals in microfluidic cultures of adult hepatocytes. In the present study, we detected
robust production of HGF in microfluidic spheroid cultures of human hepatocytes and
modeled the distribution and accumulation of HGF in the microfluidic device. Our model-
ing predicts that HGF is concentrated in the source (hepatocyte) compartment, where it
reaches 2 µg/mL, and from where it diffuses into the stem cell compartment, reaching a
concentration of 0.5 µg/mL. We note that standard protocols for directed differentiation of
hPSCs into hepatocytes use 10 to 20 ng/mL HGF and are likely limited by the rapid degra-
dation of this morphogen. In our microfluidic device, HGF and other hepatocyte-secreted
signals accumulate locally, in proximity to stem cells, and reach an order-of-magnitude
higher concentration in the stem cell compartment. Unlike standard culture systems, where
HGF and other inductive signals are added once per 24 or 48 h, these signals are secreted
continuously by adult hepatocytes in the microfluidic device and are likely more bioactive.

5. Conclusions

In conclusion, this paper demonstrates that paracrine signals secreted by adult hep-
atocytes in microfluidic co-culture devices may be harnessed to drive differentiation of
neighboring stem cells. We showed that hepatic differentiation of stem cells was more pro-
nounced in microfluidic co-cultures compared to microfluidic monocultures or a standard
hepatic differentiation protocol. Such co-cultures may minimize the need for expensive
differentiation protocols relying on exogenous growth factors and may shed new light on
the signals and mechanisms for hepatic differentiation.
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Author Contributions: Conceptualization, P.F., G.S. and A.R.; methodology, P.F.; validation, P.F. and
A.R.; formal analysis, P.F. and A.M.G.-S.; investigation, P.F., J.M.d.H.-V., J.H.C., C.D.D., Y.I., K.M.N.
and K.G.; resources, A.R.; writing—original draft preparation, P.F. and A.R.; writing—review and
editing, P.F., J.M.d.H.-V., T.S. and A.R.; visualization, P.F.; supervision, Q.P.P., T.S., G.S. and A.R.;
funding acquisition, A.R. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported in part by the Center for Regenerative Medicine and Cells to
Cures Strategic Initiative at Mayo Clinic, J.W. Kieckhefer Foundation, Al Nahyan Foundation, and
NIH (DK107255 and P30DK084567).

Institutional Review Board Statement: The animal study protocol was approved by the institutional
animal care and use committee (IACUC) of University of Southern California (protocol number 20848
and date of approval 2 December 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/cells12151982/s1
https://www.mdpi.com/article/10.3390/cells12151982/s1


Cells 2023, 12, 1982 19 of 22

References
1. Thomson, J.A.; Itskovitz-Eldor, J.; Shapiro, S.S.; Waknitz, M.A.; Swiergiel, J.J.; Marshall, V.S.; Jones, J.M. Embryonic Stem Cell

Lines Derived from Human Blastocysts. Science 1998, 282, 1145–1147. [CrossRef] [PubMed]
2. Spence, J.R.; Mayhew, C.N.; Rankin, S.A.; Kuhar, M.F.; Vallance, J.E.; Tolle, K.; Hoskins, E.E.; Kalinichenko, V.V.; Wells, S.I.;

Zorn, A.M.; et al. Directed differentiation of human pluripotent stem cells into intestinal tissue in vitro. Nature 2011, 470, 105–109.
[CrossRef] [PubMed]

3. Schwartz, R.E.; Fleming, H.E.; Khetani, S.R.; Bhatia, S.N. Pluripotent stem cell-derived hepatocyte-like cells. Biotechnol. Adv. 2014,
32, 504–513. [CrossRef] [PubMed]

4. Szkolnicka, D.; Zhou, W.; Lucendo-Villarin, B.; Hay, D.C. Pluripotent Stem Cell–Derived Hepatocytes: Potential and Challenges
in Pharmacology. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 147–159. [CrossRef]

5. Kim, W.; Gwon, Y.; Park, S.; Kim, H.; Kim, J. Therapeutic strategies of three-dimensional stem cell spheroids and organoids for
tissue repair and regeneration. Bioact. Mater. 2023, 19, 50–74. [CrossRef]

6. Basma, H.; Soto–Gutiérrez, A.; Yannam, G.R.; Liu, L.; Ito, R.; Yamamoto, T.; Ellis, E.; Carson, S.D.; Sato, S.; Chen, Y.; et al.
Differentiation and Transplantation of Human Embryonic Stem Cell–Derived Hepatocytes. Gastroenterology 2009, 136, 990–999.e994.
[CrossRef]

7. Si-Tayeb, K.; Noto, F.K.; Nagaoka, M.; Li, J.; Battle, M.A.; Duris, C.; North, P.E.; Dalton, S.; Duncan, S.A. Highly efficient generation
of human hepatocyte–like cells from induced pluripotent stem cells. Hepatology 2010, 51, 297–305. [CrossRef]

8. Zhao, D.; Chen, S.; Duo, S.; Xiang, C.; Jia, J.; Guo, M.; Lai, W.; Lu, S.; Deng, H. Promotion of the efficient metabolic maturation of
human pluripotent stem cell-derived hepatocytes by correcting specification defects. Cell Res. 2013, 23, 157–161. [CrossRef]

9. Cai, J.; Zhao, Y.; Liu, Y.; Ye, F.; Song, Z.; Qin, H.; Meng, S.; Chen, Y.; Zhou, R.; Song, X.; et al. Directed differentiation of human
embryonic stem cells into functional hepatic cells. Hepatology 2007, 45, 1229–1239. [CrossRef]

10. Carpentier, A.; Nimgaonkar, I.; Chu, V.; Xia, Y.; Hu, Z.; Liang, T.J. Hepatic differentiation of human pluripotent stem cells in
miniaturized format suitable for high-throughput screen. Stem Cell Res. 2016, 16, 640–650. [CrossRef]

11. Rashid, S.T.; Corbineau, S.; Hannan, N.; Marciniak, S.J.; Miranda, E.; Alexander, G.; Huang-Doran, I.; Griffin, J.; Ahrlund-
Richter, L.; Skepper, J.; et al. Modeling inherited metabolic disorders of the liver using human induced pluripotent stem cells.
J. Clin. Investig. 2010, 120, 3127–3136. [CrossRef]

12. Song, Z.; Cai, J.; Liu, Y.; Zhao, D.; Yong, J.; Duo, S.; Song, X.; Guo, Y.; Zhao, Y.; Qin, H.; et al. Efficient generation of hepatocyte-like
cells from human induced pluripotent stem cells. Cell Res. 2009, 19, 1233–1242. [CrossRef]

13. Touboul, T.; Hannan, N.R.F.; Corbineau, S.; Martinez, A.; Martinet, C.; Branchereau, S.; Mainot, S.; Strick-Marchand, H.;
Pedersen, R.; Di Santo, J.; et al. Generation of functional hepatocytes from human embryonic stem cells under chemically defined
conditions that recapitulate liver development. Hepatology 2010, 51, 1754–1765. [CrossRef]

14. Ang, L.T.; Tan, A.K.Y.; Autio, M.I.; Goh, S.H.; Choo, S.H.; Lee, K.L.; Tan, J.; Pan, B.; Lee, J.J.H.; Lum, J.J.; et al. A Roadmap for
Human Liver Differentiation from Pluripotent Stem Cells. Cell Rep. 2018, 22, 2190–2205. [CrossRef]

15. Ogawa, S.; Surapisitchat, J.; Virtanen, C.; Ogawa, M.; Niapour, M.; Sugamori, K.S.; Wang, S.; Tamblyn, L.; Guillemette, C.;
Hoffmann, E.; et al. Three-dimensional culture and cAMP signaling promote the maturation of human pluripotent stem
cell-derived hepatocytes. Development 2013, 140, 3285–3296. [CrossRef]

16. Guan, Y.; Xu, D.; Garfin, P.M.; Ehmer, U.; Hurwitz, M.; Enns, G.; Michie, S.; Wu, M.; Zheng, M.; Nishimura, T.; et al. Human
hepatic organoids for the analysis of human genetic diseases. JCI Insight 2017, 2, e94954. [CrossRef]

17. Akbari, S.; Sevinç, G.G.; Ersoy, N.; Basak, O.; Kaplan, K.; Sevinç, K.; Ozel, E.; Sengun, B.; Enustun, E.; Ozcimen, B.; et al. Robust,
Long-Term Culture of Endoderm-Derived Hepatic Organoids for Disease Modeling. Stem Cell Rep. 2019, 13, 627–641. [CrossRef]

18. Mun, S.J.; Ryu, J.-S.; Lee, M.-O.; Son, Y.S.; Oh, S.J.; Cho, H.-S.; Son, M.-Y.; Kim, D.-S.; Kim, S.J.; Yoo, H.J.; et al. Generation of
expandable human pluripotent stem cell-derived hepatocyte-like liver organoids. J. Hepatol. 2019, 71, 970–985. [CrossRef]

19. Messina, A.; Luce, E.; Benzoubir, N.; Pasqua, M.; Pereira, U.; Humbert, L.; Eguether, T.; Rainteau, D.; Duclos-Vallée, J.-C.;
Legallais, C.; et al. Evidence of Adult Features and Functions of Hepatocytes Differentiated from Human Induced Pluripotent
Stem Cells and Self-Organized as Organoids. Cells 2022, 11, 537. [CrossRef]

20. Yu, Y.-D.; Kim, K.-H.; Lee, S.-G.; Choi, S.-Y.; Kim, Y.-C.; Byun, K.-S.; Cha, I.-H.; Park, K.-Y.; Cho, C.-H.; Choi, D.-H. Hepatic
Differentiation from Human Embryonic Stem Cells Using Stromal Cells. J. Surg. Res. 2011, 170, e253–e261. [CrossRef]

21. Elham, H.; Fardin, F.; Mahmod, H. The roles of the co-culture of mEScs with pancreatic islets and liver stromal cells in the
differentiation of definitive endoderm cells. Biologicals 2017, 45, 9–14. [CrossRef] [PubMed]

22. Javed, M.S.; Yaqoob, N.; Iwamuro, M.; Kobayashi, N.; Fujiwara, T. Generation of hepatocyte-like cells from human induced
pluripotent stem (iPS) cells by co-culturing embryoid body cells with liver non-parenchymal cell line TWNT-1. J. Coll. Physicians
Surg. Pak. 2014, 24, 91–96. [PubMed]

23. Pettinato, G.; Lehoux, S.; Ramanathan, R.; Salem, M.M.; He, L.-X.; Muse, O.; Flaumenhaft, R.; Thompson, M.T.; Rouse, E.A.;
Cummings, R.D.; et al. Generation of fully functional hepatocyte-like organoids from human induced pluripotent stem cells
mixed with Endothelial Cells. Sci. Rep. 2019, 9, 8920. [CrossRef] [PubMed]

24. Tuleuova, N.; Lee, J.Y.; Lee, J.; Ramanculov, E.; Zern, M.A.; Revzin, A. Using growth factor arrays and micropatterned co-cultures
to induce hepatic differentiation of embryonic stem cells. Biomaterials 2010, 31, 9221–9231. [CrossRef]

25. Lee, J.Y.; Tuleuova, N.; Jones, C.N.; Ramanculov, E.; Zern, M.A.; Revzin, A. Directing hepatic differentiation of embryonic stem
cells with protein microarray-based co-cultures. Integr. Biol. 2009, 1, 460–468. [CrossRef]

https://doi.org/10.1126/science.282.5391.1145
https://www.ncbi.nlm.nih.gov/pubmed/9804556
https://doi.org/10.1038/nature09691
https://www.ncbi.nlm.nih.gov/pubmed/21151107
https://doi.org/10.1016/j.biotechadv.2014.01.003
https://www.ncbi.nlm.nih.gov/pubmed/24440487
https://doi.org/10.1146/annurev-pharmtox-011112-140306
https://doi.org/10.1016/j.bioactmat.2022.03.039
https://doi.org/10.1053/j.gastro.2008.10.047
https://doi.org/10.1002/hep.23354
https://doi.org/10.1038/cr.2012.144
https://doi.org/10.1002/hep.21582
https://doi.org/10.1016/j.scr.2016.03.009
https://doi.org/10.1172/JCI43122
https://doi.org/10.1038/cr.2009.107
https://doi.org/10.1002/hep.23506
https://doi.org/10.1016/j.celrep.2018.01.087
https://doi.org/10.1242/dev.090266
https://doi.org/10.1172/jci.insight.94954
https://doi.org/10.1016/j.stemcr.2019.08.007
https://doi.org/10.1016/j.jhep.2019.06.030
https://doi.org/10.3390/cells11030537
https://doi.org/10.1016/j.jss.2011.06.032
https://doi.org/10.1016/j.biologicals.2016.11.001
https://www.ncbi.nlm.nih.gov/pubmed/27923539
https://www.ncbi.nlm.nih.gov/pubmed/24491001
https://doi.org/10.1038/s41598-019-45514-3
https://www.ncbi.nlm.nih.gov/pubmed/31222080
https://doi.org/10.1016/j.biomaterials.2010.08.050
https://doi.org/10.1039/b905757a


Cells 2023, 12, 1982 20 of 22

26. Niculescu, A.G.; Chircov, C.; Bîrcă, A.C.; Grumezescu, A.M. Fabrication and Applications of Microfluidic Devices: A Review.
Int. J. Mol. Sci. 2021, 22, 2011. [CrossRef]

27. Paguirigan, A.L.; Beebe, D.J. From the cellular perspective: Exploring differences in the cellular baseline in macroscale and
microfluidic cultures. Integr. Biol. 2009, 1, 182–195. [CrossRef]

28. Yu, H.; Meyvantsson, I.; Shkel, I.A.; Beebe, D.J. Diffusion dependent cell behavior in microenvironments. Lab A Chip 2005, 5,
1089–1095. [CrossRef]

29. Giobbe, G.G.; Michielin, F.; Luni, C.; Giulitti, S.; Martewicz, S.; Dupont, S.; Floreani, A.; Elvassore, N. Functional differentiation of
human pluripotent stem cells on a chip. Nat. Methods 2015, 12, 637–640. [CrossRef]

30. Luni, C.; Gagliano, O.; Elvassore, N. Derivation and Differentiation of Human Pluripotent Stem Cells in Microfluidic Devices.
Annu. Rev. Biomed. Eng. 2022, 24, 231–248. [CrossRef]

31. Blagovic, K.; Kim, L.Y.; Voldman, J. Microfluidic Perfusion for Regulating Diffusible Signaling in Stem Cells. PLoS ONE 2011,
6, e22892. [CrossRef]

32. Ellison, D.; Munden, A.; Levchenko, A. Computational model and microfluidic platform for the investigation of paracrine and
autocrine signaling in mouse embryonic stem cells. Mol. BioSystems 2009, 5, 1004–1012. [CrossRef]

33. Przybyla, L.; Voldman, J. Probing Embryonic Stem Cell Autocrine and Paracrine Signaling Using Microfluidics. Annu. Rev. Anal.
Chem. 2012, 5, 293–315. [CrossRef]

34. Fattahi, P.; Haque, A.; Son, K.J.; Guild, J.; Revzin, A. Microfluidic devices, accumulation of endogenous signals and stem cell fate
selection. Differentiation 2020, 112, 39–46. [CrossRef]

35. Guild, J.; Haque, A.; Gheibi, P.; Gao, Y.; Son, K.J.; Foster, E.; Dumont, S.; Revzin, A. Embryonic Stem Cells Cultured in Microfluidic
Chambers Take Control of Their Fate by Producing Endogenous Signals Including LIF. Stem Cells 2016, 34, 1501–1512. [CrossRef]

36. Haque, A.; Gheibi, P.; Stybayeva, G.; Gao, Y.; Torok, N.; Revzin, A. Ductular reaction-on-a-chip: Microfluidic co-cultures to study
stem cell fate selection during liver injury. Sci. Rep. 2016, 6, 36077. [CrossRef]

37. De Hoyos-Vega, J.M.; Hong, H.J.; Loutherback, K.; Stybayeva, G.; Revzin, A. A Microfluidic Device for Long-Term Maintenance
of Organotypic Liver Cultures. Adv. Mater. Technol. 2023, 8, 2201121. [CrossRef]

38. Zhou, Q.; Patel, D.; Kwa, T.; Haque, A.; Matharu, Z.; Stybayeva, G.; Gao, Y.; Diehl, A.M.; Revzin, A. Liver injury-on-a-chip:
Microfluidic co-cultures with integrated biosensors for monitoring liver cell signaling during injury. Lab A Chip 2015, 15, 4467–4478.
[CrossRef]

39. Patel, D.; Gao, Y.; Son, K.; Siltanen, C.; Neve, R.M.; Ferrara, K.; Revzin, A. Microfluidic co-cultures with hydrogel-based ligand
trap to study paracrine signals giving rise to cancer drug resistance. Lab A Chip 2015, 15, 4614–4624. [CrossRef]

40. Kakuni, M.; Yamasaki, C.; Tachibana, A.; Yoshizane, Y.; Ishida, Y.; Tateno, C. Chimeric Mice with Humanized Livers: A Unique
Tool for in Vivo and in Vitro Enzyme Induction Studies. Int. J. Mol. Sci. 2014, 15, 58–74. [CrossRef]

41. Tateno, C.; Yoshizane, Y.; Saito, N.; Kataoka, M.; Utoh, R.; Yamasaki, C.; Tachibana, A.; Soeno, Y.; Asahina, K.; Hino, H.; et al.
Near Completely Humanized Liver in Mice Shows Human-Type Metabolic Responses to Drugs. Am. J. Pathol. 2004, 165, 901–912.
[CrossRef] [PubMed]

42. Sugahara, G.; Ishida, Y.; Sun, J.; Tateno, C.; Saito, T. Art of Making Artificial Liver: Depicting Human Liver Biology and Diseases
in Mice. In Seminars in Liver Disease; Thieme Medical Publishers: New York, NY, USA, 2020; Volume 40, pp. 189–212. [CrossRef]

43. Sugahara, G.; Ishida, Y.; Lee, J.J.; Li, M.; Tanaka, Y.; Eoh, H.; Higuchi, Y.; Saito, T. Long-term cell fate and functional maintenance
of human hepatocyte through stepwise culture configuration. FASEB J. 2023, 37, e22750. [CrossRef] [PubMed]

44. Fattahi, P.; Rahimian, A.; Slama, M.Q.; Gwon, K.; Gonzalez-Suarez, A.M.; Wolf, J.; Baskaran, H.; Duffy, C.D.; Stybayeva, G.;
Peterson, Q.P.; et al. Core–shell hydrogel microcapsules enable formation of human pluripotent stem cell spheroids and their
cultivation in a stirred bioreactor. Sci. Rep. 2021, 11, 7177. [CrossRef] [PubMed]

45. Haque, A.; Gheibi, P.; Gao, Y.; Foster, E.; Son, K.J.; You, J.; Stybayeva, G.; Patel, D.; Revzin, A. Cell biology is different in small
volumes: Endogenous signals shape phenotype of primary hepatocytes cultured in microfluidic channels. Sci. Rep. 2016, 6, 33980.
[CrossRef] [PubMed]

46. Choi, J.H.; Loarca, L.; Hoyos-Vega, J.M.D.; Dadgar, N.; Loutherback, K.; Shah, V.H.; Stybayeva, G.; Revzin, A. Microfluidic
confinement enhances phenotype and function of hepatocyte spheroids. Am. J. Physiol.-Cell Physiol. 2020, 319, C552–C560.
[CrossRef]

47. Mercer, D.F.; Schiller, D.E.; Elliott, J.F.; Douglas, D.N.; Hao, C.; Rinfret, A.; Addison, W.R.; Fischer, K.P.; Churchill, T.A.; Lakey,
J.R.T.; et al. Hepatitis C virus replication in mice with chimeric human livers. Nat. Med. 2001, 7, 927–933. [CrossRef]

48. Slim, C.L.; van Ijzendoorn, S.C.D.; Lázaro-Diéguez, F.; Müsch, A. The special case of hepatocytes. BioArchitecture 2014, 4, 47–52.
[CrossRef]

49. Keppler, D. The Roles of MRP2, MRP3, OATP1B1, and OATP1B3 in Conjugated Hyperbilirubinemia. Drug Metab. Dispos. 2014,
42, 561–565. [CrossRef]

50. Kubitz, R.; Dröge, C.; Stindt, J.; Weissenberger, K.; Häussinger, D. The bile salt export pump (BSEP) in health and disease. Clin. Res.
Hepatol. Gastroenterol. 2012, 36, 536–553. [CrossRef]

51. Ros, J.E.; Libbrecht, L.; Geuken, M.; Jansen, P.L.; Roskams, T.A. High expression of MDR1, MRP1, and MRP3 in the hepatic
progenitor cell compartment and hepatocytes in severe human liver disease. J. Pathol. 2003, 200, 553–560. [CrossRef]

52. Ji, J.-Z.; Tai, T.; Huang, B.-B.; Gu, T.-T.; Mi, Q.-Y.; Xie, H.-G. Mrp3 Transports Clopidogrel Acyl Glucuronide from the Hepatocytes
into Blood. Drug Metab. Dispos. 2018, 46, 151–154. [CrossRef]

https://doi.org/10.3390/ijms22042011
https://doi.org/10.1039/b814565b
https://doi.org/10.1039/b504403k
https://doi.org/10.1038/nmeth.3411
https://doi.org/10.1146/annurev-bioeng-092021-042744
https://doi.org/10.1371/journal.pone.0022892
https://doi.org/10.1039/b905602e
https://doi.org/10.1146/annurev-anchem-062011-143122
https://doi.org/10.1016/j.diff.2019.10.005
https://doi.org/10.1002/stem.2324
https://doi.org/10.1038/srep36077
https://doi.org/10.1002/admt.202201121
https://doi.org/10.1039/C5LC00874C
https://doi.org/10.1039/C5LC00948K
https://doi.org/10.3390/ijms15010058
https://doi.org/10.1016/S0002-9440(10)63352-4
https://www.ncbi.nlm.nih.gov/pubmed/15331414
https://doi.org/10.1055/s-0040-1701444
https://doi.org/10.1096/fj.202201292RR
https://www.ncbi.nlm.nih.gov/pubmed/36607308
https://doi.org/10.1038/s41598-021-85786-2
https://www.ncbi.nlm.nih.gov/pubmed/33785778
https://doi.org/10.1038/srep33980
https://www.ncbi.nlm.nih.gov/pubmed/27681582
https://doi.org/10.1152/ajpcell.00094.2020
https://doi.org/10.1038/90968
https://doi.org/10.4161/bioa.29012
https://doi.org/10.1124/dmd.113.055772
https://doi.org/10.1016/j.clinre.2012.06.006
https://doi.org/10.1002/path.1379
https://doi.org/10.1124/dmd.117.078329


Cells 2023, 12, 1982 21 of 22

53. Jørgensen, L.; Van Beek, J.; Lund, S.; Schousboe, A.; Badolo, L. Evidence of Oatp and Mdr1 in cryopreserved rat hepatocytes.
Eur. J. Pharm. Sci. 2007, 30, 181–189. [CrossRef]

54. Maeda, K. Organic anion transporting polypeptide (OATP)1B1 and OATP1B3 as important regulators of the pharmacokinetics of
substrate drugs. Biol. Pharm. Bull. 2015, 38, 155–168. [CrossRef]

55. Wang, B.; Zhou, S.F. Synthetic and natural compounds that interact with human cytochrome P450 1A2 and implications in drug
development. Curr. Med. Chem. 2009, 16, 4066–4218. [CrossRef]

56. Lynch, T.; Price, A. The effect of cytochrome P450 metabolism on drug response, interactions, and adverse effects. Am. Fam.
Physician 2007, 76, 391–396.

57. Bauters, T. Clinically Relevant Drug Interactions in HSCT. In The EBMT Handbook: Hematopoietic Stem Cell Transplantation and
Cellular Therapies; Carreras, E., Dufour, C., Mohty, M., Kröger, N., Eds.; Springer: Berlin/Heidelberg, Germany, 2019; pp. 229–235.
[CrossRef]

58. VandenBrink, B.M.; Foti, R.S.; Rock, D.A.; Wienkers, L.C.; Wahlstrom, J.L. Prediction of CYP2D6 Drug Interactions from In Vitro
Data: Evidence for Substrate-Dependent Inhibition. Drug Metab. Dispos. 2012, 40, 47–53. [CrossRef]

59. Schmidt, C.; Bladt, F.; Goedecke, S.; Brinkmann, V.; Zschiesche, W.; Sharpe, M.; Gherardi, E.; Birchmeler, C. Scatter fac-
tor/hepatocyte growth factor is essential for liver development. Nature 1995, 373, 699–702. [CrossRef]

60. Hay, D.C.; Zhao, D.; Fletcher, J.; Hewitt, Z.A.; McLean, D.; Urruticoechea-Uriguen, A.; Black, J.R.; Elcombe, C.; Ross, J.A.;
Wolf, R.; et al. Efficient differentiation of hepatocytes from human embryonic stem cells exhibiting markers recapitulating liver
development in vivo. Stem Cells 2008, 26, 894–902. [CrossRef]

61. Kawaida, K.; Matsumoto, K.; Shimazu, H.; Nakamura, T. Hepatocyte growth factor prevents acute renal failure and accelerates
renal regeneration in mice. Proc. Natl. Acad. Sci. USA 1994, 91, 4357–4361. [CrossRef]

62. Friedman, S.L. Hepatic stellate cells: Protean, multifunctional, and enigmatic cells of the liver. Physiol. Rev. 2008, 88, 125–172.
[CrossRef]

63. Bissell, D.M.; Wang, S.S.; Jarnagin, W.R.; Roll, F.J. Cell-specific expression of transforming growth factor-beta in rat liver. Evidence
for autocrine regulation of hepatocyte proliferation. J. Clin. Investig. 1995, 96, 447–455. [CrossRef] [PubMed]

64. Okano, J.; Shiota, G.; Kawasaki, H. Expression of hepatocyte growth factor (HGF) and HGF receptor (c-met) proteins in liver
diseases: An immunohistochemical study. Liver 1999, 19, 151–159. [CrossRef] [PubMed]

65. Gordillo, M.; Evans, T.; Gouon-Evans, V. Orchestrating liver development. Development 2015, 142, 2094–2108. [CrossRef] [PubMed]
66. Feng, D.; Kong, X.; Weng, H.; Park, O.; Wang, H.; Dooley, S.; Gershwin, M.E.; Gao, B. Interleukin-22 promotes proliferation of

liver stem/progenitor cells in mice and patients with chronic hepatitis B virus infection. Gastroenterology 2012, 143, 188–198.e187.
[CrossRef] [PubMed]

67. Guillot, A.; Gasmi, I.; Brouillet, A.; Ait-Ahmed, Y.; Calderaro, J.; Ruiz, I.; Gao, B.; Lotersztajn, S.; Pawlotsky, J.-M.; Lafdil, F.
Interleukins-17 and 27 promote liver regeneration by sequentially inducing progenitor cell expansion and differentiation.
Hepatol. Commun. 2018, 2, 329–343. [CrossRef]

68. Fu, L.L.; Pang, B.Y.; Zhu, Y.; Wang, L.; Leng, A.J.; Chen, H.L. Yi Guan Jian decoction may enhance hepatic differentiation of bone
marrow-derived mesenchymal stem cells via SDF-1 in vitro. Mol. Med. Rep. 2017, 16, 2511–2521. [CrossRef]

69. Tsuzuki, S.; Yamaguchi, T.; Okumura, T.; Kasai, T.; Ueno, Y.; Taniguchi, H. PDGF Receptors and Signaling Are Required for
3D-Structure Formation and Differentiation of Human iPSC-Derived Hepatic Spheroids. Int. J. Mol. Sci. 2023, 24, 7075. [CrossRef]

70. Lysy, P.A.; Smets, F.; Najimi, M.; Sokal, E.M. Leukemia inhibitory factor contributes to hepatocyte-like differentiation of human
bone marrow mesenchymal stem cells. Differentiation 2008, 76, 1057–1067. [CrossRef]

71. Tao, L.; Fang, S.Y.; Zhao, L.; He, T.C.; He, Y.; Bi, Y. Indocyanine Green Uptake and Periodic Acid-Schiff Staining Method for
Function Detection of Liver Cells are Affected by Different Cell Confluence. Cytotechnology 2021, 73, 159–167. [CrossRef]

72. Rodgarkia-Dara, C.; Vejda, S.; Erlach, N.; Losert, A.; Bursch, W.; Berger, W.; Schulte-Hermann, R.; Grusch, M. The activin axis in
liver biology and disease. Mutat. Res. 2006, 613, 123–137. [CrossRef]

73. Sasaki, T.; Suzuki, Y.; Kakisaka, K.; Wang, T.; Ishida, K.; Suzuki, A.; Abe, H.; Sugai, T.; Takikawa, Y. IL-8 induces transdifferentiation
of mature hepatocytes toward the cholangiocyte phenotype. FEBS Open Bio 2019, 9, 2105–2116. [CrossRef]

74. Ng, E.S.; Azzola, L.; Bruveris, F.F.; Calvanese, V.; Phipson, B.; Vlahos, K.; Hirst, C.; Jokubaitis, V.J.; Yu, Q.C.; Maksimovic, J.; et al.
Differentiation of human embryonic stem cells to HOXA+ hemogenic vasculature that resembles the aorta-gonad-mesonephros.
Nat. Biotechnol. 2016, 34, 1168–1179. [CrossRef]

75. Duan, Y.; Ma, X.; Zou, W.; Wang, C.; Bahbahan, I.S.; Ahuja, T.P.; Tolstikov, V.; Zern, M.A. Differentiation and Characterization of
Metabolically Functioning Hepatocytes from Human Embryonic Stem Cells. Stem Cells 2010, 28, 674–686. [CrossRef]

76. Costa, M.; Sourris, K.; Hatzistavrou, T.; Elefanty, A.G.; Stanley, E.G. Expansion of Human Embryonic Stem Cells In Vitro.
Curr. Protoc. Stem Cell Biol. 2008, 5, 1C.1.1–1C.1.7. [CrossRef]

77. Chetty, S.; Pagliuca, F.W.; Honore, C.; Kweudjeu, A.; Rezania, A.; Melton, D.A. A simple tool to improve pluripotent stem cell
differentiation. Nat. Methods 2013, 10, 553–556. [CrossRef]

https://doi.org/10.1016/j.ejps.2006.11.003
https://doi.org/10.1248/bpb.b14-00767
https://doi.org/10.2174/092986709789378198
https://doi.org/10.1007/978-3-030-02278-5_31
https://doi.org/10.1124/dmd.111.041210
https://doi.org/10.1038/373699a0
https://doi.org/10.1634/stemcells.2007-0718
https://doi.org/10.1073/pnas.91.10.4357
https://doi.org/10.1152/physrev.00013.2007
https://doi.org/10.1172/JCI118055
https://www.ncbi.nlm.nih.gov/pubmed/7615817
https://doi.org/10.1111/j.1478-3231.1999.tb00025.x
https://www.ncbi.nlm.nih.gov/pubmed/10220746
https://doi.org/10.1242/dev.114215
https://www.ncbi.nlm.nih.gov/pubmed/26081571
https://doi.org/10.1053/j.gastro.2012.03.044
https://www.ncbi.nlm.nih.gov/pubmed/22484119
https://doi.org/10.1002/hep4.1145
https://doi.org/10.3892/mmr.2017.6888
https://doi.org/10.3390/ijms24087075
https://doi.org/10.1111/j.1432-0436.2008.00287.x
https://doi.org/10.1007/s10616-021-00453-8
https://doi.org/10.1016/j.mrrev.2006.07.002
https://doi.org/10.1002/2211-5463.12750
https://doi.org/10.1038/nbt.3702
https://doi.org/10.1002/stem.315
https://doi.org/10.1002/9780470151808.sc01c01s5
https://doi.org/10.1038/nmeth.2442


Cells 2023, 12, 1982 22 of 22

78. Gage, B.K.; Webber, T.D.; Kieffer, T.J. Initial Cell Seeding Density Influences Pancreatic Endocrine Development During in vitro
Differentiation of Human Embryonic Stem Cells. PLoS ONE 2013, 8, e82076. [CrossRef]

79. Khetani, S.R.; Bhatia, S.N. Microscale culture of human liver cells for drug development. Nat. Biotechnol. 2008, 26, 120–126.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0082076
https://doi.org/10.1038/nbt1361

	Introduction 
	Materials and Methods 
	Microfluidic Co-Culture Device Fabrication 
	Fabrication of Microfluidic Co-Culture Devices 
	Mold Fabrications 
	PDMS Device Fabrication 

	Cultures of Human Hepatocytes Isolated from the Liver of Humanized Liver Chimeric Mice 
	Hepatic Differentiation of hPSCs under Standard Culture Conditions 
	Hepatic Differentiation of hPSCs in Microfluidic 3D Co-Cultures 
	Flow Cytometry 
	Immunofluorescent Staining of Cells 
	ELISA 
	RT-PCR Analysis of Hepatic and Stem Cell Gene Expression 
	Modeling HGF Secretion and Distribution in the Microfluidic Device 
	Statistical Analysis 

	Results 
	Design of a Microfluidic Device for 3D Co-Cultures of Hepatocytes and Stem Cells 
	Long-Term Maintenance of Functional Human Hepatocytes 
	Polarization, Biliary Excretion, and Gene Expression in Microfluidic Spheroid Cultures of Adult Hepatocytes 
	Assessing Production of HGF and Other Secreted Signals in Microfluidic Hepatocyte Cultures 
	Creating Co-Cultures to Guide Hepatic Differentiation of Stem Cells 
	Assessing Hepatic Differentiation of DE Stem Cells in Co-Cultures with Adult Hepatocytes 
	Benchmarking SC-Hepatocytes against Human Hepatocytes 

	Discussion 
	Conclusions 
	References

