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ABSTRACT

In this study, we present a biomimetic liver-on-a-chip (LOC) device inspired by the structural organisation of the hepatic acinus

and developed through COMSOL Multiphysics simulation. The design incorporates antiparallel perfusion channels and micro-

channel barriers to mimic nutrient delivery and bile drainage in the liver, while maintaining physiologically relevant low shear

stress conditions suitable for hepatocyte culture. A truncated LOC model was first used to explore pressure, shear stress, and

concentration distributions, revealing that media perfusion minimally perturbs the cell region while bile flow significantly

impacts nutrient diffusion. Full-scale simulations were then performed, demonstrating key discrepancies with the truncated

model due to length-dependent diffusion effects, emphasising the importance of simulating full geometries in transport-limited

systems. The model was validated experimentally with dye-based flow studies and HepG2 cell culture under dynamic perfusion.

Functional validation confirmed that the LOC supports directional solute gradients and cell growth under controlled shear. This

integrated in silico-in vitro approach provides a robust framework for the design of organ-on-a-chip systems, reducing develop-

ment cycles and improving physiological relevance for drug testing and liver disease modelling.

1 | Introduction

The development of organ-on-a-chip (OOC) systems has advanced
significantly in recent years, offering a promising alternative to
traditional 2D cultures and animal models by better replicating
human tissue microenvironments [1-3]. Among these, liver-on-
a-chip (LOC) platforms have gained prominence due to their poten-
tial in modelling hepatic physiology, drug metabolism, and disease
progression [4-6]. However, accurate recapitulation of the hepatic
microenvironment remains challenging due to the complex inter-
play of structural, biochemical, and mechanical cues present in the
native liver, particularly within the sinusoidal regions [7-11].

In the native liver microenvironment, hepatocytes are exposed to
exceptionally low shear stress, typically less than 1 dyne/cm?, due

to the sinusoidal structure and slow perfusion of blood through
the liver acinus [12-14]. Although hepatocyte shear stress can
span a broad physiological range, the present study focuses on
low shear conditions because these conditions support stable
hepatocyte behaviour and avoid the high flow rates that would
place unnecessary mechanical and operational demands on the
device. This low-shear condition is essential for maintaining
hepatocyte polarity, function, and viability, as excessive shear
forces can induce cellular damage or phenotypic drift [15].
Reproducing such conditions in vitro has posed a major chal-
lenge for LOC development, particularly in balancing adequate
nutrient delivery with minimal mechanical stress. Recent studies
have addressed this by incorporating microfluidic design
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strategies such as porous barriers, staggered channel geometries,
and ultrathin membranes to decouple perfusion flow from the
cell culture chamber. For example, Gori et al. utilised micro-post
arrays to buffer shear forces while enabling directional diffusion
of nutrients, and Zhang et al. implemented a dual-layer flow con-
figuration to simulate sinusoidal flow with reduced mechanical
load on hepatocytes [16, 17]. These innovations highlight the
growing emphasis on fluid dynamic tuning in LOC design,
underscoring the need for precise shear regulation to sustain
liver-specific functions in vitro.

Computational modelling tools such as COMSOL Multiphysics
have emerged as indispensable in the rational design of OOC
platforms, enabling predictive simulations of fluid dynamics,
mass transport, and shear stress distribution prior to physical fab-
rication [18-20].

In this study, we present a COMSOL-guided approach to the
design of a biomimetic LOC that emulates the antiparallel flow
architecture of the liver acinus. The model incorporates micro-
structured flow barrier configurations to achieve physiologically
relevant, low-shear environments essential for maintaining hepa-
tocyte phenotype and function. Using a truncated computational
model, we systematically evaluated pressure, shear stress, and
concentration distributions across a multichannel microfluidic
network. Our simulations confirmed that the LOC design
achieves shear stress levels below 1 dyne/cm? within the hepato-
cyte culture region which is well within the range tolerated by
liver parenchymal cells while maintaining directional nutrient
delivery and waste removal. Importantly, we observed that while
the truncated model successfully predicted fluid dynamic behav-
iour, significant discrepancies in concentration profiles emerged
when compared to a full-scale simulation, underscoring the
critical impact of length-dependent diffusion processes. This
highlights a frequently overlooked limitation in scaled-down
models and emphasises the importance of full-geometry simula-
tion for diffusion-dominated systems such as the liver acinus.

The proposed LOC was fabricated and was subsequently validated
experimentally. Fluid flow and solute transport behaviours in the
fabricated device closely matched the full-scale simulation results.
Furthermore, functional testing with HepG2 hepatocytes demon-
strated successful cell attachment and growth under dynamic
perfusion, confirming the biocompatibility and mechanical appro-
priateness of the design. Altogether, our study illustrates the power
of computational tools in guiding biomimetic microfluidic design
and emphasises the need for simulation fidelity when modelling
transport-limited biological systems. The combined in silico and
in vitro approach reduces trial-and-error iterations and sets a pre-
cedent for the rational development of next-generation OOC
platforms.

2 | Results and Discussions
2.1 | Design of the Biomimetic LOC Model

A biomimetic LOC device was designed based on the gross anatom-
ical and physiological features of the liver acinus, as schematically
illustrated in Figure 1a. The LOC incorporates three primary func-
tional regions: the hepatic artery and portal vein (nutrient supply
channels) and the bile duct (waste removal channel), correspond-
ing to the colour-coded channels shown in Figure 1b. In the native

liver acinus, hepatocytes are exposed to antiparallel flows of
nutrient-rich blood and bile, contributing to their bipolar orienta-
tion and zonal functionality [21, 22]. To replicate this arrangement,
the LOC was designed with opposing media and bile flow streams
to mimic physiological transport gradients and induce region-
specific cellular responses. The top and bottom channels of the
device represent the nutrient-supplying vasculature, while the cen-
tral channel serves as the bile drainage pathway. A fully symmet-
rical layout was adopted to mirror the radial symmetry of the
acinus and to ensure balanced flow dynamics. A range of channel
widths and heights was explored during the early design stage to
understand how geometric changes may influence pressure, shear
distribution, and nutrient transport. These exploratory simulations
confirmed that the overall behaviour of the system remained con-
sistent across the tested geometries. The antiparallel flow architec-
ture continued to maintain low shear conditions within the cell
region, and the transport profiles remained governed by the strong
influence of length dependent diffusion along the full channel.

As shown in Figure 1b, additional microchannels were integrated
along the outer edges of the device to simulate nutrient diffusion
from the media channels into the central cell culture region. The
CAD model of a truncated version of the LOC is shown in
Figure lc. To enhance biomimicry and control fluid transfer,
the upper and lower media channels were narrowed to increase
local pressure and promote directional flow toward the cell cham-
ber. Between the media channels and the central cell region, an
array of microchannels (10 pm wide X 30 pm long X 2 pm high)
was patterned at 2 pm spacing to facilitate passive diffusion while
limiting convective shear. Additionally, another set of microchan-
nels (10 pm X 30 pm X 37 pm) with 10 pm spacing was placed
between the cell region and the bile channel to allow efficient
removal of metabolic waste while preserving low-shear conditions
across the culture area. Although the channel width in the present
design is larger than that of hepatic sinusoids, this choice was nec-
essary to ensure reliable fabrication, stable perfusion, and clear
imaging, and we acknowledge that narrower geometries may pro-
vide improved physiological conditions in future studies.

The design process of our LOC system was guided by a structured
computational workflow, as illustrated in Figure 1d. Beginning
with computer-aided design (CAD) modelling, we developed a
three-dimensional representation of the device’s microarchitec-
ture. Subsequently, we employed COMSOL Multiphysics to sim-
ulate fluid dynamics and mass transport within the LOC,
enabling the calculation of critical parameters such as shear
stress, pressure gradients, and solute diffusion profiles. Prior to
finalising the current design, multiple iterations were conducted
to optimise the microfluidic geometry and operational condi-
tions. This iterative approach was essential, as it allowed for
the identification and rectification of potential design shortcom-
ings before fabrication, thereby enhancing the predictive accu-
racy of the model’s performance. Without such computational
screening, understanding the device’s behaviour and anticipating
experimental outcomes would be considerably more challenging.

2.2 | COMSOL Simulation

As shown in Figure 2, pressure distribution was analysed using
the truncated LOC model, with the bile channel positioned as the
central axis of symmetry. Under equal inlet conditions, the
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FIGURE1 | Design conceptand development process of the biomimetic LOC system. (a) Schematic of the hepatic acinus, the smallest functional unit of
the liver, highlighting zonal blood and bile flow across hepatocytes from the portal vein and hepatic artery toward the central vein. (b) Biomimetic design of
the LOC mimicking antiparallel nutrient and bile flow through interconnected channels: pink (nutrient supply), orange (cell culture), and green (bile
drainage), separated by microchannel arrays. (c) CAD layout of the LOC showing microchannel arrays between compartments. Nutrient-to-cell channels
use shallow microchannels (10 pm x 30 pm X 2 pm, 2 pm spacing), and cell-to-bile channels use deep microchannels (10 pm X 30 pm X 37 pm, 10 pm
spacing) to modulate transport while minimising shear. (d) Iterative design workflow for the LOC involving CAD modelling, simulation using
COMSOL Multiphysics, microfabrication, and experimental testing to optimise physiological performance.
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FIGURE 2 Simulated pressure distribution across the truncated LOC model under varying flow conditions. Pressure contour plots are shown for

combinations of media and bile flow rates: 1, 10, and 100 pL/min for media, and 0.1 or 1 pL/min for bile. The bile outlet channel is positioned at the
centre of the device, serving as the axis of symmetry.
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simulation demonstrated a symmetrical pressure profile across
both sides of the chip, indicating balanced flow behaviour. In
the top row of Figure 2, the bile flow rate was held constant
at 0.1 pL/min, while the media flow rate was increased from 1
to 10 and then to 100 pL/min. Despite this range of media flow
rates, the pressure within the central cell channels remained rel-
atively unchanged. This suggests that the media flow has limited
influence on the pressure experienced by the cultured cells.

In contrast, the bottom row of Figure 2 presents results with the
bile flow rate increased to 1 pL per minute. Under these condi-
tions, the pressure within the cell channels changed more notice-
ably, indicating that bile flow plays a more direct role in
modulating local pressure. This observation is consistent with
the device’s antiparallel flow configuration, where the bile chan-
nel directly interfaces with the cell region through a series of con-
necting microchannels. Given the parabolic nature of laminar
flow in microfluidic systems, fluid velocity is lowest at the chan-
nel walls [23]. Therefore, flow from the outer media channels
contributes minimal mechanical disturbance to the cells, which
is advantageous for preserving cell viability and function.

To gain quantitative insight into the pressure distribution within
the microfluidic channels, pressure values were extracted at a
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vertical height of 18.5pm, corresponding to the mid-plane of
the channel. As illustrated in Figure 3, cutline profiles were plot-
ted at seven distinct x-axis positions: —800, —500, —200, 0, 100,
400, and 700 pm, capturing pressure variations along the y-axis.
These cutlines span all five channels, including the media inlets,
the two cell channels, and the bile outlet. The resulting profiles
consistently show symmetrical pressure distribution across the
device under all tested flow conditions. This symmetry confirms
that the model maintains uniform fluid dynamic behaviour
between the left and right halves of the chip. Under a fixed bile
flow rate, the pressure within the central cell channels remained
relatively stable even when media perfusion rates were varied. In
contrast, the media channels exhibited more pronounced
changes in pressure, particularly at higher flow rates. This obser-
vation further supports the idea that the cell region is shielded
from large mechanical disturbances, which is important for
maintaining cell viability and mimicking physiological shear
environments. These findings confirm that the LOC design
successfully maintains a low-shear environment while allowing
directional flow. The increase in bile flow introduces more sig-
nificant pressure shifts across the cell area, which may be useful
for tuning solute gradients or simulating waste clearance dynam-
ics in future applications.
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Quantitative pressure profiles along the y-axis at various x-positions in the truncated liver-on-a-chip (LOC) model. Pressure was

extracted at a channel height of 18.5 pm (mid-plane) along the y-axis at seven x-positions: -800, —-500, -200, 0, 100, 400, and 700 pm, as indicated

by red lines in the schematic (left). Line plots (right) show pressure distributions across five flow conditions: combinations of media flow rates

(1, 10, and 100 pL/min) and bile flow rates (0.1 and 1 pL/min).
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Shear stress is a critical mechanical cue in organ-on-a-chip
systems, as it influences cell morphology, function, and viability.
Typical OOC platforms are designed to deliver shear stress rang-
ing from 1 dyne/cm” to just under 100 dyne/cm?, which corre-
sponds to ~1-100 dPa [24]. These values are representative of
physiological levels encountered in vascular systems. However,
hepatocytes are known to experience much lower shear stress
in vivo, generally below 1 dyne/cm? [4, 15]. Therefore, achieving
low shear stress is essential for accurately mimicking the hepatic
microenvironment in LOC systems. In our LOC design, shear
stress distributions were evaluated under various flow conditions
to ensure that the mechanical microenvironment remains within
physiologically relevant levels. Similar to pressure analysis, we
observed that higher media flow rates led to increased shear
stress in the perfusion channels. However, the effect on the cen-
tral cell channels was minimal. This was a direct result of the
device architecture, particularly the low-height microchannel
barriers that restrict convective flow into the cell chambers.
These barriers reduce direct shear transmission while allowing
molecular diffusion, thus protecting cells from excessive mechan-
ical stimulation.

Shear stress was analysed at two vertical positions, one at the
bottom of the channel (0pum) and another at the mid-plane
(18.5 pm). These positions were chosen to represent wall-level
and mid-channel conditions, respectively. As shown in Figure 4,
shear stress profiles at these two positions revealed opposite
trends, which is consistent with previously reported simulations
in microfluidic systems. Shear stress is highest near the walls due

to the no-slip boundary condition and gradually decreases
toward the centre of the channel. To focus the analysis on the
cell region, shear stress profiles from the media perfusion chan-
nels were excluded from Figure 4. The results clearly indicate
that the highest shear stress in the cell channels occurred when
media and bile flow rates were set at 100 pL/min and 1 pL/min,
respectively. Under this condition, the peak shear stress within
the cell region reached ~0.7 dyne/cm? or 0.7 dPa, which remains
within the physiological range for hepatocytes. Changes in bile
flow had a more substantial impact on shear stress within the cell
channels compared to changes in media flow. This suggests that
the bile outlet channel plays a key role in modulating mechanical
forces experienced by cells. The narrow 2 pm high microchannels
connecting the media and cell channels functioned effectively as
shear dampers. These structures also serve a dual purpose by pre-
venting unwanted cell migration into the nutrient channels
while still supporting passive nutrient diffusion.

Next, we evaluated the concentration distribution within the
device, which is another critical parameter that influences nutri-
ent availability and cellular response. In our model, nutrient
transport into the central cell channels is primarily driven by dif-
fusion from the upper and lower media supply channels, since
active flow across the microchannel barriers is minimal. To visu-
alise solute distribution, a constant concentration of 1 pL/mL was
applied at both media inlets, while the bile outlet channel was
supplied with a concentration of O puL/mL. This configuration
simulates the effect of using the bile channel as a purging outlet.
As shown in Figure 5, the presence of a zero-concentration sink
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Shear stress profiles across the truncated LOC model under varying flow conditions. Shear stress was computed along the y-axis at two

vertical positions: (left) 0 pm (channel wall) and (right) 18.5 pm (channel mid-height). Each row represents a different bile flow rate: 0.1 pL/min (top) and

1 pL/min (bottom), with media flow rates of 1, 10, and 100 pL/min. Plots show shear stress distribution within the central region of the device. As

expected, shear stress is highest near the wall (0 pm) and lowest at mid-channel height (18.5 pm), reflecting the parabolic velocity profile of laminar

flow.

Advanced Intelligent Discovery, 2026

5of 16

B5UD17 SUOWWOD SARERID d|ceatjdde ayp Aq pausenob a.e 3o VO (38N JO S3INJ 10} ARIq1T UIIUO A3]I/MW UO (SUO1IPUOD-PUR-SLLIALICD"AB|IM AlIq 1 UTIUO//STIY) SUORIPUOD PU SWIB L U1 39S *[9202/50/7T] Uo ARIqITauliuO A3]IM ‘|1PUN0D 421353y DI PUY UiESH [eUOIEN AQ GZTO0SZOZ IPR/Z00T OT/I0p/W0D A8 | Akeiq 1 joulJUO"padUeADe//Sany Woj papeoumoq ‘0 ‘T866EV6T



Qpegia = 1 #L/min
=0.1 pL/min

Qupeic = 10 uL/min
=0.1 pL/min

Q,peqic = 100 puL/min
=0.1 uL/min

Bile

Bile Bile

0.9

0.8

0.7

0.6

Q,eqio = 100 uL/min 0.5
=1 pL/min

QMedm = 1 pL/min
=1 pL/min

Qegio = 10 uL/min
=1 uL/min

QBlIe

Bile Bile

0.4

0.3
0.2

0.1
y

o L.,

FIGURES5 | Simulated concentration distribution across the truncated LOC model under various media and bile flow rates. Concentration contours

are shown for combinations of media flow rates (1, 10, and 100 pL/min) and bile flow rates (0.1 and 1 pL/min), with the nutrient concentration set to
1 pmol/mL at the media inlets and 0 pmol/mL at the bile outlet. At low media flow (1 pL/min), nutrient diffusion into the cell channel is limited,
especially when bile flow is high. Increasing the media flow rate improves concentration penetration into the cell channel, with optimal gradients
observed at 10 pL/min media and 0.1 pL/min bile flow. At the highest media flow (100 pL/min), nutrient concentration approaches uniform distribution

across the cell chamber.

in the bile channel creates a concentration gradient across the
cell channels. Interestingly, this configuration also allows mod-
ulation of nutrient distribution by simply tunning bile flow rate.
Even with varying bile flow conditions, the overall concentration
profiles within the cell regions remained symmetrical, consistent
with the device’s structural symmetry.

Different combinations of media and bile flow rates significantly
influence the nutrient concentration profiles within the cell
channels. In the truncated model, when the media flow rate
was set to 1 pL/min and the bile flow rate to 0.1 pL/min, nutrient
delivery to the cell channels was minimal. As shown in Figure 6,
the maximum concentration achieved under this condition was
~0.075 pmol/mL. When the bile flow rate was increased to
1 pL/min, the concentration dropped further, approaching zero,
indicating that the purging effect from the bile outlet suppressed
nutrient diffusion into the cell region.

Increasing the media flow rate to 10 pL/min significantly improved
nutrient delivery. Under a bile flow rate of 0.1 pL/min, the maxi-
mum concentration in the cell channel reached ~0.7 pmol/mL.
Further, raising the bile flow to 1 pL/min again reduced the peak
concentration to around 0.03 pmol/mL, reaffirming the strong
influence of bile flow on concentration gradients. At the highest
media flow rate of 100 pL/min, the concentration distribution
became more uniform across the cell channel. Under both bile flow
conditions, the maximum concentration approached that of the
media inlet at 1pmol/mL. With the bile flow held at 0.1 pL/
min, the nutrient-rich region expanded, maintaining a broader area
of high concentration within the cell channel. In contrast, when
bile flow was increased to 1 pL/min, the gradient became steeper,
but the peak value remained high due to the strong driving force
from the media inlets.

These results demonstrate that the proposed LOC device can
maintain uniform and tuneable concentration gradients across
the cell culture region, which is essential for applications requir-
ing controlled solute exposure, such as drug diffusion studies,
metabolic zonation, and gradient-guided cell behaviour analysis.
The ability to establish these gradients without introducing sig-
nificant shear or convective flow highlights the effectiveness of
the diffusion-driven architecture in replicating physiological
transport mechanisms. The design allows different experimental
conditions to be applied while keeping flow dynamics consistent
across the device. With pressure remaining constant, solute con-
centration becomes the primary variable, enabling the creation of
internal control groups within a single platform. Furthermore,
the truncated model has been shown to accurately reproduce
both mechanical and mass transport conditions suitable for
LOC systems, supporting physiologically relevant nutrient levels
and concentration gradients required for studying diffusion-
dependent liver functions.

To evaluate the robustness and scalability of the design, a full-
scale CAD model of the LOC was developed and simulated using
COMSOL Multiphysics. While the full-scale simulation required
significantly greater computational resources, the optimised
three-dimensional model allowed successful completion of the
analysis. Encouragingly, the full-scale results were consistent
with those obtained from the truncated model, thereby validating
the reliability and scalability of the design. As shown in Figure 7,
the pressure distribution remained symmetrical when using the
bile outlet channel as the central axis. Under identical inlet con-
ditions, the full-scale model reproduced the balanced pressure
profiles observed in the truncated version. When the bile flow
rate was fixed at 0.1 pL/min, and the media perfusion rate
was varied across 1, 10, and 100 pL/min, the pressure within
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Line profile analysis of concentration distribution across the x-axis at multiple y-positions in the truncated LOC model. Concentration

profiles were extracted along the x-direction at vertical distances of 0, 100, 200, 300, 400, and 500 pm from the base of the cell culture channel. Each plot
represents a specific combination of media (1, 10, or 100 pL/min) and bile (0.1 or 1 pL/min) flow rates. At low media flow (1 pL/min), concentration
penetration into the cell region is minimal, particularly when bile flow is elevated, reflecting a strong downstream sink effect. As media flow increases,
nutrient delivery improves, with the most uniform and physiologically relevant gradient observed at 10 pL/min media and 0.1 pL/min bile. At 100 pL/min
media flow, concentration profiles show near saturation across the region, with steeper gradients observed under higher bile flow.

the cell channels remained relatively unaffected. This confirms
that nutrient flow from the media channels imposes minimal
pressure changes on the cell region. In contrast, increasing the
bile flow rate to 1 pL/min introduced more noticeable pressure
shifts, particularly within the central channels. These results
align with prior findings and further support the conclusion that
bile flow plays a more significant role in modulating the fluid
dynamics near the hepatocyte culture area. The full-scale simu-
lation confirms that the LOC design can maintain controlled and
symmetric flow conditions across a range of flow rates, reinforc-
ing its suitability for physiological modelling and experimental
consistency.

To further quantify pressure distribution in the full-scale model,
pressure values were extracted at a height of 18.5pm, corre-
sponding to the mid-plane of the channel. As illustrated in
Figure 8, line cut profiles were plotted along the y-axis at multiple
Xx-positions: —800, —500, —200, 0, 100, 400, and 700 pm. These
cutlines span across all five channels, capturing pressure varia-
tions under different flow conditions. Across all tested flow com-
binations, the pressure profiles displayed clear symmetry,

indicating that the full-scale model maintains balanced fluid
dynamics along the central axis. Similar to the truncated model,
changes in media perfusion rates had limited influence on the
pressure within the central cell channels when the bile flow rate
was held constant. In contrast, varying the bile flow rate intro-
duced more noticeable effects, confirming its dominant role in
modulating internal pressure conditions. Compared to the trun-
cated model, the full-scale simulation exhibited more stable and
uniform pressure distributions along the channel length. This
enhanced stability is likely due to the extended geometry, which
provides sufficient distance for the flow to fully develop.
Additionally, while the absolute pressure magnitudes increased
significantly in the full-scale model, especially at higher flow
rates, the overall trends remained consistent with those observed
in the truncated version.

The mechanical microenvironment in the full-scale LOC model
was evaluated, where shear stress distributions were analysed at
two vertical positions: 0 pm, corresponding to the channel wall,
and 18.5 pm, corresponding to the mid-plane of the channel. As
shown in Figure 9, shear stress values were plotted along the
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FIGURE7 | Simulated pressure distribution in the full-scale LOC model under various flow conditions. Pressure contour maps are shown for media

flow rates of 1, 10, and 100 pL/min combined with bile flow rates of 0.1 and 1 pL/min. The full-length geometry enables observation of pressure stabi-

lisation along the extended microchannel. As seen in the figure, pressure symmetry is maintained across the bile outlet axis, confirming balanced flow

conditions in the full-scale design. While increasing media flow results in elevated overall pressure within the perfusion channels, the pressure within

the central cell region remains relatively stable. Bile flow, on the other hand, has a more pronounced impact on the cell region’s pressure profile.

y-axis for a central x-plane under various combinations of media
and bile flow rates. The results exhibit consistent trends observed
in the truncated model, with clear differences in magnitude due
to the extended geometry of the full-scale device.

At the channel wall (position = 0 pm), shear stress reached its max-
imum across all tested conditions, which aligns with the expected
no-slip boundary behaviour in microfluidic flows. The highest
shear stress values were observed at the media flow rate of
100 pL/min, with values exceeding 1.3 dPa when the bile flow rate
was set at 0.1 pL/min, and approaching 1.8 dPa at a bile flow rate of
1 pL/min. At the mid-channel height (position =18.5 pm), shear
stress magnitudes decreased significantly in all cases, consistent
with the parabolic flow profile characteristic of laminar systems.
Although shear stress fluctuations were more irregular at this posi-
tion, the overall magnitudes remained within physiologically toler-
able limits for hepatocyte culture. Importantly, the results reinforce
the shielding effect of the microchannel design, which effectively
limits direct shearing within the cell culture regions.

Together, these findings confirm that the full-scale model success-
fully maintains a low-shear environment across a range of perfu-
sion conditions. The device can replicate physiologically relevant
mechanical cues without exposing cells to excessive wall shear
stress, thereby supporting its application for hepatocyte culture
and broader LOC studies. The trends are consistent with the trun-
cated model but provide further confidence thanks to the improved
spatial resolution and stability offered by the extended geometry.
Interestingly, the full-scale model revealed clear differences in
concentration distribution (Figure 10) compared to the truncated

model (Figure 5), highlighting the importance of device length in
diffusion-driven transport. In the truncated model, lower media
flow rates failed to deliver sufficient nutrients to the cell region.
However, in the full-scale simulation, even at a media flow rate of
1 pL/min and a bile flow rate of 0.1 pL/min, the cell channel was
able to sustain a concentration exceeding 0.7 pmol/mL. This
improvement can be attributed to the extended channel length,
which allowed more time and distance for solute diffusion to
establish a gradient across the device.

Despite this benefit, increasing the bile flow rate to 1 pL/min
eliminated nutrient availability in the cell region, mirroring
the outcomes of the truncated model. This confirms that bile flow
acts as a dominant sink, capable of overriding diffusion from the
media channels when elevated. Among all tested conditions, the
combination of 10 pL/min media flow and 0.1 pL/min bile flow
produced the most physiologically representative profile. Under
this setting, the concentration across the cell channel exhibited a
smooth decline from left to right. This transition effectively
reproduces the nutrient gradient from the portal triad to the cen-
tral vein in the native liver acinus. Such a gradient is ideal for
studies involving cell spreading, metabolic zonation, and posi-
tion-specific cell behaviour within the liver-on-a-chip system.

To evaluate nutrient distribution in greater detail, spatial concen-
tration profiles were extracted along the x-axis at several y-positions
across the cell region in the full-scale model. As shown in
Figure 11, the profiles were generated at vertical distances of 0,
100, 200, 300, 400, and 500 pm from the channel floor to capture
concentration variations through the cell culture zone under differ-
ent combinations of media and bile flow rates.
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Quantitative pressure profiles along the y-axis at multiple x-positions in the full-scale LOC model. Pressure was extracted at a height of

18.5 pm (channel mid-plane) along the y-direction at x-positions of —10 000, -6000, -2000, 0, 2000, 6000, and 10 000 pm, as indicated in the schematic (top
left). Each plot represents a specific combination of media (1, 10, or 100 pL/min) and bile (0.1 or 1 pL/min) flow rates.

At lower media flow rates (1pL/min) and low bile flow
(0.1 pL/min), the concentration gradually decreased along the
x-axis with increasing distance from the inlet, consistent with
diffusion-dominated transport. This setup allowed nutrient diffu-
sion through the full length of the chip, with a moderate gradient
spanning from inlet to outlet. However, when the bile flow rate
was increased to 1 pL/min under the same media flow, the con-
centration dropped sharply near the inlet and fell to near-zero
levels throughout most of the device length. This suggests that
the bile outlet exerted a dominant sink effect, pulling solutes
away from the cell region before they could distribute effectively.

At higher media flow rates of 10 pL/min and a bile flow of
0.1 pL/min, the gradient became more stable and linear, extend-
ing from the inlet to the outlet with distinguishable layering at
different y-positions. This configuration effectively established a
smooth and interpretable concentration gradient across the cell
region, suitable for experimental models that aim to study cell
behaviour across nutrient transitions. Conversely, with a bile
flow rate of 1 pL/min, the profiles became compressed, and nutri-
ent depletion was observed earlier along the x-axis, particularly at
positions closer to the channel base.

With the highest media flow rate of 100 pL/min, the effects
became more pronounced. Under low bile flow, concentration

remained near saturation throughout most of the channel, but
under high bile flow, the gradient was skewed and heavily influ-
enced by competitive flushing effects. In this case, nutrient levels
dropped quickly after the inlet, particularly near the lower
regions of the culture channel, suggesting stratification and
reduced distribution depth.

Overall, these full-scale profiles confirm that while higher media
flow enhances nutrient delivery, elevated bile flow significantly
disrupts uniform solute distribution. The results emphasise the
need to finely tune bile outlet flow to avoid excessive dilution
and to preserve functional concentration gradients. The extended
geometry of the full-scale model allowed for these effects to be
clearly resolved and quantified, providing valuable insight into
flow-mediated mass transport dynamics within the LOC system.

2.3 | Validation of the LOC

The master silicon mould was fabricated by the ANFF-SA node
and treated with hexamethyldisilazane (HMDS) to improve the
release properties for soft lithography using polydimethylsilox-
ane (PDMS). Following fabrication, the device was validated
by comparing in silico concentration profiles with experimental
dye flow observations. To visualise solute transport, blue and
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FIGURE 9 | Shear stress profiles across the full-scale LOC model under various flow conditions. Shear stress was computed along the y-axis at two

vertical positions: 0 pm (channel wall) and 18.5 pm (channel mid-plane), as shown in the schematic (top left). Each row of plots corresponds to bile flow

rates of 0.1 pL/min (top) and 1 pL/min (bottom), while each curve represents a different media flow rate (1, 10, and 100 pL/min). At the wall (0 pm),

shear stress peaked near channel boundaries and increased with both bile and media flow rates. At the mid-plane (18.5 pm), shear stress was lower

overall but showed localised fluctuations depending on flow configuration.

yellow food dyes were introduced into the media inlets, simulating
nutrient diffusion across the central cell channel. As shown in
Figure 12a-e, the experimentally observed colour distribution
closely matched the simulated results obtained under a media flow
rate of 100 pL/min and a bile flow rate of 1 pL/min. This agree-
ment supports the robustness of the computational approach. It
is important to note that this agreement in concentration profile
was only observed when comparing to the full-scale simulation,
rather than the truncated model. This highlights the critical role
of length-dependent diffusion dynamics, which are governed by
Fick’s Second Law of Diffusion. According to Fick’s Law, the rate
of mass transport is proportional to the concentration gradient and
the diffusion coefficient, but the spatial extent over which diffusion
occurs is directly influenced by both the time and characteristic

length scale. Specifically, the relationship L « +/Dt, where D is

the diffusion coefficient, L is distance, and ¢ is time, implies that
in shorter systems (like the truncated model), solute diffusion is
artificially constrained, leading to underestimation of nutrient
transport [25, 26]. Thus, full-scale modelling is necessary to cap-
ture physiologically relevant concentration gradients in diffusion-
limited organ-on-a-chip systems.

The LOC architecture also maintained low shear stress levels,
consistent with physiological liver sinusoidal conditions. As pre-
viously discussed, the microchannel design was optimised to
ensure minimal mechanical disruption to cultured cells. For
in vitro studies, a media flow rate of 10 pL/min and a bile flow
rate of 0.1 pL/min were applied to achieve a shear stress of
~0.2 dPa in the cell channel region. Figure 12f illustrates the
experimental setup, which incorporated an Elveflow OB1 pres-
sure controller for precise media perfusion, and a syringe pump
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to regulate bile purge. The outlet flows from all liquid channels
were directed into a shared collection tube to maintain pressure
balance and simplify downstream sample analysis.

To assess the biological performance of the chip, HepG2 cells were
cultured over a 2-day period under continuous perfusion.
Figure 12g presents microscopic images from four longitudinal
regions of the cell channel across Day 0, Day 1, and Day 2.
Initially, cells were randomly distributed across the channel sur-
face. By Day 1, an increase in cell density was observed, with asym-
metry noted between the upper and lower regions of the chip.
Specifically, the left side of the chip exhibited higher cell coverage
in the upper channel, while the right side showed a greater con-
centration in the lower channel. By Day 2, cell growth continued
in all regions, with region 4 showing unexpectedly high cell den-
sity. Interestingly, dense cell accumulation was also observed in
the bile outlet channel. This may have obstructed media flow
and altered local nutrient delivery, thereby contributing to the
abnormal growth distribution. Despite this deviation, the overall
results confirm that the LOC supports hepatocyte proliferation
under both diffusive transport and biomimetic shear stress condi-
tions. The platform demonstrates potential for future studies in
liver physiology, gradient-based cell responses, and drug metabo-
lism modelling in a controlled microfluidic environment.

2.4 | Limitations and Future Perspectives

Our present design uses channels that are wider than hepatic
sinusoids, which limits the ability of the device to fully reproduce
the structural environment experienced by hepatocytes in vivo.
Wider channels were selected to support reliable fabrication, sta-
ble perfusion, and clear optical access, but this choice may reduce
the formation of certain physiological features, such as polarity
cues and bile canaliculi structures. This represents an important
limitation of the current platform. Future work will explore
methods to reduce channel width and introduce structures that
more closely reflect the native sinusoidal environment. This may
include revised fabrication strategies that allow narrower chan-
nels with consistent performance, as well as the introduction of
endothelial cells that provide additional physical and biochemi-
cal guidance. These directions will improve the physiological rel-
evance of the device and strengthen its suitability for advanced
biological investigations.

Our study focuses on the development and validation of a bio-
mimetic antiparallel flow architecture for a LOC system. The
study relies mainly on computational analysis supported by qual-
itative tracer experiments. Although the tracer study confirms
the expected flow behaviour, the work does not include quanti-
tative measurements of velocity fields within the device. This is
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FIGURE11 | Line profile analysis of concentration gradients along the x-direction in the full-scale LOC model. Concentration values were extracted
along horizontal lines at multiple y-positions (-8000, —5000, —2000, 0, 2000, 5000, and 8000 pm) from the central bile axis to assess solute distribution
across the length of the device. Profiles are shown for combinations of media flow rates (1, 10, and 100 pL/min) and bile flow rates (0.1 and 1 pL/min).
The full-scale model revealed smoother and more physiologically relevant gradients compared to the truncated model, particularly at 10 pL/min media
and 0.1 pL/min bile flow, which yielded a continuous decrease in concentration across the cell chamber. Elevated bile flow (1 pL/min) markedly reduced
concentration levels due to enhanced purging, while high media flow (100 pL/min) led to uniform concentration distribution with minimal gradient.

an important limitation of the present design stage because
experimental flow mapping would provide direct confirmation
of the simulated pressure and velocity values and would
strengthen the overall validation of the model. Future studies will
therefore incorporate detailed measurements of fluid behaviour
in the full-length channel system. This will include the use of
particle-based flow tracking or related imaging methods to obtain
velocity field data along the perfusion pathway. These measure-
ments will allow direct comparison with the computational
model and will support refinement of boundary conditions
and simulation parameters. The addition of these studies will
improve confidence in the transport analysis and will guide fur-
ther optimisation of the LOC platform for subsequent biological
and pharmacological applications.

We have established a biomimetic anti parallel flow architecture
and validated its transport behaviour. However, the system
remains a single-unit prototype and is not designed for higher
throughput studies. The fabrication workflow used in this work
supports rapid prototyping, but it does not enable large-scale or
high-volume device production. The reliance on full length

channel geometry also introduces constraints on throughput
because the device operates at a size and layout that favour
detailed transport analysis rather than large scale repetition. As
a result, although the design performs well within the intended
scope of architectural validation, it is not yet suitable for drug
screening applications that require multiplexed or repeated units.
These practical limitations define the current boundary of the
work. Future work will explore pathways to scale the antiparallel
flow design into multiple repeated units that can operate on a sin-
gle substrate. This includes the development of wafer-scale lay-
outs, common inlet and outlet structures, and arrangements
that maintain uniform flow while increasing the number of test
positions. Additional work will also examine the integration of
automated control systems that support continuous perfusion,
imaging, and sampling. These developments will help the device
move from a single unit study to a platform suitable for more sys-
tematic biological or pharmacological investigations. In the longer
term, alternative fabrication approaches using thermoplastic mate-
rials may provide a method to produce larger quantities of devices
with improved consistency. These directions will form the next
stage of the development of the LOC platform.
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FIGURE 12 | Experimental validation of concentration gradients and cell culture outcomes in the LOC device. (a—e) Experimental visualisation of
solute diffusion using blue and yellow food dyes under a media flow rate of 100 pL/min and bile flow rate of 1 puL/min. The distribution of colour closely
matches the full-scale simulation results, confirming the length-dependent nature of diffusion in the LOC. (c) Simulated concentration map overlaid
with regions corresponding to dye images. (f) Schematic of the experimental flow setup, showing pressure-driven media perfusion via Elveflow OB1 and
bile flow controlled by a syringe pump; effluents from both channels were collected in a common tube. (g) Phase contrast images of HepG2 cells in four
longitudinal regions of the cell culture channel over a 2-day period. Scale bars =100 pm.
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The present simulations were performed under cell-free condi-
tions because the physical properties of a confluent hepatocyte
layer, such as permeability, hydraulic resistance, and surface
texture, are not available in a form that allows reliable model
construction. Early attempts to include a representative cell layer
introduced significant meshing and stability problems and
resulted in a large increase in computational load. The aim of
the present work is to establish the behaviour of the architectural
design at the device scale rather than to resolve microscale inter-
actions at the cell interface. Future studies will include measure-
ments of the physical properties of the cell layer so that these
values can be incorporated into refined models that capture
the influence of cellular coverage on flow and transport
behaviour.

The cell culture results presented in this study are limited to qual-
itative observations and therefore do not provide a complete
assessment of hepatocyte function within the device. This limi-
tation reflects constraints in time and resources that prevented
completion of the planned biological evaluation. The present
work therefore, focuses on the computational design process
and uses the cell study only to demonstrate that the device
can support basic culture conditions. Future studies will address
this limitation by including a detailed set of quantitative assays
that measure cell viability, metabolic activity, and functional out-
puts such as albumin and urea production. Additional work will
examine the development of polarity features and the response of
the culture to controlled nutrient conditions within the device.
These studies will provide a more complete evaluation of the sys-
tem and will strengthen the link between the computational
design approach and the intended biological application.

3 | Conclusions

In this study, we presented a biomimetic LOC system designed
through a computationally guided framework. The principal con-
tribution of this work is the development of a biomimetic design
that uses an antiparallel flow arrangement to establish controlled
nutrient gradients across the full length of the culture region.
This architectural feature defines the function of the device
and guides the behaviour observed in the simulations. The
computational workflow is used to support this design by allow-
ing evaluation of transport and flow behaviour during the devel-
opment process. Using COMSOL Multiphysics, we demonstrated
that full-scale simulations are essential for accurately capturing
diffusion-driven transport phenomena, particularly in microflui-
dic systems where nutrient and solute delivery is governed by
passive mechanisms. Our results reveal that truncated models,
while computationally efficient, may introduce significant devi-
ations due to scale-dependent diffusion effects. This finding high-
lights a critical consideration for future researchers when
simplifying geometries in predictive modelling.

The fabricated LOC was experimentally validated and successfully
reproduced low-shear, physiologically relevant flow conditions
that support hepatocyte viability. Its modular design enables
precise control over both flow and concentration gradients, mak-
ing it well-suited for studies involving gradient-driven responses
such as drug dosing, metabolic zonation, and nanoparticle-cell
interactions.

Overall, this work underscores the importance of coupling high-
fidelity simulations with empirical validation to accelerate the
development of organ-on-a-chip systems. By reducing reliance
on trial-and-error and ensuring physiologically relevant microen-
vironments, this integrated approach advances the utility of LOC
platforms in biomedical research and preclinical applications.

4 | Materials and Methods
4.1 | COMSOL Simulation

Fluid dynamics were simulated using COMSOL Multiphysics
(version 6.2, COMSOL Inc., USA). The simulations used the
Laminar Flow physics interface coupled with the Transport of
Diluted Species module to solve the steady-state Navier-Stokes
and convection-diffusion equations, respectively. Fluid was
modelled as Newtonian, with physical properties corresponding
to water at 25°C (density: 1000 kg/m?; dynamic viscosity: 1 mPa-s;
diffusion coefficient: 1 x 10~? m?/s for the solute). Boundary con-
ditions included a fully developed laminar velocity profile at the
inlet (0.1 pL/min, 1 pL/min, 10 pL/min, and 100 pL/min), zero-
gauge pressure at the outlet, and no-slip conditions at all solid
boundaries. A structured physics-controlled mesh was applied,
with local refinement near walls and pillar surfaces to capture
shear gradients accurately. Postprocessing included the extrac-
tion of velocity fields, pressure profiles, wall shear stress
(WSS), and solute concentration distributions. Quantitative com-
parisons of concentration profiles and shear stress gradients were
made across geometries to assess their potential influence on cel-
lular microenvironments.

4.2 | Device Fabrication

The SU-8 master mould was fabricated by ANFF-SA node. Briefly,
the master underwent a two-layer photolithography process to
define multiscale channel features for subsequent PDMS casting.
The fabrication process followed the sequential steps. Silicon
wafers were used as substrates. Prior to lithography, the substrates
were thoroughly cleaned using a standard cleaning protocol to
remove organic and particulate contaminants. Surface treatment,
such as dehydration baking, was performed to improve photoresist
adhesion. A thin layer of SU-8 photoresist was spin-coated to
achieve a thickness of ~2 pm, targeting fine microchannel struc-
tures. The coated substrate underwent soft baking, followed by
UV exposure through a high-resolution photomask using a mask
aligner, MLA. Post-exposure baking and development were per-
formed according to the SU-8 manufacturer’s specifications to form
the initial channel layer. Following development, a primer layer
was uniformly applied over the developed surface to enhance bond-
ing between the first and second SU-8 layers. The substrate was
soft-baked to remove residual solvent. A thicker SU-8 layer
(35 pm) was spin-coated onto the primed surface to form the upper
channel layer. Alignment was carefully performed to overlay this
pattern precisely over the first layer. The fabricated master was
inspected under an optical microscope and a surface profilometer
to verify the lateral dimensions and feature depths of both layers.
Alignment fidelity and structural integrity were also assessed. To
facilitate demolding of PDMS replicas, the master mould was
vapour-treated with hexamethyldisilazane (HMDS) in a desiccator.

14 of 16

Advanced Intelligent Discovery, 2026

B5UD17 SUOWWOD SARERID d|ceatjdde ayp Aq pausenob a.e 3o VO (38N JO S3INJ 10} ARIq1T UIIUO A3]I/MW UO (SUO1IPUOD-PUR-SLLIALICD"AB|IM AlIq 1 UTIUO//STIY) SUORIPUOD PU SWIB L U1 39S *[9202/50/7T] Uo ARIqITauliuO A3]IM ‘|1PUN0D 421353y DI PUY UiESH [eUOIEN AQ GZTO0SZOZ IPR/Z00T OT/I0p/W0D A8 | Akeiq 1 joulJUO"padUeADe//Sany Woj papeoumoq ‘0 ‘T866EV6T



4.3 | Characterisation of Concentration
Distribution

The microfluidic chip was fabricated using standard soft lithog-
raphy process. Briefly, polydimethylsiloxane (PDMS) was mixed
thoroughly in a 10:1 ratio of silicone elastomer to the curing
agent and was degassed in a desiccator. The degassed mixture
was then poured onto the master mould and kept on a hot plate
at 60°C for 3hr for curing. For inlets and outlets, holes were
punched using biopsy puncher (150 mm in diameter) on the
cured PDMS. The final PDMS pattern was bonded to a glass slide
using plasma treatment (Harrick Plasma Basic Plasma Cleaner
115V). Post plasma treatment, the device was placed in an oven
for 2 hr to enhance the plasma bonding.

For the visualisation of concentration distribution, blue and yel-
low coloured food dyes were used. The flow rates were controlled
by Harvard Apparatus syringe pump at 100 pL/min. The bile
channel was supplied with water and kept at 0.1 pL/min for
the duration of the experiment. The chip was imaged using an
optical microscope.

4.4 | Cell Culture and Reagents

The cell line HepG2 was gifted from Dr Nichola Calvani from the
Sydney School of Veterinary Science at the University of Sydney.
The cells were cultured in DEME with 1% (v/v) penicillin-strep-
tomycin and 10% (v/v) FBS. Cells were maintained in 5% CO2
humidified incubator at 37°C. During subculture, cells were
detached by trypsinization when they reached 80% confluency.

4.5 | Microfluidic Operation

HepG2 cells were cultured under continuous perfusion within a
LOC platform designed to mimic the antiparallel flow character-
istic of liver sinusoids, facilitating efficient nutrient delivery and
waste removal. Prior to cell seeding, microfluidic devices were
sterilised by exposure to ultraviolet (UV) light for 20 min, fol-
lowed by flushing with 70% ethanol. Subsequently, the channels
were rinsed thoroughly with sterile phosphate-buffered saline
(PBS) to eliminate residual ethanol. To promote cell adhesion,
a 0.1% gelatin solution was introduced into the channels and
incubated at 37°C with 5% CO, for 30 min. A 20 pL suspension
of HepG2 cells at a concentration of 1.0 x 10° cells/mL (equating
to 2.0 x 10* cells per chip) was carefully introduced into the des-
ignated cell culture regions via the two cell channels. The devices
were then incubated under standard culture conditions (37°C, 5%
CO,) for 2h to facilitate cell attachment.

Post-attachment, continuous perfusion was initiated using the
Elveflow OB1 MK4 pressure controller, renowned for its high
precision and rapid response times. The OB1 system was config-
ured with pressurised reservoirs connected to the media inlets of
the LOC. A flow rate of 10 pL/min of complete culture medium
(DMEM supplemented with 10% fetal bovine serum and 1% pen-
icillin-streptomycin) was maintained through the primary chan-
nel. Concurrently, the bile channel was perfused with DMEM at
a flow rate of 0.1 uL/min using a Harvard Apparatus syringe
pump. To ensure stable and pulseless flow, the OB1 system
was operated in flow rate control mode, utilising an integrated
flow sensor (e.g., Elveflow MFS series) for real-time feedback.

The Elveflow Smart Interface software facilitated the setup
and allowed for the implementation of a proportional-integral-
derivative (PID) control loop, ensuring precise flow regulation.
The microfluidic devices were housed within sterile 150 mm
Petri dishes and maintained in a standard cell culture incubator
(37°C, 5% CO,). Fresh culture medium was replenished daily.
Cell morphology and proliferation were monitored daily for
up to 2 days using phase-contrast microscopy.
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