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In vitro cell culture models play a crucial role in preclinical drug discovery. To achieve optimal
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culturing environments and establish physiologically relevant organ-specific conditions, it is imperative

to replicate in vivo scenarios when working with primary or induced pluripotent cell types. However,

current approaches to recreating in vivo conditions and generating relevant 3D cell cultures still fall
short. In this study, we validate a Liver-Lobule-Chip (LLoC) containing 21 artificial liver lobules, each
representing the smallest functional unit of the human liver. The LLoC facilitates diffusion-based

perfusion via sinusoid-mimetic structures, providing physiologically relevant shear stress exposure and

radial nutrient concentration gradients within each lobule. We demonstrate the feasibility of long-
term cultures (up to 14 days) of viable and functional HepG2 cells in a 3D discoid tissue structure,
serving as initial proof of concept. Thereafter, we successfully differentiate sensitive, human induced

pluripotent stem cell (iPSC)-derived cells into hepatocyte-like cells over a period of 20 days on-chip,

exhibiting advancements in maturity compared to traditional 2D cultures. Further, hepatocyte-like

cells cultured in the LLoC exhibit zonated protein expression profiles, indicating the presence of
metabolic gradients characteristic of liver lobules. Our results highlight the suitability of the LLoC
for long-term discoid tissue cultures, specifically for iPSCs, and their differentiation in a perfused

environment. We envision the LLoC as a starting point for more advanced in vitro models, allowing

for the combination of multiple liver cell types to create a comprehensive liver model for disease-on-

chip studies. Ultimately, when combined with stem cell technology, the LLoC offers a promising and

robust on-chip liver model that serves as a viable alternative to primary hepatocyte cultures—ideally

suited for preclinical drug screening and personalized medicine applications.

1 Introduction

Within the field of pharmaceutical development, the utilization
of in vitro cell cultures is crucial for evaluating drug efficacy and
safety, facilitating early-stage screening prior to the initiation of
in vivo trials. A key focus in drug development is the scrutiny
of hepatic toxicity, necessitating thorough evaluation during the
preclinical testing phases. However, the reliability of conventional
2D in vitro hepatic culture systems is inadequate, contributing to
late-stage drug failures due to undetected hepatotoxicities.
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Addressing this gap, there is growing need for more phys-
iologically relevant culture systems. Over the past 15 years,
liver-on-a-chip (LoC) and liver microphysiological systems (MPS)
have evolved significantly, progressing from micropatterned two-
dimensional (2D) coculture systems“*= to more complex 3D struc-
tures®?. Such a system could be designed for direct implemen-
tation in high-throughput studies or to generate a physiologically
relevant environment for in-depth research into cell differentia-
tion, disease development, and pharmacodynamics®?. Addition-
ally, the complexity may vary based on the used cell source, rang-
ing from immortalized cell lines to primary cells and induced
pluripotent stem cell (iPSC)-derived cells. Despite being consid-
ered the gold standard, primary cells face limitations in avail-
ability™12 and donor variability’315, Conversely, iPSC-derived
cells provide a substantial advantage, demonstrating adaptability
across diverse research objectives and offering unique prospects
for disease modeling and personalized medicine. Nevertheless,
challenges may emerge, stemming from iPSC-derived cells’ sensi-
tivity and specific MPS culture requirements.
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In the pursuit of enhanced hepatic cell culture environments,
key physiological traits have been identified to mirror the hep-
atic niche. These include a controlled microenvironment, e.g.,
regulated shear stress and nutrient distribution as well as self-
organized three-dimensional (3D) culture, all acknowledged for
fostering a more physiologically relevant hepatic phenotype in
17521 Fluid shear stress has consistently shown benefits for
hepatocytes in multiple studies, resulting in elevated expression
of genes associated with drug metabolism, detoxificationlZ, cy-
tochrome P450 (CYP) enzyme activity, and serum protein secre-
tion20:22]

Fluid shear stress levels exceeding 10~¢ dyn/cm? have proven
advantageous for hepatocytes in a 2D environment, increasing
albumin secretion?l, glycogen storage, resistance to alcohol-
mediated injury??, and enhancing the expression of genes re-
lated to drug metabolism and detoxification, notably the xenosen-
sortZ20. However, it’s crucial to recognize that an excessive level
of fluid shear stress (>5 dyn/cm?) has been observed to have
detrimental effects on hepatocyte functionality, as seen in vari-
ous studies of 2D adherent cultures2023H25 11y 3D cultures, the
situation appears more intricate. Experimental research show sig-
nificant disparities between 2D and 3D cultures?Z. Additionally,
theoretical simulations pinpoint that the 3D extracellular matrix
contributes to even higher shear stress than suggested by aver-
aged simulations2®. Also matrix stiffness has proven to have an
impact on hepatocyte cultures, both by itself and in combination
with shear stress modulation!, Hence, evaluating and adjusting
shear stress levels is necessary to provide optimal conditions for
cells cultured in LoCs.

Similarly to shear stress, 3D cell-cell interaction have been

shown to benefit hepatic polarity, viability, and functionality
271130

vitro

in vitro These benefits have been utilized in LoC cul-
tures through both spheroid-on-a-chip systems®1"33, 3D mass cul-
tures©Z3435 and combinations thereof°. Spheroids in static
culture may develop necrotic cores due to the absence of vascu-
larization®Z. Such a limitation is partially addressed by spheroid-
on-a-chip systems, which facilitate easier access to fresh medium
through culture perfusion®l. However, the nutrient transport
to the centers of the spheroids is still reliant on diffusion and,
therefore, may not always suffice to fully support the cells in the
spheroid core, depending on the size and density of the spheroid
as well as the metabolic demands of the constituent cells=282,

In contrast, 3D mass culture systems have the potential to solve
or circumvent this issue through structural means. This is exem-
plified by Lee et al.** who developed a chip with a 3D cell culture
environment fluidically connected to a perfused channel, sustain-
ing 3D high-density cultures of rat primary hepatocytes for 7 days.
Similarly, Banaeiyan et al.”Z created a liver lobule-mimicking chip
accommodating either a hepatic cell line or iPSC-derived hepato-
cytes, both showcasing sustained metabolic activity for over two
and three weeks, respectively.

Interestingly, in vivo, hepatocytes exhibit distinct metabolic
functions depending on their position within the liver lobule.
These functional differences are governed by a continuous gra-
dient of oxygen and nutrient concentrations along the sinusoidal
axis, from the periportal to the perivenous region. The periportal
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region (zone 1) located close to the outer periphery of the liver
lobule, receives the most oxygenated and nutrient-rich blood,
whereas the perivenous region (zone 3) near the central vein, is
exposed to blood with the lowest oxygen and nutrient content4?,
The intermediate zone (zone 2) displays metabolic features be-
tween those of zones 1 and 3. This physiological gradient not
only drives metabolic zonation but also activates Wnt signaling,
particularly in the perivenous zone, where Wnt ligands are highly
expressed4l. Wnt signaling plays a central role in maintaining
zonal gene expression and establishing the functional identity
of the three zones within the lobule. Zone 1 hepatocytes are
predominantly involved in processes such as gluconeogenesis, f3-
oxidation, and urea formation, while zone 3 hepatocytes exhibit
higher glycolysis, glutamine formation, lipogenesis and xenobi-
otic metabolism through elevated expression of cytochrome P450
enzymes#2, Recreating liver zonation in 3D in vitro culture sys-
tems is increasingly important for modeling organ-specific func-
tions in drug development and disease research. Many liver disor-
ders—including metabolic dysfunction-associated steatotic liver
disease (MASLD) and hepatocellular carcinoma—are linked to
disruptions in zonation and region-dependent hepatocyte activ-
ity, making spatial organization essential for accurate assessment
of hepatotoxicity and disease mechanisms.

In this context, we present a microfluidic Liver-Lobule-
Chip (LLoC) design, which enables optimal support for non-
proliferating iPSC-derived hepatocyte-like cells (HLCs), offering
on-chip differentiation and long-term culturing into mature HLCs
in 3D. The design echoes those of Lee et al.®# and Banaeiyan
et al.'Z but features larger diffusion channels, individually seeded
artificial liver lobules, and a modular top layer for cell culture
perfusion flexibility. We provide a comprehensive description of
the LLoC design, computational fluid dynamics simulations, and
show the successful long-term culturing of functional hepatoma
cells. Subsequently, we demonstrate the sustained on-chip dif-
ferentiation of sensitive iPSC-derived HLCs into mature HLCs on-
chip followed by their zonation as indicated by distinct protein
expression profiles. Our LLoC, with the potential for co-culturing
various liver-specific cell types, is established by these findings as
a fundamental and physiologically meaningful in vitro screening
tool.

2 Materials and methods

2.1 Liver-Lobule-Chip characteristics, design and operating
principles.

Our LLoC is characterized by an array of artificial liver lobules
situated within the main flow channel of the device, ensuring ho-
mogeneity in nutrient and solute supply, as well as shear stress
levels within a physiologically relevant range. The interior of
the artificial liver lobules structurally mirrors the original liver
lobule-specific sinusoids, partitioned from the main flow channel
by boundary walls perforated with diffusion channels. Addition-
ally, the dual-layer design of the LLoC mimics the in vivo microen-
vironment of liver lobules by guiding the cell culture medium
through the 3D cell discoids and away via a central-vein mimetic
in each artificial liver lobule®4=.
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Fig. 1 The LLoC design. A) Displayed in a first-angle multi-view (2D),
the figure showcases the LLoC and its corresponding flow directions. The
LLoC consists of two structured pieces of PDMS, the main layer and the
top layer, stacked on top of a glass slide. The large polygonal flow chan-
nel, located within the main layer, has an inlet for culture medium (solid
red arrow), an outlet for culture medium (dashed red arrow) from the
main layer, and an air trap marked as dashed circle. At its widest, the
flow channel measures 13600 um. Within the flow channel are 21 indi-
vidual artificial liver lobules forming a hexagonal pattern. The incoming
culture media flow is coloured red, and the media flow exiting the artifi-
cial liver lobules is coloured blue. The top layer collects the downstream
medium from all artificial liver lobules via their chimney-like apertures
to the common top layer outlet (solid blue arrow). B) The three layers
of the LLoC, top layer, main layer and glass slide, are shown in axono-
metric projection (3D). The air trap is marked as a solid grey cylinder.
The scale bar of 1 cm is valid for both A) and B). C) A single artificial
liver lobule is shown in semi-transparent axonometric projection (3D).
Emerging from the centre of the artificial liver lobule is the chimney-like
aperture used for cell seeding and for mimicking the central vein of a
liver lobule. Each artificial liver lobule is filled with cells and perfused
by cell culture medium. They measure 2500 um in outer diameter and
each one accommodates a total culture area of 3.4 mm? with a height
of 60 um. D) A close-up view representing 1/16"" of an artificial liver
lobule reveals more details. Each lobule has 16 sinusoid mimetics, featur-
ing eight short (435 um) and eight long (715 um) structures distributed
evenly along the circular chamber wall. Both the chamber perimeter and
the convoluted interior are intricately perforated with diffusion channels,
measuring 5 um in width and 34 um in height.

In the main layer flow channel of the LLoC, 21 perfusable ar-
tificial liver lobules are arranged in a hexagonal array mirroring
the layout of hepatic lobules in vivo, see Fig. The main flow
channel measures 13600 um at its maximum width and grad-
ually narrows towards the inlet and outlet ports. Each artificial
liver lobule has a 2500 um outer diameter, an inner height of
60 um, a cell culture area of 3.4 mm?, and features a perforated
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circular structure mimicking the sinusoidal capillaries of hepatic
lobules in vivo, connecting the portal triad at the acinus to the
central vein. The artificial liver lobules contain 16 such sinusoid-
mimetics — eight short (435 um) and eight long (715 um) —
evenly and intermittently spaced around the artificial liver lobule
wall. Both the indentations and the surrounding wall are perfo-
rated with 5 ym wide and 34 pm high channels to enable per-
fusion and diffusion of nutrients. This dual barrier wall serves to
shield the hepatocytes from excessive shear stress induced by the
medium flow, mimicking the role of the hepatic fenestrated en-
dothelium in vivo. The longer sinusoid-mimetics facilitate more
efficient cell culture medium delivery to the 3D cell discoids near
the lobule centers, while the shorter ones enhance perfusion in
the outer lobule regions.

At the core of each artificial liver lobule lies a chimney-like
aperture, measuring 1 mm in diameter, which ascends to the
top layer of the LLoC (Fig. [I). Serving as both a cell seeding
port and a central-vein-mimetic, these apertures guide the down-
stream cell culture media through and away from the artificial
liver lobules and into the top layer channels (34 um in height).
The downstream media then exits the device via a collection out-
let port in the top layer. This design closely mirrors the blood flow
pattern in hepatic lobules in vivo.

The top layer is reversibly placed on top of the main layer, al-
lowing for adjustment or replacement. When in place, it allows
for culture medium efflux through the channels of the top layer
as well as through the outlet port on the main layer. Alternatively,
during culture, the top layer can be substituted with a flat lid, di-
recting the cell culture medium around the artificial liver lobules
and out through the outlet port of the main layer. Conversely,
with the top layer in position, the main layer’s outlet port can be
sealed, channeling all the cell culture medium through the artifi-
cial liver lobules and the top layer. During cell seeding, the top
layer is absent, and cells are seeded directly into the artificial liver
lobules through the aperture. Once seeded, a top layer or plain
lid is applied to enable flow of medium through or around the
artificial liver lobules and out through the seeding ports and/or
main layer outlet.

2.1.1 LLoC fabrication

The LLoCs were manufactured from PDMS using soft lithography
and two different replica molds, one for the main layer and one
for the top layer.

The wafer mold for the main layer was made using sequential
deep reactive ion etching to etch patterns of two different depths
into a silicon wafer43. A SiO,-coated silicon wafer was patterned
with AZ1512HS photoresist (MicroChemicals, Ulm, Germany) us-
ing direct laser writing, creating a patterned mask protecting the
SiO, layer. The wafer was then wet-etched in buffered hydrofluo-
ric acid to etch away the uncoated areas of SiO,. The photoresist
was removed and replaced with a new layer of photoresist, which
was patterned with direct laser writing using a different pattern.
The wafer was then etched using deep reactive ion etching, first
with the new photoresist pattern in place and then again once the
photoresist mask had been removed, using the underlying SiO,
layer as a mask. This sequential etching resulted in a mold that is
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a structural negative of the microfluidic devices. The wafer was
post-processed to remove the SiO, layer and add a silane layer to
facilitate PDMS detachment.

The wafer mold for the top layer was produced using patterned
photoresist on a silicon wafer. Following the manufacturer’s in-
struction, SU-8 3035 (Kayaku Advanced Materials, Inc., West-
borough, Massachusetts, USA) was spin-coated onto the wafer,
baked and exposed to UV light through a patterned photomask
(MicroLitho, Chelmsford, UK). Following development, the wafer
was post-processed to add a silane layer, facilitating PDMS de-
tachment.

Both layers of the LLoC were cast in PDMS (Sylgard 184, Dow
Corning, Midland, Michigan, USA) by mixing polymer base and
crosslinking agent in a 5:1 (w/w) ratio-, in a fume hood. The
mixture was degassed, applied to the wafers, and baked at 60°C
for at least 24 h. Seeding, inlet, and outlet ports on the chamber
layer, as well as the outlet port on the top layer, were punched
using a 1 mm tissue biopsy puncher (33-31AA-P/25, Miltex, In-
tegra LifeSciences, Princeton, New Jersey, USA). The main layer
and the glass microscope slides were cleaned with ethanol and
exposed to air plasma (18 W, 30 s; PDC-32G-2, Harrick Plasma,
Ithaca, New York, USA) before being bonded to each other by
conformal contact and cured at 60°C for at least 1 h. Neither the
top layer nor the plane lid were plasma treated, in order for them
to be detachable.

2.2 Simulations of the LLoC configurations

The LLoC was designed using AutoCAD (Autodesk, San Rafael,
CA, USA), imported into COMSOL Multiphysics 6.0 (Comsol,
Burlington, MA, USA) as a 2D DXF file. It was then refined and
converted to 3D using the geometry tools in COMSOL.

The simulation model comprises a fluid flow analysis coupled
with mass transfer analysis for glucose in parallel. Glucose, be-
ing one of the main constituents of cell culture medium, was
chosen to model the consumption of nutrients in the medium
by the cells. The diffusion coefficient of glucose was chosen
to be 6.16- 1071 m?/s in culture medium at a concentration
of 11 mM, and the glucose consumption rate of HepG2 cells
(2.4-10719 mol/min/million cells) was used as consumption flux
at the culture region inside the artificial liver lobules44,

The computational fluid dynamics (CFD) analysis was per-
formed by coupling Navier-Stokes and continuity equations. The
fluid was modelled as an incompressible Newtonian fluid, with
a density of 1.009 g/cm? and a dynamic viscosity of 0.93 mPa-s
based on the properties of the DMEM culture medium supple-
mented with 10% FBS and at 37°C#2. The flow, ranging from
0.25 to 1.0 uL/min, was modelled using no-slip boundary condi-
tions. The pressure at the outlets was set to zero and the flow rate
at the inlet was added accordingly.

To minimize computation time, only one artificial liver lobule
was studied to assess flow field and glucose distribution. Given
that each artificial liver lobule is radially symmetrical, a slice rep-
resenting 1/16" of the entire lobule was used as the computation
domain. Subsequently, the results were extrapolated to the entire
artificial liver lobule. The geometry was meshed using COMSOL’s
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physics-controlled mesh setting, with the mesh element size set
to fine.

For the entire LLoC simulation, we used the Brinkman assump-
tion for porous media to reduce the computation demand4®. We
considered the diffusion channels around the lobule as a porous
structure. Subsequently, we calculated the porosity and perme-
ability of the region containing the diffusion channels. These val-
ues were then utilized to model the area surrounding the artifi-
cial lobules as a porous medium using the Brinkman equation,
enabling us to simulate the entire LLoC.

For the oxygen distribution simulations, we adopted a
reduced-scale modeling approach due to the high computa-
tional cost of simulating oxygen transport across the entire de-
vice—particularly when solving the Navier-Stokes equations un-
der perfused conditions. This approach was consistent with the
strategy for glucose and shear stress analyses. Specifically, we
modeled a representative 1/16™ section of the artificial liver lob-
ule, applying boundary conditions derived from a preliminary
full-device simulation conducted under static (no-flow) condi-
tions. This initial simulation provided the steady-state oxygen
concentration at the lobule boundaries, which was then used as
the input for the smaller-scale model. By avoiding the need to
solve fluid dynamics directly in the lobule simulation, we sub-
stantially improved computational efficiency. Oxygen distribution
within the lobule was then solved using a convection-diffusion
equation, incorporating experimentally established oxygen up-
take rates for HepG2 cells in 3D culture.

2.3 Cell cultures

In order to validate the LLoC, hepatocytes were cultured on-chip
and assayed for key metabolic markers. For initial method de-
velopment and benchmarking of adherent on-chip culture con-
ditions, immortalized HepG2 cells were chosen for their rela-
tive stability and low complexity of handling. To further vali-
date the LLoC for more complex cultures, iPSC-derived defini-
tive endoderm cells were cultured on-chip and differentiated into
hepatocyte-like cells (iPSC-HLCs).

2.3.1 HepG2 cell line used for initial evaluation of LLoC

Cell line experiments were conducted using the hepatic cell line
HepG2 (ATCC, Menassas, VA, USA). The HepG2s were main-
tained at 37°C in 5% CO, in Minimum Essential Medium/Earle’s
Balanced Salt Solution (MEM/EBSS) medium (SH30244.01,
HyClone, GE Healthcare, Chicago, Illinois, USA). The cell
culture medium was supplemented with glucose to a to-
tal concentration of 11 mM, 1% sodium pyruvate (BE13-
115E, Lonza, Basel, Switzerland), 10% fetal bovine serum
(FBS) (SV30160.03, HyClone, Logan, UT, USA), 1% non-
essential amino acids (SH30238.01, HyClone), and 1% peni-
cillin/streptomycin (SV30010, HyClone). The cell culture was
passaged at 80-90% confluency (i.e. approximately every six
days). Cell detachment was facilitated by washing with phos-
phate buffered saline without calcium or magnesium (PBS -/-)
wash followed by a 6 min incubation with TrypLE Express (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) at 37°C.
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2.3.2 iPSC-HLC cultures

Experiments including iPSC-derived HLC cultures were
performed with two iPSC lines: UTA.10211.EURCAs and
UTA.11304.EURCCs. Cell lines were derived from skin fibroblasts
from two patients using Sendai virus reprogramming. The cell
lines had been previously karyotyped and characterized in detail
for their pluripotency, confirmed by embryoid body formationZ.
The study was carried out according to approval of the Ethics
Committee of the Pirkanmaa Hospital District (R12123), and all
participants had signed an informed consent form after receiving
written and oral descriptions of the study.

For maintenance and expansion, the iPSCs were cultured on
Geltrex (A1413202, Thermo Fisher Scientific, henceforth Geltrex-
A) pre-coated standard six-well plates in mTeSR-1 medium
(StemCell Technologies). 10 mM ROCK inhibitor Y-27632 (Stem-
Cell Technologies) was added to the medium at the thawing and
passaging steps to improve cell survival. Cell lines were main-
tained at 37°C in 5% CO,.

Hepatic differentiation was performed based on the differenti-
ation protocol initially published by Kajiwara et al.48, This pro-
tocol is an alteration of iPSC-HLC differentiation protocols intro-
duced by Si-Tayeb et al.#? and by Hay et al.®? and consists of
three stages (henceforth ST1, ST2 and ST3). Here, ST1 was per-
formed on traditional 2D cultures, while ST2 and ST3 were per-
formed on both 2D and 3D cultures, off-chip and on-chip, respec-
tively.

We substituted the ST1 media described in the protocol of Ka-
jiwara et al.*® with a commercially available STEMdiff Definitive
Endoderm kit (StemCell Technologies, Cat No. 05510). After
the iPSC colonies became 80-90% confluent, differentiation to DE
cells was initiated by seeding the iPSCs as a single-cell suspension
on Geltrex-coated plates on day O to reach 90-100% confluency
on day 1. The rest of the DE differentiation was performed as per
the manufacturer’s instructions.

On day 5, hepatic specification (ST2) was initiated by switching
to another medium (henceforth medium 2) consisting of Knock-
Out Dulbecco’s modified Eagle medium (KO-DMEM) supple-
mented with 20% KnockOut Serum Replacement (KO-SR, Gibco),
1 mM GlutaMAX (Gibco), 1% nonessential amino acids (NEAA,
Lonza), 0,1% 2-mercaptoethanol (2-ME, Lonza), 50 U/ml peni-
cillin/streptomycin and 1% dimethyl sulfoxide (DMSO, Sigma)
for 7 days until differentiation day 11. From day 11 onward,
cells were cultured in ST3 media consisting of Hepatocyte Basal
Medium (HBM, Lonza) supplemented with Single Quotes (CC-
4182, Lonza), 25 ng/ml hepatocyte growth factor (HGF, Invitro-
gen) and 20 ng/ml oncostatin M (OSM, R&D systems).

2.4 Flow cytometry

To determine the efficiency of the ST1 differentiation of iPSCs,
DE cells were harvested for flow cytometry on the fifth day of the
iPSC differentiation. Cells were detached by a 5-min incubation
with Gentle Cell Dissociation Reagent and re-suspended in 5%
FBS before being stained with CXCR4-conjugated antibody (R&D
systems) in the dark at RT for 15 minutes. The percentage of
CXCR4-positive cells was determined using CytoFLEX S (Beckman
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Coulter) and CytExpert Software (Beckman Coulter).

2.5 Microfluidic experimental procedure

Owing to the different requirements of the HepG2 cells and the
iPSC-derived cells, certain key differences were found to be nec-
essary in their respective seeding and culture methods.

2.5.1 LLoC preparation

Sterilization and degassing of the LLoCs were performed the day
before introduction of the cells, at the latest. The LLoCs were
flushed with 70% ethanol before being degassed in a vacuum
chamber overnight.

2.5.2 On-chip proliferation of HepG2 cells in the LLoC

For the experiment with HepG2 cells, the cells were detached
from the culture flask by first washing the cells with PBS -/-
and detached by 6-minute incubation at 37°C using TrypLE Ex-
press Enzyme (1X) (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA). After TrypLE treatment, the detached cell suspension
was centrifuged at 200 G for 3 minutes, after which the pellet
was diluted in a 50% Geltrex (A1569601, Thermo Fisher Scien-
tific, henceforth Geltrex-B) solution in culture medium to a tar-
get concentration of 40 -10° cells/ml. Cells were seeded directly
into the 21 uncoated artificial liver lobules of the LLoC by pipet-
ting 0.6 ul of the cell mixture through each chimney-like aperture
shown in Fig.[I]C. Next, 2 ul of undiluted Geltrex-B was added to
each artificial liver lobule in the same way. The apertures were
then sealed off with a plane PDMS lid, whereafter cell medium
was added to the flow channel via the inlet. To prevent air leak-
ing into the LLoC at this point, the inlet and outlet of the LLoC
main layer were each sealed with a pipette tip containing cell cul-
ture medium. The LLoCs were then left in incubator at 37°C for
2 hours to allow for the cells to adhere.

2.5.3 Initial steps of setting up the microfluidic flow

The LLoC was provided cell culture medium via syringes contain-
ing equilibrated‘ﬂ cell culture medium attached to each LLoC inlet
via tubes (6424-60, C-Flex, Opaque White, 1/32" ID x 3/32" OD,
Cole-Parmer, IL, USA). The outlet of the main layer was connected
to a short tube leading the downstream cell culture media to be
collected. The equilibrated cell culture media was introduced to
the LLoC via a CMA-4004 Syringe Pump (Harvard Apparatus, MA,
USA), at a steady flow rate of 500 nl/minute (see section for
motivation). After an additional 24 hours, the plane lids were
replaced with the patterned top layers (Fig.[I), and the top layer
outlet was similarly connected to a short tube leading the down-
stream cell culture media to be collected.

2.5.4 Collection of output media.

The LLoCs were kept under flow and in incubator at 37°C for a
total of 14 days. Every other day, the downstream media were col-
lected after briefly removing the LLoC from incubation. Following
the initial retrieval of downstream media two days post-seeding,
the outlet of the main layer was sealed for the duration of the

T See ESI for further information about cell culture media equilibration.
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experiment. This directed all subsequent downstream cell culture
media through the top layer. After this change, all the collected
media passed through an artificial liver lobule within the LLoC.
The collected media were centrifuged at 200 G for 3 minutes,
after which aliquots were sampled and frozen at -20°C.

2.5.5 On-chip differentiation of iPSC-HLCs in the LLoC

For the experiments with iPSC-HLCs, the LLoCs were plasma-
treated with 20 W of oxygen plasma for 1 minute (Pico, Diener
Enectronic GmbH, Ebhausen, Germany) on the seeding day, and
placed again into the vacuum chamber until seeding. Plasma
treatment was used to increase hydrophilicity of the LLoCs to en-
sure proper seeding, as a more viscous Geltrex variant, Geltrex-A,
was used with the iPSC-HLC experiments as the 3D matrix. The
previously mentioned Geltrex-B was used to fill up each aperture.
The cells were detached at the end of ST1 to be seeded in the
LLoCs. Wells with DE cells were washed twice with PBS with cal-
cium and magnesium (PBS+/+) and detached by 5-minute incu-
bation at 37°C using Gentle Cell Dissociation Reagent (StemCell
Technologies). The detached cells were counted and then cen-
trifuged at 300 G for 5 minutes. The supernatant was aspirated
and remaining pellet was resuspended in 100 ul of ST2 medium.
The cell suspension was then mixed 1:1 with cold Geltrex-A and
0.5 ul of suspension at approximately 110 to 120-10° cells/ml
was seeded into each chamber. Each aperture was then topped
up with 1 ul of 37°C Geltrex-B. The apertures were then sealed
with a plane lid and medium (here ST2) was added as previously
described. The LLoCs were incubated for 3 hours, during which
the media was changed once manually, after which tubes were
attached and the flow of medium (1 pl/min) was initiated. The
following day, the plane lids were replaced with the top layers,
and a collection tube was attached to its outlet. iPSC-HLC LLoCs
were pumped without pump-pause cycles with Ismatec peristaltic
pump (IP-N 12, Cole Parmer, Germany). The iPSC-HLC LLoCs
were incubated for 20 days, and the output medium was collected
every second day.

Two different 2D control cultures were also established for
the LLoC iPSC-HLC cultures. Control 1 (Ctr]l 1) had iPSC-
HLCs (UTA.11304.EURCCs) differentiating from the start of ST1
(day 0) to the end of ST3 (day 26) with no outside interference
on a 12-well plate on top of Geltrex-A coating. Control 2 (Ctrl 2)
cells underwent a similar (detaching-reseeding) step at the end of
ST1 on day 5 of differentiation when compared to the LLoC cul-
tures, where the DE cells were first detached and then seeded on
Geltrex-A-coated wells to continue their differentiation on well-
plates. We estimated a 20% fraction of the cells to die due to the
detaching-reseeding step and plated the cells accordingly.

2.6 Albumin secretion assay

The albumin secretion was measured by using a Human Albu-
min ELISA kit (ab108788, Abcam, Cambridge, UK) and analyzed
with FLUOstar Omega, BMG LABTECH (Oretenberg, Germany),
using the online-tool ELISA INFO from Boster Biological Technol-
ogy CO LTD, (California, USA) with a 4PL fitting. The mean val-
ues and the standard deviations were calculated and visualized
using MATLAB R2023a, MathWorks (Massachusetts, USA). The
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sampled output medium from the LLoCs were diluted 100 and
240 times. The results were normalized according to the seeded
cell number (approximated to 0.5 million cells per LLoC), the vol-
ume of the collected downstream medium, and the elapsed time.
Output media samples from the 3D iPSC-derived HLC LLoCs were
not diluted, while 2D samples were diluted twice, and the results
were normalized according to the seeding cell number, the vol-
ume of the collected medium and the elapsed time.

2.7 On-chip immunofluorescence and viability staining

The on-chip staining protocols were carried out with slight varia-
tions for the two cell types described below.

2.7.1 On-chip double-fluorescence viability staining

Cell viability of the HepG2 cells in the LLoCs was assessed by
using a Live/Dead Viability/Cytotoxicity Kit for mammalian cells
(L3224, Invitrogen). From this kit, ethidium homodimer-1 (EthD-
1) and Hoechst was diluted to 2 uM and 10 pg/mL, respectively,
in PBS with calcium and magnesium (PBS +/+). After an initial
flush with (PBS +/+), the LLoCs were flushed three times with
the prepared dye mix in alternating directions and each flush was
followed by a 5-minute incubation at 37°C. After staining, the
LLoCs were flushed with PBS three times in alternating direc-
tions and each flush was followed by a 5-minute incubation at
RT. Henceforward, all subsequent flushes are done in alternate
direction to the previous one, regardless of the solution. For the
subsequent fixation, the LLoCs were flushed with 4% formalde-
hyde (Sigma-Aldrich) three times, each followed by a 5-minute
room temperature incubation, before being flushed again with
PBS six times. The viability of the iPSC-HLCs was assessed by us-
ing fluorescent Calcein-AM (Invitrogen) and EthD-1 (Invitrogen)
to stain live and dead cells, respectively. After dilution to 0.2 uM
(Calcein-AM) and 1.0 uM (EthD-1) in DPBS, the devices were
flushed as described above.

2.7.2 On-chip double-fluorescence immunostaining

Immunocytochemical staining was performed for the iPSC-HLC
on-chip cultures to examine the liver-specific protein expression
of the cells. After 15 and 20 days of LLoC culture, corresponding
to differentiation days 20 and 25, the LLoCs were detached from
the inlet tubing, the outlet tubing and the top layer. The staining
protocol initially followed the procedure established for HepG2
cells. Permeabilization and blocking were performed simultane-
ously by flushing the LLoCs three times with blocking solution
[10% normal donkey serum (NDS; Millipore), 0,1% TritonX-100
(Sigma-Aldrich), 1% bovine serum albumin (BSA; Sigma-Aldrich)
in DPBS] and incubated for 20 minutes after each flush. After
the last incubation, the LLoCs were washed once for 5 minutes
with the primary antibody solution (1% NDS, 0,1% TritonX-100,
1% BSA in DPBS). Primary antibodies albumin (ALB; R&D Sys-
tems), alpha-fetoprotein (AFP; Dako), alpha-1 antitrypsin (A1AT;
Abcam) and cytokeratin 19 (CK19; Invitrogen) were diluted in
the primary antibody solution according to Table SX and the
LLoCs were then flushed six times, each flush being followed
by a 20-minute incubation at RT. After the last incubation, the
LLoCs were equipped with reservoir pipette tips containing the
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primary antibody solution in the inlet and outlet and incubated
at +4°C over night. The next day, the LLoCs were flushed three
times followed by a 5-minute incubation with secondary antibody
solution (1% BSA in PBS). Alexa Fluor-conjugated antibodies,
anti-mouse 568 and anti-rabbit 488, (Invitrogen) were diluted
in the secondary antibody solution according to Table Sl"ﬂ) and
the solution was then flushed into the LLoCs six times, each fol-
lowed by a 20-minute incubation at RT. Three DPBS washes with
5-minute incubations followed. To counterstain the nuclei, the
LLoCs were washed with DAPI (Sigma-Aldrich) solution (1:2 000
in DPBS) three times, each followed by a 15-minute incubation
at RT. Lastly, the LLoCs were washed three times with PBS and
imaged using Olympus IX51 inverted phase-contrast fluorescence
microscope (Olympus Corporation, Hamburg, Germany).

Equivalent IF staining was performed for the 2D iPSC-HLC cul-
tures with minor changes. The flushes were omitted and replaced
with continuous incubations. As the last step before imaging, the
samples were mounted with Vectashield mounting medium (Vec-
tor Laboratories) that included DAPI.

To study the zonation of iPSC-HLCs, the above-described pro-
tocol for LLoC staining was followed on day 25 of differentia-
tion with two zone-specific primary antibodies arginase 1 (ARG1,
Novus Biologicals) and glutamine synthetase (GS, InVitrogen).
After completing the staining process, the LLoCs were imaged
with Leica DMi 8 inverted wide-field fluorescence microscope.

2.8 Light microscopy

Wide field images of the HepG2 cells were acquired using an LRI
Olympus CKX41 in transmission mode with a phase contrast com-
ponent.

Fluorescence z-stack images of fixed HepG2 cells on day 7
(45 sections 0.95 um apart) were acquired with an LSM 880
Airyscan microscope (Carl Zeiss) equipped with an air immersion
Plan-Apochromat 20x/0.8 M27 objective and the Zen Black 2.3
software. Ethidium homodimer-1 and Hoechst were excited by
514 nm and 405 nm lasers, respectively, and imaged sequentially
frame-by-frame.

Morphology and viability of the iPSC-HLCs were assessed by
imaging using EVOS FL Cell Imaging system (Thermo Fisher
Scientific). After double-fluorescence immunostaining, the cells
were imaged with Olympus IX51 Inverted Phase Contrast Fluo-
rescence Microscope (Olympus Corporation, Hamburg, Germany)
using Hamamatsu Orca Flash4.0LT + sCMOS camera and Olym-
pus cellSens Dimension 2.3 software. LLoCs stained with zone-
specific primary antibodies were imaged with Leica DMi 8 in-
verted wide-field fluorescence microscope (Leica Microsystems,
Wetzlar, Germany) using LAS X software.

Images were processed by ImagelJ/Fiji.

T Details about the utilized antibodies are available in ESI.
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3 Results and discussion

3.1 Computational fluid dynamic analysis of shear stress,

glucose consumption and oxygen distribution profiles
Our LLoC aimed to expand upon the principles and concepts of
the chip described by Banaeiyan et al.[Z (termed the very large-
scale liver lobule chip, henceforth VLSLL), utilizing its strengths
while improving on its practical handling, utility, and capacity.
The LLoC, similar to the VLSLL, consists of a dual-layer poly-
dimethylsiloxane (PDMS) structure wherein cell culture compart-
ments are separated from a central flow path by a perforated
barrier. While the VLSLL relied primarily on diffusion for nu-
trient transport, the LLoC improves upon this by incorporating
a sinusoid-mimicking design to enhance perfusion. Within the
LLoC, the medium flows through these sinusoid-mimetic chan-
nels, passing through a cell tissue compartment before reaching
an upper outlet, simulating the central vein in vivo. One addi-
tional benefit of these sinusoid-mimetic channels is their ability to
protect the artificial liver tissue from shear stress, providing low-
resistance pathways for the medium. Consequently, this design
ensures consistent delivery of nutrients and solutes to the artifi-
cial liver lobules, while also exposing the cells to physiologically
relevant levels of shear stress.

To evaluate our LLoC design, we conducted CFD simulations
to ensure that glucose distribution and shear stress levels align
with physiologically relevant ranges.
range of flow rates in the simulations: 0.25, 0.5, and 1.0 yuL/min
(Fig.[2). This approach allowed us to determine the influence of
flow rate on shear stress and nutrient availability to the initially
used HepG2 cells, and to identify the optimal balance between
the two. It is preferable to maintain a relatively low total vol-
ume output to obtain detectable levels of secreted proteins, while
ensuring that hepatocytes are exposed to an adequate level of nu-
trients and kept within the normal range of shear stress.

Fig. [2A shows the simulated shear stress in 1/16" of a lobule
for the three different flow rates. The simulations are conducted
using an empty artificial liver lobule, resulting in 3D simulations
displaying shear stress at the bottom surface. The shear stress
profiles in the artificial liver lobules ranges from a minimum of
3- 1075 dyn/cm? (3- 10 Pa) for 0.25 uL/min flow to a maxi-
mum of 2-1072 dyn/cm? (2-1073 Pa) for 1.0 uL/min. The highest
shear stress is found in the narrow diffusion channels. These re-
sulting shear stress values are in the range of 102 dyn/cm? to
10~! dyn/cm? at the chosen flow rates.

The three explored flow rates all yield shear stress levels well
within the range known to be acceptable to hepatocyte-like cells
in 2D studies, i.e., 107° dyn/cm? to 5 dyn/cm?21Z2021123:25]
However, since the LLoC regards 3D cell cultures, it is difficult to
foresee the actual forces generated due to the cell bodies them-
selves and the presence of extracellular matrix components®,
The selected flow rates were intentionally set at the lower end of
the acceptable range, with the expectation that the actual shear
stress experienced by the cells would likely be higher than the
simulated values. In our results it is anticipated that the ma-
jority of each artificial liver lobule will encounter a shear stress
level closer to 10~* dyn/cm?. The higher end of the simulated re-

We examined a limited
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Fig. 2 Computational fluid dynamics analysis ensures physiologically relevant and consistent glucose and oxygen distribution as well as shear stress
levels. A) Shear stress in the liver lobules was simulated in 1/16" of a lobule for three different flow rates: 0.25, 0.50 and 1.0 uL/min. For all tested
flow rates, the shear stress inside the LLoC is in a range between 10~* and 1072 dyn/cm?, and fall well below the detrimental range of shear stress

for hepatic cells1720121223725  g)

Glucose concentration was simulated for the three flow parameters and considered the glucose consumption rate of

seeded cells in the culture area of the artificial liver lobule. Starting at 11 mM, glucose concentration decreased along the radius toward the central
vein. At all tested flow rates, the glucose concentration decreased radially and also affected the concentration in the diffusion channels. C) Oxygen
simulation within a representative 1/16”‘ of a lobule, showing a radial gradient of concentration toward the center of the lobule. Across the range of
tested flow rates there was insignificant differences in oxygen distribution, demonstrating diffusion-limited oxygen transport.

sults (approximately 10”2 dyn/cm?) is mainly concentrated at the
edges of the artificial lobules, where the diffusion channels meet
the culture chambers. Ultimately, the shear stress values must be
considered in relation to the required flow rate for nutrient dis-
tribution within the artificial liver lobule, as well as downstream
assessments of cell viability and functionality.

Glucose, serving as the primary nutritional component in the
culture media, was employed in the simulations as a representa-
tive for overall nutrient distribution. The glucose distribution was
simulated in the artificial liver lobules, considering the number of
seeded HepG2 cells (24 000 cells/artificial liver lobule) and their
known glucose consumption rate when cultivated in a 3D set-
ting (see section [2.2). The result is a radial gradient of glucose
concentration, exemplified for 1/16 of a lobule in Fig . This
gradient mirrors the nutrient concentration pattern observed in
in vivo liver lobules, depicting decreasing nutrient access for cells
in the mid-lobule (zonation)®®2, The LLoC received cell cul-
ture media with an initial glucose concentration of 11 mM. At a
flow rate of 0.25 uL/min, there was a 50% reduction in glucose
concentration across the radius of the artificial liver lobule. This
decline raises concerns, as proliferating cells can face nutrient de-
ficiency at this rate, given their increasing consumption of glucose
and other nutrients. Conversely, a higher flow rate of 1.0 uL/min

8 | Journal Name, [year], [vol.], 1

showed no significant change in glucose concentration across the
radius of the artificial liver lobule compared to the 0.5 puL/min
flow rate.

We reasoned that, for a physiologically relevant mimicry of
nutrient gradients resembling liver zonation, a flow rate of
0.5 pL/min to 1.0uL/min should be chosen. This decision aims
to balance the nutrient demands of proliferating cells while pre-
serving a resemblance to the natural nutrient distribution found
in the liver and minimized total output volume. It is important to
note that this scenario is specific to HepG2 cells and their known
metabolic glucose consumption rate in 3D, considering the ini-
tial seeded cell number. Consequently, different cell types may
likely prefer slightly different flow rates, reflecting their nutrient
demands over time.

To further characterize the microenvironment within the artifi-
cial liver lobules, we simulated oxygen distribution by modeling
a representative 1/16"" section of the artificial liver lobule (see
Section [2.2). As illustrated in Fig[2C, the simulated oxygen con-
centration forms a physiologically relevant radial gradient across
the lobule section, decreasing toward the central zone where cell
density and oxygen consumption are highest. To validate the as-
sumption that oxygen distribution is largely governed by cellular
uptake rather than perfusion at the examined flow rates, we re-
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Fig. 3 HepG2 viability and functionality in the Liver-Lobule-on-Chip (LLoC). A) The cell proliferation in the LLoC illustrated by a time series of one
single artificial liver lobule over the course of 14 days, imaged using conventional bright field microscopy. During this time the cells gradually filled
the space and formed a dense tissue-like structure. The scale bar is 700 um. B) The LLoC connected to inlet and outlet tubes. The cell medium
is pumped in through the inlet (1), and the supernatant is initially exiting the device through the main layer outlet (2). After 24 hours post cell
attachment, the plane lid is exchanged for the patterned top layer and the media is redirected via the chimney-like apertures and exiting through the
top layer outlet (3). Supernatant from either outlets is collected into separate tubes within the stand (4). C) The albumin secretion in HepG2-filled
LLoCs was determined using human albumin ELISA assays. The plot shows the mean value of the albumin collected from twelve separate LLoCs
(n=12) in three different experiments of 14 days, with the standard deviation presented as error bars. The data points are two days apart. After
the first media collection on day two, the lower outlet of the LLoC was clamped. D) Z-stack using confocal imaging of an example subsection of an
artificial liver lobule, displayed as maximum intensity projections. The cells were imaged seven days after seeding and nuclei of living and dead cells
stained with Hoechst and ethidium homodimer-1 (EthD-1), respectively. At the day of investigation, the majority of cells are healthy, but a fraction
of them are disrupted and, hence, are stained by the EthD-1. The scale bar is 100 um.

peated the simulation using the same boundary data at flow rates
of 0.25, 0.5, and 1.0 uL/min. Across all scenarios, the resulting
oxygen profiles showed no significant differences, indicating that
perfusion rate had minimal impact on oxygen availability within
the artificial liver lobule (data not shown). These results validate

3.2 Functional HepG2 3D cultures within the LLoC

The HepG2 cells were cultured in the LLoC with continuous per-
fusion (0.5 uL/min) for a duration of up to 14 days, resulting in
the formation of 3D discoid tissue structures that filled the artifi-
cial liver lobules, as illustrated in Fig. [3A. An optimized number

our initial modeling assumption and align with prior observations
that oxygen transport in dense 3D hepatocyte cultures is largely
diffusion-limited rather than flow-dependent.

of HepG2 cells (24 000 cells per artificial liver lobule) was evenly
distributed inside each artificial liver lobule allowing for cell pro-
liferation throughout the experiment.

Around one week into the experiment, the discoid liver tissues
started to completely fill the artificial liver lobules. As the cell
cultivation continued throughout the entire experimental period,

Journal Name, [year], [vol.], 1 l9


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lc00509k

Open Access Article. Published on 28 May 2025. Downloaded on 6/6/2025 7:03:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip

the tissue further compacted, as indicated by the darker area ob-
served on days 8 and 14 in Fig. [BA. This occurrence is ascribed
to the limited space available for cell occupancy. Any cells that
perish remain confined within the artificial liver lobule and the
developed discoid structure. This discovery strongly indicates the
necessity of utilizing non-proliferating or limited-proliferating cell
types in combination with the LLoC.

The dynamic functionality of discoid tissues was assessed by
measuring the concentration of secreted albumin in the collected
media, as depicted in Fig. [3B-C. The albumin secretion, normal-
ized to the initially seeded HepG2 cell number, showed an notice-
able twofold increase from day 2 to day 4 resulting in an al-
bumin production reaching ~ 400 ng/h/million seeded cells. Fol-
lowing this, the albumin production seemed to stabilize, settling
at around 500 ng/h/million seeded cells by day 14 (Fig.[3[C). This
is likely attributed to a near equilibrium reached between the cell
proliferation and cell mortality rates. This assumption is rein-
forced by the immunofluorescent cell staining using EthD-1 and
Hoechst, revealing that while the majority of cells are not ad-
versely affected, some cells exhibit membrane rupture at day 7
(Fig. )'iﬂ). The evaluation was also performed at the final time
point, but the dense structure of the discoids hindered complete
penetration of the dye, resulting in inconclusive results (data not
shown). The compact nature of the discoids was already appar-
ent by day 7 (SI movie 1) and has previously been commonly
observed in spheroid cultures. On a positive note, this charac-
teristic provides evidence of close cell contacts and 3D tissue for-
mation. Furthermore, thanks to the LLoC design for enhanced
perfusion and smaller tissue dimensions, the risk of the liver
discoid tissue developing necrotic cores as may occur in larger
spheroids7:38 is eliminated. Albumin data were collected from a
total of twelve individual LLoCs, in which HepG2 cells were cul-
tured under flow conditions for 14 days. The experiments were
conducted across three independent runs. Fig. demonstrates
the variations within individual experiments and across different
experiments. The results suggest that while HepG2 cells, serving
as a foundational model for liver tissue, can form functional 3D
structures inside the LLoC, the device holds potential for more ad-
vanced cell models, such as human-derived iPSCs. This particular
cell model is anticipated to overcome limitations associated with
the finite volume, given that iPSCs generally do not proliferate.
Furthermore, given the theoretical nutritional and oxgyen gradi-
ents present in the LLoC, we hypothesize that exposing iPSCs to
this environment during their differentiation process will mimic
the in vivo conditions that induce zonation.

3.3 On-chip maturation of iPSC-derived hepatocyte-like
cells (HLCs)

Culturing human iPSCs in 3D is seen as the development of an

in vitro tissue model with substantial potential. In order to as-

sess our ability to replicate in vivo-like microenvironmental con-

ditions within our LLoC, iPSC-derived HLCs were chosen for on-

chip differentiation in extended 3D cell cultures. Two iPSC lines

T A corresponding confocal Z-stack video is available via the ESI S4.
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were used for the LLoC experiments: UTA.10211.EURCAs and
UTA.11304.EURCCs. On day 5 of their differentiation, iPSC-
derived cells exhibited a cobblestone-like morphology typical for
definitive endoderm stage>324, The DE differentiation efficiency
was further studied by flow cytometry. The number of CXCR4-
positive cells was between 80-95% of all cells on day 5 of differ-
entiation, indicating successful DE differentiation324,

To generate the 3D LLoC cultures, the cells were detached on
day 5 of differentiation, combined with Geltrex-B and seeded into
the artificial liver lobules of LLoCs. A bright field image captured
24 hours after the cell seeding reveals uniformly filled lobules
(Fig. [4A). The viability of the differentiating HLCs was assessed
5 days after cell seeding, and the fluorescent image display pre-
dominately live cells, affirming the success of cell seeding and
culture (Fig. [4B).

After 20 days of LLoC culture, the devices were stained with
We de-
tected strong expression of AFP and albumin in both cell lines
on day 20 on-chip (Fig. [4[C) which indicates that the cells had
successfully differentiated towards mature hepatocytes when the
differentiation procedure is carried out on-chip. The expres-
sion of liver specific A1AT was observed predominantly in the
UTA.11304.EURCCs cell line, while the expression of liver pro-
genitor marker CK19 was similar between the two cell lines
(Fig.[4C-D).

The differences in A1AT expression could be due to donor-
dependent variation in the hepatic differentiation, a common
attribute of iPSC-derived cells“®. Based on these results,
UTA.11304.EURCCs was chosen to be used in the subsequent ex-
periments.

To compare 3D iPSC-HLC cultures differentiated in LLoCs with
2D control cultures, cells underwent one of three conditions af-
ter reaching the DE stage on day 5 of differentiation (Fig. [5]A):
1) Ctrl 1: uninterrupted growth and differentiation on the same
well-plate, 2) Ctrl 2: detachment and re-seeding on similar well-
plates to continue differentiation in 2D, or 3) LLoC: detachment
and combination with Geltrex-B, followed by seeding into the
liver lobules of LLoCs for a 3D culture.

Cell functionality was evaluated by measuring albumin produc-
tion into the conditioned media. iPSC-derived HLCs in the LLoCs
showed a continuous rise in albumin secretion throughout the
entire experimental period (Fig. [5B). While albumin production
peaked higher in Ctrl 1 cultures compared to LLoC cultures, it
started declining from day 19 onwards and reached a lower level
compared to LLoC cultures by the end of the experiment. Ad-
ditionally, Ctrl 2 cultures consistently maintained a lower level
throughout the experimental time frame.

Both LLoC and control iPSC-HLC cultures underwent im-
munofluorescence staining on days 20 and 25 to identify changes
in hepatic markers over time and between culture conditions. On
day 25, around 60% of the cells in 2D cultures, both Ctrl 1 and
Ctrl 2, had died and detached from the well bottoms. Conse-
quently, the immunofluorescence images represent the remaining

immunofluorescence targeting liver-specific markers.

cultures.
When comparing the expression of liver-specific markers on
days 20 and 25, LLoC cultures exhibited higher expression of the
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DAPI AFP ALB

Fig. 4 On-chip differentiated iPSC-derived HLC viability and cell line variability. A) A representative transmission microscopy image depicting
differentiating iPSC-derived HLCs, specifically definitive endoderm (ED) cells, 24 hours after cell seeding into the LLoC. The scale bar is 2000 pum.
B) A fluorescence image displaying differentiating iPSC-derived HLCs within a subsection of a LLoC lobule stained with Calcein-AM (green) and
Ethidium-1 (red) for live and dead cells, respectively, on day 5 of differentiation. The scale bar is 400 um. C,D) Two iPSC lines, UTA.10211.EURCAs
(top row) and UTA.11304.EURCCs (bottom row) were differentiated towards HLCs for 25 days (of which 20 days on-chip), after which they were
fixed and stained for hepatic markers and imaged with Olympus 1X51 Fluorescence Microscope. Nuclei were stained with DAPI and are shown in blue.
C) Both cell lines express alpha-fetoprotein (AFP, green), and albumin (ALB, red). The scale bar is 100 um D) While 10211.EURCAs cell line does
not express alpha-1 antitrypsin (ALAT, green), its expression in 11304.EURCCs cell line is prominent. Both cell lines express liver progenitor marker

cytokeratin 19 (CK19, red). The scale bar is 100 pm.

mature hepatocyte marker albumin (Fig. [5IC), aligning with the
albumin ELISA results. Additionally, the expression of another
mature hepatic marker, A1AT, was more pronounced at the later
time point, indicating ongoing maturation in the LLoC cultures
at least until day 25 (Fig. [5D). Concurrently, the expression of
CK19, a marker of liver progenitor cells, decreased over time in
the LLoC cultures (Fig. [5D), probably due to a more progressed
state of maturation. In contrast, in both iPSC-HLC control cul-
tures, the expression of both A1AT and albumin decreased, and
the expression of CK19 remained constant over the same time
frame, suggesting that the best maturation was reached around
day 20 in the 2D cultures. (Fig.[5IC-D).

Based on these results, which are in line with the hypothesis,
the LLoC support the iPSC-HLCs cultures better than traditional
2D platforms. The impact of detachment on cells is apparent as
indicated by the lower expression of albumin and CK19 in Ctrl

2 cells on day 20 compared to Ctrl 1 cultures. Additionally, the
albumin production levels remain low for the duration of the ex-
periment in the Ctrl 2 cultures. Notably, the LLoC environment
provides sufficient support for the cells to overcome these chal-
lenges, enabling them to surpass the levels observed in Ctrl 1
cultures.

When compared to the HepG2 cultures, the iPSC-derived HLC
cultures exhibit an approximately 50-fold lower production of al-
bumin. This outcome was anticipated, as it has been previously
observed®2, owing to the presence of clonal heterogeneity and
inherent developmental stage of the cells, where iPSC-HLCs may
not have fully matured to produce albumin. Moreover, unlike
HepG2 cells, iPSC-HLCs do not proliferate, which means that the
initial cell count remains static or may even decrease due to hy-
drogel disintegration.

To further validate the in vivo-like environment within the
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Fig. 5 Comparison between differentiated 2D and 3D iPSC-derived HLC cultures. A) The experimental outline of comparing LLoC and 2D control
cultures using iPSC-derived HLCs. The differentiation protocol for iPSC-derived HLCs comprises three stages. At the end of the first stage, when the
cells have reached the definitive endoderm (DE) stage, they undergo one of three conditions: 1) Ctrl 1: allowed to grow without disruption, 2) Ctrl 2:
detached and re-seeded on well plates, or 3) LLoC: detached, combined with hydrogel (HG), and seeded into the LLoCs. The first stage is executed on
well plates for all conditions. The circles on the timeline indicate the days for the albumin secretion assays depicted in B). B) Albumin secretion was
evaluated using human albumin ELISA assays. The iPSC-derived HLCs in the LLoCs exhibited a progressive increase in albumin secretion. Although
the secretion peaked higher in the Ctrl 1 cultures compared to the LLoC cultures, production started to decrease from day 19 onwards and reached a
lower level compared to the LLoC cultures on day 25. Ctrl 2 cultures consistently maintained a lower level throughout the experimental time frame.
C) LLoC, Ctrl 1, and Ctrl 2 cultures were stained for the mature hepatic marker alpha-1 antitrypsin (A1AT, green) and the liver progenitor marker
cytokeratin 19 (CK19, red) on day 15 and day 20 of LLoC culture, corresponding to day 20 and day 25 of differentiation, respectively. The LLoC
culture displayed the most prominent stain of A1AT at the later timepoint. Nuclei are shown in blue. The scale bar is 100 um. D) LLoC, Ctrl 1, and
Ctrl 2 cultures were stained for the hepatic marker alpha-fetoprotein (AFP, green) and mature hepatic marker albumin (ALB, red) on day 15 and day
20 of LLoC culture, corresponding to day 20 and day 25 of differentiation, respectively. The LLoC culture displayed the most prominent stain of ALB
at the later time point. Nuclei are shown in blue. The scale bar is 100 um.

LLoC, we assessed protein expression profiles characteristic of
hepatic zonation. Arginase I, the final enzyme in the urea cy-
cle, is primarily expressed in the periportal region (zone 1) of the
liver lobule®, Immunofluorescence staining (Fig. @) revealed in-
creased arginase I expression near the outer regions of the lobule
mimetics, suggesting zone 1-like functionality. Conversely, glu-
tamine synthetase—responsible for converting ammonia and glu-
tamic acid into glutamine—is typically expressed in the perive-
nous (zone 3) region 7 In our cultures, this marker was predom-
inately found in cells near the LLoC central aperture, mimicking
the central vein, thereby reflecting the in vivo spatial distribution.

This study presents two key outcomes: (1) enhanced hepatic
maturation and long-term viability of iPSC-derived HLCs in 3D
cultures within our LLoC, and (2) successful induction of phys-
iologically relevant zonation in these cells. First, the LLoC sup-
ports extended culture and functional maturation of iPSC-derived
HLCs beyond what is typically observed in standard 2D systems.

12 | Journal Name, [yeat], [vol.], 1

While most 2D HLC cultures deteriorate after approximately 25
days, cells in the LLoC remain viable and continue to mature
over the same period. This is particularly important given that
iPSC-HLCs commonly retain fetal-like characteristics in conven-
tional formats=822, In our system, prolonged culture led to in-
creased albumin production and sustained hepatic marker ex-
pression (Fig. [5[C-D), indicating improved functional maturation.
These findings highlight the LLoC’s potential for overcoming a
long-standing limitation in iPSC-derived liver models.

Second, the LLoC facilitates the emergence of hepatic zonation,
a key feature of liver physiology. The gradient-like and opposing
distribution of arginase I and glutamine synthetase suggests that
the LLoC successfully recapitulates native zonation patterns. In-
terestingly, glutamine synthetase was also detected in deeper re-
gions of high cell density extending toward the periportal area,
further supporting a model in which metabolic consumption, in
concert with the chip geometry, drives zonation. Hence, the for-
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Fig. 6 On-chip differentiated iPSC-derived HLC zonation in artificial liver lobules.

Representative fluorescence microscope images depicting the

expression of the periportal marker arginase 1 (ARGL1, red) and the pericentral marker glutamine synthetase (GS, green) in iPSC-derived HLCs on day
20 of LLoC culture. Nuclei are stained with DAPI and shown in blue. A) A subsection of a lobule showing a typical zonation pattern. B) A subsection
of a lobule depicting zonation with areas of high GS expression on cells not directly in contact with the perfusion channels. The scale bars are 200 um.

mation of these gradients can be explained by the LLoC’s archi-
tecture and material properties. Fabricated from PDMS, the chip
allows oxygen diffusion through both the culture medium and
device surfaces. However, outer cell layers intercept much of
the diffused oxygen, limiting availability to inner, deeper-located
cells. Cells at the bottom of the lobule chamber, primarily in
contact with the glass substrate and surrounded by neighboring
cells, rely more heavily on oxygen delivered via medium perfu-
sion (Fig. 2IC). Since perfusion channels reach only halfway up
the lobule mimetics, lower outer cells are the first to receive oxy-
gen and nutrients, while deeper regions are perfused last. These
regions, therefore, experience nutrient and oxygen depletion but
accumulate signaling molecules secreted by upstream cells. This
is further supported by two observations: (1) cells cultured un-
der static (no-flow) conditions do not remain Viable“ﬂ, and (2) im-
munostaining confirms spatially resolved expression of zonation
markers.

Many earlier hepatic in vitro models rely on gradual condition-
ing of medium by upstream cells, enabling polarization to be en-
forced not only by the oxygenation but by signaling factors se-
creted by the upstream cells into the medium as well. One ex-
ample is the device used by Prodanov et al., a PDMS-based chip
consisting of two superimposed channels separated by a porous
U6l Hepatocytes are cultured in a monolayer in the
lower channel below a collagen gel containing stellate cells, and
the medium only flows in the upper channel, and thus medium
must pass through the layer of endothelial cells and the porous
membrane before reaching the hepatocytes. The endothelial cells

membrane

T A mortality staining under static conditions is available in ESI.

thus impact the oxygenation and composition of the medium fur-
ther below. Another chip by Xie et al.®L, made from folded poly-
imide tape, contains a static-medium hepatocyte 2D culture in
the middle, bounded on either side by a porous membrane sep-
arating the middle channel from a flow channel on either side.
The hepatocytes are grown on the static side of the two mem-
branes, with endothelial cells grown on the flow-channel side of
the membranes. Thus, it creates a similar situation as in the chip
used by Prodanov et al., albeit surrounded by a different material
than PDMS, which affects the oxygenation of the medium. Both
models rely on the medium being primarily conditioned by sinu-
soidal cells on the flow side. The hepatocytes may secrete signal-
ing substances into the medium in the static channel, but this can
diffuse upstream as well as downstream, potentially weakening
the zonation impact.

Alternative designs rely on flow systems exposing the hepato-
cytes to shear and placed adjacent to gas channels. For example,
Tonon et al.®2 designed a PDMS-based device with parallel gas
and flow channels to create a lateral oxygen gradient. Their sys-
tem successfully modulated the expression of liver-specific genes
in 2D cultures of differentiated human embryonic stem cells, in-
cluding albumin, GLUL, and CPS1. Mahdavi et al. 63 advanced
this concept by embedding interwoven gas channels beneath the
culture chamber to produce a tri-zonal pattern of albumin ex-
pression biased toward the periportal region of 2D HepG2 cell
cultures.

In the context of these prior liver-on-a-chip designs, the LLoC
offers a distinct advantage. Unlike these externally controlled
approaches, it generates physiologically relevant gradients in-
ternally, through 3D tissue architecture and intrinsic cellular
metabolism. The inclusion of sinusoid-mimetic channels breaks
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radial symmetry, aligning nutrient and oxygen consumption with
the actual spatial distribution of cells. Although the observed
zonation does not perfectly mirror in vivo patterns, it emerges
from biologically plausible mechanisms that reflect the natural
behavior of hepatocytes in hepatic tissue. Yet another promis-
ing application of the LLoC is its potential to support and per-
fuse 3D spheroids or hepatic organoids with minor design mod-
ifications. A recent study by Wesseler et al.2® demonstrated
organoid zonation by engineering structural features directly into
the chip. Their device consists of 3D-printed hydrogel fibers ar-
ranged in three adjacent chambers, with perfusion sequentially
applied through fibers in one chamber at a time. This configu-
ration establishes serial gradients of oxygen, nutrients, and sig-
naling molecules via diffusion between the fibers and the sur-
rounding organoid culture. As a result, each chamber experi-
ences distinct micro environmental conditions, effectively mim-
icking zones 1-3 of the hepatic sinusoid. Although our approach
differs—relying on intrinsic gradients shaped by chip geometry
and cellular metabolism rather than forced structural pattern-
ing—similar zonation patterns may emerge in spheroids cultured
within the LLoC. The current 3D structures formed in our de-
vice span approximately 5-6 cell layers'iﬂ, which appears to be
a sufficient diffusion distance to generate physiologically rele-
vant metabolic gradients. This suggests that the LLoC could be
adapted to promote zonation in spheroid-based liver models, ex-
panding its applicability to a broader range of tissue-engineered
systems.

4 Conclusions

The advancement of sophisticated in vitro culture systems plays a
pivotal role in expanding the horizons of research in cell differen-
tiation, disease development, and pharmacodynamics. This pro-
gression signifies a paradigm shift from conventional micropat-
terned two-dimensional (2D) coculture systems to more intricate
liver-on-a-chip and liver microphysiological systems, as observed
in the evolution over the past 15 years. Such trajectory offers a
nuanced selection of culture complexity tailored to specific ap-
plications, accommodating both high-throughput studies and the
creation of physiologically relevant environments for detailed in-
vestigations.

Our LLoC emulates the architecture of the in vivo liver lobule,
providing a 3D environment for cell culture along with a phys-
iologically relevant perfusion pattern that supports hepatocyte
function. The successful on-chip differentiation and zonation of
definite endoderm cells, alongside cultures of HepG2 cells, sug-
gest that the perfusion and shear stress levels within the device
are favorable for hepatic maturation—laying the foundation for
more advanced functional studies.

The LLoC’s seeding strategy allows for precise control over the
number of cells introduced into each lobule chamber, avoiding
the use of branched seeding channels that can result in uneven
cell distribution and unwanted deposition in inlet regions. The
design minimizes variability between replicates and ensures con-

T A discoid Z-stack movie of fluorescent HepG2 cells is available via the ESI S6.
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sistency across experiments. When identical seeding conditions
are applied, the device promotes uniform flow rates across all
artificial lobules, and flow parameters can be readily optimized
for specific applications. Additionally, the platform supports both
compartmentalized seeding of different cell types into separate
lobule chambers and sequential seeding within the same cham-
ber, enabling flexible co-culture configurations.

Future work will focus on incorporating co-cultures of
parenchymal and non-parenchymal cells—such as stellate cells
and liver sinusoidal endothelial cells—to better replicate the in
vivo liver microenvironment. This will also support the devel-
opment of disease models that, e.g., reflect various stages of
metabolic dysfunction-associated steatotic liver disease (MASLD),
while preserving key intercellular signaling interactions. Explor-
ing different combinations of cells types may further enhance tis-
sue functionality; for example, a recent study has shown that
iPSC-HLCs co-cultured with HUVECs and human adipose stem
cells in microfluidic systems exhibit improved albumin secretion
and enhanced maturity compared to monocultures®®, indicating
a promising direction for further investigation.

In our investigations, the LLoC demonstrates a distinct gradi-
ent of glucose and medium-borne solutes throughout the artificial
liver lobule. This feature aims to mimic the in vivo phenomenon
5152 resulting in spatial heterogeneity of
cellular phenotypes forming a gradient along the sinusoids. Our
LLoC design replicates this gradient within the artificial lobules,
where cells closer to the perforated walls are exposed to the
medium and its nutrients earlier than deeper-lying cells. Con-
sequently, deeper-lying cells receive medium with reduced con-
centrations of oxygen and nutrients but enriched with secreted
metabolites and signaling substances from the outer cells, influ-
encing their phenotype.

In summary, these findings demonstrate that the LLoC enables
both advanced hepatic maturation of iPSC-derived cells and the
emergence of spatially organized, zonated function within a 3D
culture environment. By supporting on-chip differentiation and
self-organized zonation in a controlled setting, the LLoC offers a
reproducible and scalable alternative to primary hepatocyte cul-
tures, which are often limited by donor variability, availability,
and cost. This makes it particularly well-suited for applications
requiring low inter-experimental variability, reinforcing its value
as a physiologically relevant platform for disease modeling, drug
screening, and personalized medicine applications.

of metabolic zonation
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