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Ö Z

İşlevsel hepatositler, ilaç taraması ve sitotoksisite çalışmaları için önemlidir; ancak primer hepatositler, ekimden sonraki 
saatler veya günler içinde işlevlerini kaybeder, bu da in vitro modellerin uzun vadeli değerlendirmelerde kullanımını sınırlar. 

Bu sorunu çözmek için, hücreye özgü işlevleri korumak amacıyla akış koşullarını optimize eden ve mikro topografya içeren 
uzun vadeli hepatosit kültürünü destekleyen bir mikroakışkan sistem geliştirdik. Entegre topografyaya sahip bir mikroakış-
kan çip, litografi ile üretildi ve sayısal olarak karakterize edildi. Akış parametreleri HepaRG hücreleri kullanılarak optimize 
edildi ve hepatositlere özgü işlevler, albümin ve üre testleriyle statik ve akış koşulları altında değerlendirildi. Sistem, HepaRG 
hücrelerini 25 gün, primer makak hepatositlerini ise 5 gün boyunca destekledi. Akış koşulları, metabolik aktiviteyi önemli 
ölçüde artırdı; HepaRG hücreleri, statik koşullara kıyasla 14. günde albümin salgısında 70 kat artış ve üre üretiminde %40 
daha yüksek bir artış gösterdi. Makak hepatositleri ise 5. günde albümin salgısında 120 kat artış sergiledi. Bu optimize edilmiş 
mikroakışkan platform, ilaç taraması ve toksisite testleri için uygun bir araç sunmaktadır.

Anahtar Kelimeler
Yüzey desenleri, kayma gerilimi, organ-on-chip, hepatositler, uzun süreli hücre kültürü.

A B S T R A C T

Functional hepatocytes are essential for drug screening and cytotoxicity studies, but primary hepatocytes lose their spe-
cialized functions within hours to days after seeding, limiting in vitro models for long-term assessments. To address this, 

we developed a microfluidic system that sustains long-term hepatocyte culture by optimizing flow conditions and incorpo-
rating microtopography to maintain cell-specific functions. A microfluidic chip with integrated topography was fabricated 
via soft lithography and characterized numerically. Flow parameters were optimized using HepaRG cells, and hepatocyte-
specific functions were evaluated under static and flow conditions through albumin and urea assays. The system supported 
HepaRG cells for 25 days and primary macaque hepatocytes for 5 days. Flow conditions significantly enhanced metabolic 
activity, with HepaRG cells showing a 70-fold increase in albumin secretion and 40% higher urea production by day 14, and 
macaque hepatocytes exhibiting a 120-fold increase in albumin secretion by day 5 compared to static conditions. This opti-
mized microfluidic platform offers a robust tool for drug screening and toxicity testing.
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INTRODUCTION

The liver plays a pivotal role in metabolism, detoxifi-
cation, and homeostasis, making it a primary focus 

for drug development and disease modeling. Tradi-
tional 2D cultures pawed the way to greatly improve 
our understanding of the liver cell function. To bring 
our understanding to a new level, there is a remaining 
need for better replicating the complexity of the liver 
microenvironment, leading to rapid dedifferentiation 
and functional loss [1,2]. While animal models provide 
closer physiological relevance, species differences and 
ethical concerns limit their utility [3,4]. Recent advances 
in microfluidics and surface engineering have demons-
trated potential to overcome these challenges, allowing 
dynamic and structural cues to maintain hepatocyte vi-
ability and function over extended periods [5,6]. Parti-
cularly, long-term studies emphasize the importance of 
integrating multiple cues to improve the physiological 
relevance of hepatocyte cultures. Spheroid-based mo-
dels extend hepatocyte functionality but lack perfusion 
and consistent access to nutrients [7,8].

Microfluidic liver-on-a-chip systems have been parti-
cularly effective in mimicking the liver’s microenviron-
ment, leveraging controlled flow to recreate physiolo-
gical shear stress and nutrient gradients [9,10]. Devices 
incorporating microfluidic designs have successfully 
sustained hepatocyte functions such as albumin secre-
tion, urea production, and cytochrome P450 activity for 
several weeks, making them invaluable for drug testing 
and disease modeling [11-13]. However, many of these 
platforms do not incorporate additional structural or 
mechanical cues that could further stabilize hepatocyte 
phenotype.

Apart from microfluidic models, a major emerging tool 
has been the surface patterning technology, which can 
regulate cell morphology, polarity, and differentiation 
through mechanotransduction pathways [14-17]. For 
instance, micro- and nano-patterned surfaces have 
been shown to maintain hepatocyte-specific markers 
and metabolic activity by mimicking the extracellular 
matrix [18-20]. Surface designs, including grooves and 
micropillars, direct cellular alignment and promote imp-
roved cell-matrix interactions, resulting in enhanced 
functionality compared to flat surfaces [21,22]. Despite 
these advances, static surface-patterning approaches 
often lack dynamic environmental factors critical for 
replicating in vivo-like conditions. By combining microf-

luidic flow and surface patterning, our novel platform 
addresses these limitations, enabling the investigation 
of how mechanical and biochemical cues jointly influ-
ence hepatocyte dedifferentiation and metabolic per-
formance.

This study introduces a hybrid liver-on-a-chip device 
integrating flow dynamics and engineered surface pat-
terns to achieve sustained hepatocyte function. Thro-
ugh metabolic assays, including albumin secretion, urea 
synthesis, and P450 enzyme activity, we demonstrate 
the superiority of this system in maintaining long-term 
hepatocyte performance, providing a robust model for 
drug discovery and preclinical research.

MATERIALS and METHODS

Fabrication of microfluidic device and surface patterns 
The surface patterns were fabricated in the MicroFab 
Lab facility at the Eindhoven University of Technology. 
The surface patterns were structured in 100 µm-thick 
polystyrene sheets via hot-embossing. We used stan-
dard photolithography to transfer surface patterns 
from mylar photomask (CAD/Art Services, Portland, 
USA) to an SU-8 mold. To achieve this, a 10 µm-thick 
SU-8 2010 layer was spincoated on a cleaned silicon 
wafer. We applied manufacturer’s sheet (MicroChem, 
Germany) for applying spin rate, UV exposure dose, 
pre- and post-baking temperature and time in order to 
generate the patterns. The SU-8 coated wafer was pre-
baked at 65°C for 5 minutes, exposed at 125 mJ cm-2 
(dose of 20 mW.cm-2), and post-baked at 95°C for 3.5 
minutes. The structures were developed using MR-600 
developer (MicroChem, Germany). Finally, the SU-8 
structures were treated with Trichloro(1H,1H,2H,2H-
perfluorooctyl) silane (Sigma, Cat.: 448931) overnight. 
Next, PDMS (Sylgard®184) was prepared using 10:1 
(w/w) elastomere base and curing agent, respectively. 
After degassing, the mixture was poured on SU-8 temp-
late and cured overnight at 65°C. A 1.5 mL OrmoStamp 
solution (MicroChem, Germany) was sandwiched bet-
ween the PDMS template and a Borofloat wafer, which 
was spin-coated at 3000 rpm for 30 s with OrmoPri-
me08 (MicroChem, Germany) and baked at 150°C for 
15 min. No air bubbles were left in the OrmoStamp solu-
tion at this stage. After 20 min, the sandwiched solution 
was exposed to UV light at 365 nm at a dose of 1000 
mJ cm-1 and intensity of 20 mW cm-2. PDMS template 
was peeled off, and the polymerized OrmoStamp was 
had baked at 130°C for 30 min. The final thickness of 



M. Dekker et al / Hacettepe J. Biol. & Chem., 2025, 53 (3), 57-69 59

the OrmoStamp was measured as 150 µm. To enhance 
the detachment of the polystyrene after hot embossing, 
the Ormomould was plasma treated (Emitech K1050X, 
Germany) and silanized overnight. The OrmoStamp was 
brought in contact with a polystyrene sheet and hot 
embossed (Specac, Atlas Manual Hydraulic Press, Net-
herlands). The polystyrene sheet was heated above the 
glass transition temperature to 140 °C. After 5 minu-
tes a hydraulic pressure of 5 tonnes was applied. The 
temperature and pressure were kept constant for 10 
minutes before lowering the temperature to 90 °C. The 
pressure was reduced after reaching 90 °C. The polys-
tyrene sheet was peeled off from the OrmoMould and 
treated with oxygen plasma at 50 Watt for 30 seconds.

The microfluidic chips were also fabricated in the Mic-
roFab Lab facility at the Eindhoven University of Tech-
nology. The microchips were made of PDMS and pre-
pared using SU-8 templates, which were produced as 
described above. SU-8 2100 was used to structure the 
channels with 500 µm height. PDMS layer was fabrica-
ted using PDMS mixed in a 10:1 ratio of silicone elasto-
mer and curing agent. After mixing and degassing, the 
PDMS was cast on a SU-8 master mold and cured in the 
oven at 65°C for 35 minutes. After 35 minutes, the par-
tially-cured PDMS was cut using a blade and the inlets 
were punched. The three layers, glass, polystyrene and 
PDMS, were bonded to assemble the chip. Figures S1 
and S2 show the assembly steps of the chip. The back-
side of the polystyrene was glued to the microscope sli-
de with Norland Optical Adhesive 81 (NOA81, Norland 
Products, USA) and exposed to 300 mJ.cm-2. The polys-
tyrene placed on the glass layer was plasma treated at 
500 Watt for 30 seconds to clean the surface. Punched 
PDMS containing the microchannels was stamped on 
a thin layer of uncured PDMS, that was spin coated at 
3000 rpm with 800 rpm acceleration for 60 seconds 
and placed on the polystyrene. The top of the polys-
tyrene contained the surface patterns with an area of 
1.17 x 0.31 cm. The microchannel was placed on this 
area. After the assembly, the PDMS layer was fully cu-
red at 65 °C overnight. 

The dimensions of the microfluidic device were 10000 
x 5000 µm (width x breadth). The height of the chip 
was measured 520 µm using DektakXT (Bruker, Nether-
lands). The total volume of the chip was approximately 
28 µL. The chips used for the cell culture experiments 
were sterilized using 70% Ethanol and washed with 
Phosphate-buffered saline (PBS) and culture medium. 

The tubes (Masterex Tygon Microbore Tubing, Sweden, 
OD = 1.52 mm, ID = 0.51 mm) were autoclaved before 
the cell culture.

Hepatocytes cell lines, seeding and culture 
For the optimization study, HepaRG cells (kindly provi-
ded by Hubrecht Institute, Utrecht) were cultured under 
static and flow conditions in the chip on surface patterns 
and at flat surfaces. The seeding density was optimized 
for maximum viability of the cells in the chips and was 
2.7x104 cells cm-1. The cells were cultured in William’s E 
Medium with glutamax (Gibco, 32551020, Netherlands) 
supplemented with 10% fetal bovine serum (FBS), 1% 
penicillin/streptomycin mix (Pen/Strep), 50 mM Hydro-
cortison Succinate (Sigma-Aldrich, H2270, Netherlands) 
and 5 g mL-1 insulin (Sigma-Aldrich, I2643, Netherlands). 
For the urea assay and CyQuant assay experiments the 
cells were cultured in William’s E Medium with no phe-
nol red (Gibco, A1217601, Netherlands) with the same 
additives and 5 g.mL-1 L-Glutamine. The medium was 
collected on days 3, 8, 14, 20, 25, and 30 for static con-
ditions and only on day 8 and 14 for flow conditions for 
the analyses of albumin and urea concentrations. The 
collected medium samples were stored at -20 °C until 
further analysis. For the CyQuant assay, the cells were 
trypsinized and the cell pellet was stored at 80 °C for 
a maximum of 28 days. The cells were fixed on day 4 
under static and flow conditions on a flat surface and 
on day 8 under static condition on surface patterns. The 
volume of the static chip was enlarged with 200 µL pi-
pette tips in the inlets and outlets, functioning as medi-
um reservoirs. The medium was refreshed every two to 
three days. The volumetric flow in the flow conditions 
was 500 µL h-1. The volumetric flow was applied using 
a syringe pump (Harvard Aparatus, PHD Ultra syringe 
pump, Germany) that was extended with a rack to pla-
ce 10 syringes simultaneously. The cells were seeded in 
the chips under static condition via the inlet of the chip 
using a pipette, also for the flow conditions, the cells 
were attached to the pump after 24 hours under static 
conditions.

For the proof-of-concept study, cryopreserved primary 
macaque hepatocytes (PMH) (kindly provided by Hub-
recht Institute, Utrecht) were cultured under static and 
flow conditions in the chip on surface patterns and at 
surfaces. After thawing, the cells were suspended in 
William’s B Medium: William’s E medium (Invitrogen, 
32551-087, Netherlands) with 10% Human Serum A+, 
pooled, heat inactivated (Sanquin, the Netherlands), 1% 
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100X Pen/strep (Invitrogen, 15140-122, Netherlands), 
1% 100X Insulin/-transferin/selenium supplement (In-
vitrogen, 41400-045, Netherlands), 1% 100 mM sodi-
um pyruvate (Invitrogen, 11360-036, Netherlands), 1% 
100X MEM-NEAA (Invitrogen 11140-035, Netherlands), 
0.1 M hydrocortisone (Sigma, H0888, Netherlands) and 
0.1% 2-mercaptoethanol (Invitrogen, 31350-010, Net-
herlands). The cells were washed with a 36% Percoll gra-
dient to remove the dead cells. The cells were seeded 
at 2.1x105 cells cm-1 in William’s B medium. The medium 
was changed to William’s D medium (William’s B medi-
um plus 2% DMSO, Sigma, P1860, Netherlands) after 24 
hours of incubation at 37°C, 5% CO2.

The PMH are seeded on collagen coated surfaces in 
standard culture conditions. For this reason, the PMH 
were seeded in collagen coated commercially available 
96 well-plates (Perkin Elmer, 96 well Cell Carrier Ultra, 
60055700, USA), following the standard protocol. To 
observe the cell behavior on the surface patterns and 
at surfaces, the cells were seeded on the surface pat-
terns and at surfaces in a 24 well-plate with and without 
a collagen coating. Finally, the cells were seeded in the 
microfluidic chip on the surface patterns and flat surfa-
ce with a collagen coat. The surfaces were coated with 
a collagen solution of 5 mg mL-1 collagen (Rat tail colla-
gen type 1, Advanced Biomatrix 4mg mL-1, 5056, USA) 
in 0.02M acetic acid in MilliQ water. Depending on the 
area, 5 µg.cm-2 was applied.

Functional assessment of hepatocyte metabolism
We evaluated hepatocyte function via viability, albumin 
and urea assays, fluorescence staining, and morphologi-
cal analysis. To monitor the cell viability and attachment 
of the cells in the chips under static and flow conditions, 
EVOS™ XL Core Imaging System (Netherlands) was used.

Human albumin ELISA (Thermo Fisher, EHALB, Nether-
lands) was used to quantify the concentration of albu-
min secreted by the cells. The albumin ELISA assay was 
performed according to the manufacturer’s protocol. 
The samples were collected from the medium reservoir 
pipette tips (static condition) and for two hours (flow 
condition). A standard dilution series was prepared for 
every ELISA assay ranging from 1200 ng mL-1 to 4.915 
ng mL-1. The sample dilution was determined by running 
the ELISA assay with a dilution series of the sample (2x, 
10x, 20x, 40x and 100x) and 100x diluted samples were 
used for the measurements. The absorbance was read 
at 450 nm within 30 minutes after adding the stop solu-

tion with the plate reader (BioSPX, BioTek Synergy HTX).

The concentration of urea in the collected medium 
samples was quantified using a colorimetric urea assay 
(Bioassaysys, DIUR-100, Netherlands). To prevent inter-
ference, the assay was performed with cells cultured in 
medium with no phenol red. For the assay, 50 µL samp-
le, 50 µL of urea 5 mg.dL-1 and 50 µL water (blank) in 
duplicates were transferred into different wells. 200 µL 
working reagent was added to the wells and incubated 
for 50 minutes at room temperature. The optical den-
sity was read at 430 nm with the plate reader (BioSPX, 
BioTek Synergy HTX).

We quantified the cell number for the normalization of 
albumin and urea assays using a CyQuant kit (Thermo 
Fisher, C7026, Netherlands). The cells were seeded in 
medium containing no phenol red to prevent interfe-
rence in the measurements. The cells were washed two 
times with PBS and incubated with 28 µL trypsin for 10 
minutes. After the first incubation, an empty 200 µL pi-
pette tip was placed in the outlet, and afterwards 200 
µL was pushed into the chip via the inlet with a pipette. 
The medium was caught in the empty pipette tip. The 
medium was pushed back and forth with the pipette 
at least 10 times to detach all cells. The cell suspension 
was centrifuged for 5 minutes at 1500 rpm in a micro-
centrifuge. The cell pellets were kept at -80 °C for at 
least 12h. After thawing the pellet 200 µL CyQUANT GR 
dye/cell-lysis buffer was added, and the  fluorescence 
was measured at 480 nm excitation and 520 nm emissi-
on maximum with the plate reader. 

Fluorescence images were made to further characteri-
ze cell behavior on the chip. The HepaRG cells were was-
hed with PBS and fixed in 3.7% Formaldehyde in PBS for 
20 minutes at room temperature. The cells were per-
meabilized with PBS-Triton X-100 0.5% for 10 minutes 
at room temperature. The HepaRG cells were stained 
with Phalloidin (1:250) and Dapi (1:500) for 25 minutes. 
After all steps, the cells were washed three times with 
PBS. Images were captured using the Zeiss Axio Obser-
ver 7-Apotome (Germany).

The PMH the cells were  fixed in 4% Paraformaldehyde 
in PBS for 30 minutes. The cells were stained for Phal-
loidin, Dapi. After washing the cells with PBS, the cells 
were incubated with the primary antibody (1:50) dilu-
ted in dilution buffer (0.15 g Triton X-100 and 0.5 g BSA 
in 50 ml PBS) at 4 °C overnight (approximately 20 hours) 
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and washed with PBS. Then the cells were incubated 
with the secondary antibody (Goat anti-Rabbit AF568, 
Invitrogen, A-11011) (1:1000), Phalloidin (1:400) and 
Dapi (1:500) at room temperature for 1.5 hours. The 
samples that were only stained for Phalloidin and Dapi 
were permeabilized with PBS-Triton X-100 0.5% for 10 
minutes at room temperature and washed two times 
for 5 minutes with PBS and then stained with Phalloidin 
(1:400) and Dapi (1:500) for 1.5 hours. The cells on the 
polystyrene surfaces and in the chips were mounted. 
The chip samples were mounted by removing the PDMS 
microchannel and mounting a glass cover slide with 
Mowiol on top of the cells. The cells were imaged thro-
ugh the cover slide, so the sample was placed upside 
down in the microscope. The volumes used to stain the 
cells in the chips were adjusted to the maximum volume 
of the chip (28 µL). The chips were washed by slowly 
rinsing the chip three times with 1 mL PBS.

Quantification of cell viability
The viability assay was performed to determine the 
viability of the cells in the chips under static and flow 
conditions on day 5 after seeding. The cells seeded in a 
24 well-plate were used as the control group. The cells 
were stained with Dapi and Propidium iodide (Molecu-
lar Probes, P3566) (PI). 1 mM reagents in DMSO solution 
of both stains were diluted in warm sterile medium with 
1:100 ratio and added to the cell culture. The cells were 
incubated for 30 minutes at 37°C, 5% CO2. Afterwards, 
the cells were incubated with a solution of PI in warm 
medium (1:100) for 20 minutes. The cells were washed 
three times with PBS after each staining step.

Simulation of shear stress and fluidic conditions in 
microfluidic device
The design is a simple chamber with one inlet and one 
outlet. The cell culture chamber of the chip is 1.5 cm 
(length) x 0.5 cm (width) x 500 µm (height). COMSOL 
Multiphysics software is used for simulating the flow 
and shear conditions in the chip with a volumetric flow 
of 500 µL.h-1, where creeping flow, laminar flow and 
transport of diluted species modules were used in si-
mulations. In the creeping flow module, we applied 
steady flow, incompressibility, negligible inertial forces 
and shallow channel approximation conditions. For the 
laminar flow, we applied steady flow, incompressibility, 
and a shallow channel approximation [23]. 

Statistical analysis
Statistical analysis was performed with Jamovi (versi-
on 2.2.5). Two-way ANOVA test was performed for the 
image analysis where more than two conditions were 
compared. Shapiro-Wilk test and Q-Q plot were used to 
determine the normality of the data. Tukey’s multiple 
comparison test specified the differences between the 
conditions. The significance threshold for all tests was 
p < 0.05. Unpaired t-test was performed to analyze two 
independent groups with equal variance.

RESULTS and DISCUSSION

Enabling long-term hepatocyte culture in the surface 
pattern-embedded microfluidic chip 
The relevance and predictive accuracy of an in vitro liver 
model largely depend on the choice of cell source. Pri-
mary hepatocytes are widely regarded as the gold stan-
dard for in vitro liver models due to their representative 
metabolic activity and comprehensive hepatic functio-
nality. However, their functionality declines rapidly un-
der conventional culture conditions [24].

To address this challenge, we developed a microfluidic 
system designed to sustain hepatocytes for long-term 
studies. This system features a dual-function design: it 
provides a physiologically relevant shear rate and mo-
dulates cell behavior using repetitive surface patterns. 
Under these optimized conditions, we successfully pre-
served hepatocyte functionality for 25 days. The mic-
rofluidic chip includes a culture chamber measuring 1.5 
cm (length) × 0.5 cm (width) × 500 µm (height) (Figure 
1A). Embedded within the cell-growth area at the bot-
tom of the channel are surface patterns with a height of 
10 µm (Figure 1A, 1B), which contribute to the mainte-
nance of hepatic functionality by mimicking key aspects 
of the native microenvironment.

We fabricated repetitive surface patterns on a polys-
tyrene substrate using an SU-8 mold (Figure S1). The 
seeding area of the chip measures approximately 1.5 by 
0.5 cm, with the chips having rounded edges. The sur-
face patterns were arranged in a rectangular pattern 
measuring 1.17 by 0.31 cm to fit within the microfluidic 
chip, leaving a small border for attaching the polystyre-
ne sheet to the polydimethylsiloxane (PDMS) culture 
chamber (Figure 1A). The quality and shape of the sur-
face patterns were assessed using SEM and DektakXT. 
The surface pattern used in this study was selected be-
cause it has been shown to delay the de-differentiation 
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of primary human hepatocytes [25,26]. Figure 1A illust-
rates the PDMS stamp created from the SU-8 mold. The 
final surface pattern was imprinted onto polystyrene 
sheets (Figure S2). Edge sharpness and finer structural 
details were partially transferred during lithography 
and Ormocomp molding processes. Nevertheless, the 
imprinted structures maintained sufficient spacing bet-
ween features to trap and confine cells, preserving their 
round morphology Figure 1B). The final measured he-
ight of the surface patterns was 8 µm. 

Next, we fabricated and characterized microfluidic 
chips. To achieve various shear stress conditions in the 
microfluidic chips, an SU-8 master mold with 520 µm 
height was fabricated. This height provided the optimal 
balance of minimal shear stress and maximum nutrient 
perfusion, which are critical for sustaining cell viability 
and functionality. Hepatocytes are highly sensitive to 
shear stress exceeding 0.03 Pa [27], although low she-
ar rates are beneficial for maintaining hepatic functi-
ons[28,29]. To support hepatocyte functionality, we 
applied low shear stress by directly flowing the culture 
media over the cells.

To optimize the conditions, we simulated the flow ve-
locity, shear rate, and shear stress in the microfluidic 
channel using the following equations: 

v=Q/A, γ=v/x
τ=γ*μ

where v is the flow velocity, Q is the volumetric flow 
rate; A is the cross-sectional area of material with area 
parallel to the applied force vector, γ is the shear rate, 
τ is the shear stress and µ is the dynamic viscosity of 
the flow. Given the inlet area of 2.78 x 10-4 m2, we cal-
culated the inlet velocity as 5.0 x 10-7 m.s-1. Based on 
this input, the numerical studies (Figure 1C) confirmed 
a homogeneous, laminar flow within the microfluidic 
chip, with no turbulence or backflow. The shear stress 
profile, as expected, exhibited a downward parabolic 
shape due to friction between the fluid and the chan-
nel walls caused by the no-slip boundary condition. The 
maximum shear stress was calculated to be 1 x 10-4 Pa, 
which is 300 fold lower than the threshold shear stress 
that hepatocytes can physiologically tolerate [27]. To 

Figure 1.  The long-term liver on chip. (A) The schematic view of the microfluidic chip containing the cell culture chamber, inlet and 
outlet. The cell culture chamber consists of polystyrene surface patterns that were fabricated by transferring the designed patterns 
onto an SU-8 mold, PDMS, and polystyrene material, accordingly. (B) The cultured hepatocytes under static and fluidic conditions on 
flat and patterned surfaces. The hepatocytes were artificially colored red and the surfaces were colored green for the ease of obser-
vation. (C) Numerical modeling of the flow rate (top) and shear stress (bottom) in the cell culture chamber. The red line indicates the 
local profiles of these parameters.
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experimentally confirm the numerical results and to 
visualize the flow direction and speed, the chip was 
perfused with PBS solution containing 2 µm diameter 
fluorescent beads emitting a FITC signal. The imaged 
area was 903 × 903 µm, with a frame interval of 30 ms. 
The 200 µm-high chips were perfused at a flow rate of 
1000 µL/h. The calculated flow velocity in the center of 
the chip was 2.78 x 10-4 m.s-1, which closely matched the 
numerically characterized value of 2.5 x 10-4 m.s-1.

We integrated the polystyrene-made repetitive surface 
patterns into PDMS chip as the next step. We started 
the assembly by bonding the underside of the polys-
tyrene surface to a microscope slide using Norland Op-
tical Adhesive 81 (NOA81). This biocompatible, trans-
parent adhesive forms a hard polymer when exposed 
to UV light. To incorporate the surface patterns on the 
top side of the polystyrene into the microfluidic chip, 
PDMS cell culture chamber needed to be bonded to the 
polystyrene sheet. However, due to PDMS’s low surfa-
ce energy, this bonding process required a multi step 
procedure. First, the surfaces of both materials were 
treated with oxygen plasma, which cleaned and activa-
ted the surfaces by generating highly reactive oxygen 
radicals, reacting with organic molecules on the surface 
to create silanol groups. This process increased the wet-
tability and hydrophilicity of the materials, facilitating 
adhesion. Next, we used a thin layer of uncured PDMS 
as the bonding medium. The uncured PDMS was spin-
coated onto a glass slide at 3000 rpm to assemble a 
uniform layer. The PDMS chambers were then stamped 
into this uncured PDMS layer before attaching them to 
the polystyrene. To strengthen the bond, PDMS was 
partially cured by placing it at 65°C for 35 minutes. Fi-
nally, the partially cured PDMS was cut into rectangles 
and punched with a 2 mm diameter punch, slightly lar-
ger (by 0.49 mm) than the outer diameter of the tubes 
(1.51 mm) to account for the hourglass-shaped punched 
holes. The punched PDMS was subsequently stamped 
into the uncured PDMS and bonded to the polystyrene 
sheet. This method proved successful to assemble the 
microfluidic chip for flow condition experiments witho-
ut leakage problems.

Optimization of the surface pattern-embedded mic-
rofluidic chip for long-term experiments using He-
paRG cells

We optimized the static and fluidic cell seeding con-
ditions using HepaRG cells. The seeding density was 

selected to be 2.6 x 104 cells.cm-2 in line with the re-
commended seeding density by the supplier [30]. Cell 
viability was quantified using CellProfiler, analyzing six 
images taken randomly from each sample per condi-
tion. HepaRG cells cultured in a well-plate served as 
positive control. The negative control consisted of cells 
incubated with 50% DMSO for 2 hours prior to staining. 
Results showed that cell viability in both the positive 
control and the chip under fluidic conditions exceeded 
95%, while viability in the negative control was below 
5% (Figure S3). These findings confirmed that the opti-
mized flow conditions supported cell survival within the 
microfluidic chips [25,26].

The chips under static conditions confirmed the bio-
compatibility of the microfluidic platform, aligning with 
previous studies that demonstrated improved hepa-
tocyte viability when exposed to flow conditions [31,32]. 
We thus hypothesized that introducing a low perfusion 
rate of 50 µL.h-1 would enhance cell viability while reta-
ining the function. Accordingly, the chips were connec-
ted to the pump 6 hours after seeding, as cell attach-
ment occurred within this time frame in our preliminary 
experiments. The cells were initially exposed to a flow 
rate of 50 µL.h-1, which corresponded to a shear stress 
of 4 x 10-4 Pa and flow velocity of 5.5 x 10-6 m.s-1 in the 
center of the channel. At this rate, the medium in the 
chip was refreshed approximately 0.08 times per minu-
te. For comparison, control groups were cultured under 
static conditions. The morphology of HepaRG cells un-
der static conditions was comparable to cells cultured 
in previous well-plate experiments on day 3 (Figure 2A). 

Under static conditions, cells formed a continuous mo-
nolayer (Figure S4A, S4B) and reached confluency by 
day 20 on flat surfaces, with cells showing a cuboidal, 
biliary-like morphology. Cells on surface patterns reac-
hed confluency by day 25, but most retained a cuboidal 
morphology, and hepatocyte islands were not clearly 
distinguishable (Figure 2). In fluorescent images of the 
static condition, the cells on flat surfaces had larger, 
round nuclei, some of which were marked by cortical 
actin, and appeared more tightly packed compared to 
those on the surface patterns (Figure S4A). Cells on 
surface patterns were deformed by the structures and 
had smaller, brighter nuclei, possibly indicating higher 
metabolic activity, as brighter nuclei can suggest less 
condensed chromatin and active transcription [33,34]. 
However, differentiation phenotypes were not clearly 
visible on surface patterns, and hepatocyte islands for-
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med more slowly compared to flat surfaces.

In contrast, perfused cells reached full confluency by 
day 8 on both flat surfaces and surface patterns un-
der fluidic conditions. The bright-field images (Figure 
2, Figure S4) showed that structures resembling hepa-
tocyte islands appeared on day 8 but disappeared by 
day 14. Morphology under fluidic conditions differed 
from static conditions: elongated cells began aligning 
by day 8, while smaller cuboidal cells appeared in ot-
her areas, suggesting cellular adaptation to the fluidic 
environment. By day 14, the alignment of cells perpen-
dicular to the flow direction was more evident. Fluores-
cent imaging under fluidic conditions revealed that the 
cells were more elongated and separated, with longer 
actin fibers. The nuclei were significantly (p = 0.0001, 
n = 1000) larger and more elongated than those under 
static conditions, with a higher eccentricity value, indi-
cating more elongated shapes. The alignment of nuclei 
and cells in the direction of flow, starting from day 8, 
was consistent with the morphological changes obser-
ved in the bright-field images (Figure 2, Figure S4).

Further analysis showed that the cells under fluidic 
conditions adapted to the surface patterns differently. 
Cells on the flat surfaces were more cuboidal with large 
round nuclei, while cells on the surface patterns were 
deformed by the structures and had smaller nuclei (Fi-
gure S4). In denser areas of the surface patterns, the 
cells rested more on top of the structures, while in less 

dense areas, the cells appeared more spread out. Inte-
restingly, the nuclei of the cells on the surface patterns 
were brighter than those on flat surfaces, suggesting 
that these cells might have a higher metabolic activity. 
The intensity of Dapi staining, which is higher in less 
condensed chromatin [33,34], further supports this 
hypothesis. These findings suggest that HepaRG cells 
exhibit distinct morphological adaptations depending 
on the culture conditions, with flow conditions pro-
moting alignment and elongation of cells and surface 
patterns influencing nuclear morphology and possibly 
metabolic activity. We observed slower differentiation 
in on-chip experiments under both static and fluidic 
conditions compared to well-plate experiments, yet the 
results demonstrate the suitability of the platform for 
long-term HepaRG culture.

To assess the metabolic function of HepaRG cells under 
static and fluidic conditions, medium samples were col-
lected to quantify albumin and urea production. Static 
conditions and well-plate experiments served as cont-
rols. Waste medium was collected to quantify albumin 
and urea production by the HepaRG cells under both 
static and fluidic conditions. We hypothesized that flu-
idic conditions would enhance the metabolic functio-
nality of the HepaRG cells. Albumin secretion was nor-
malized for dilution, cell number, and sample collection 
duration, while urea concentration was normalized for 
cell number and collection duration to allow compari-
son with well-plate experiments. For comparing static 

Figure 2.  Bright field images of the HepaRG cells cultured in well-plate, static chips, and chips under fluidic conditions. (A) Long-term 
hepatocyte cell culture on flat surfaces, (B) long-term hepatocyte culture on patterned surfaces. The scale bar is 100 µm in all images. 
Letter D denotes the duration of the experiment in days.
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and fluidic conditions, concentration values were also 
normalized to sample collection time.

Albumin secretion under static conditions, measured 
on days 8, 14, 20, 25, and 30 (Figure 3A), followed a 
similar trend to well-plate experiments, as expected 
[25,26]. Albumin secretion increased until day 14 and 
then dropped on day 20, corresponding to the transiti-
on of HepaRG cells from the proliferation phase to the 
differentiation phase. Lubberstedt et al. found that al-
bumin secretion in HepaRG cells peaked at day 7 and re-
mained stable through day 14 at an average rate of 3.3 
µg.day⁻¹ 10⁻⁶ cells [35]. On day 14, albumin secretion in 
the static chip was 70 times higher than that reported 
by Lubberstedt et al. and 300 times higher than in the 
well-plate experiments. This discrepancy is likely due to 
the higher oxygen supply in the gas-permeable PDMS 
chips compared to the limited oxygen environment in 
the polystyrene well-plates, which may improve the 
metabolic function of hepatocytes [36].

The urea production by the HepaRG cells under static 
conditions decreased after day 14, following a similar 
pattern to the well-plate experiments, as the cells en-
tered the differentiation phase (Figure 3B). The diffe-
rence between flat surfaces and surface patterns was 
more pronounced during the first 14 days, though the 
variability was high (Figure 3B). Urea production was 
comparable to levels observed in previous well-plate 
experiments [25,26]. Lubberstedt et al. did not observe 

urea production in HepaRG cells treated with 2% DMSO, 
which is known to induce differentiation and enhance 
drug-metabolizing functions, yet suppresses functions 
like urea production [35,37].

Albumin secretion under fluidic condition followed a 
similar trend as the static condition but was 120 times 
lower on day 8, with comparable levels on day 14 (Fi-
gure 3A). Urea production under fluidic conditions was 
notably higher on day 8, and similar to static conditions 
on day 14. Interestingly, urea production was higher on 
the surface patterns under fluidic conditions (Figure 
3B). Other studies have reported higher albumin and 
urea production under fluidic conditions, i.e., 4.8mg.h⁻¹ 
10⁻⁶ cells on day 9 and 1.8 mg.h⁻¹·10⁻⁶ cells on day 13) 
[38]. However, higher shear stress (0.5 to 2.1 Pa) can 
reduce both albumin and urea production [32].

Expanding primary hepatocyte culture in the surface 
pattern-embedded microfluidic chip for enhanced li-
ver functionality

Primary hepatocytes undergo dedifferentiation within 
days of in vitro culture, resulting in changes in morp-
hology and a reduction in hepatic function which dif-
fers from HepaRG cells. We hypothesized that primary 
macaque hepatocytes (PMH) would survive in the opti-
mized microfluidic chip for at least 5 days and that the 
combination of surface patterns and fluidic conditions 
would support their function by alleviating mechanical 

Figure 3. The concentration of (A) albumin and (B) urea produced by HepaRG cells over time, cultured on surface patterns or flat 
surface under fluidic and static conditions.
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tension, while ensuring continuous nutrient supply and 
waste removal. Markers for assessing hepatocyte diffe-
rentiation include cell morphology and urea synthesis 
as a functional indicator of the hepatic phenotype. The 
PMH were cultured on surface patterns and flat surfa-
ces with a collagen coating, under both static and flow 
conditions. As a control, cells were seeded in commer-
cially collagen-coated well-plates, as well as in regular 
well-plates with and without collagen on patterned and 
flat surfaces. The seeding density was 2 × 105 cells.cm-² 
in both well-plates and chips. When perfused, PMH 
were exposed to flow 24 hours post-seeding at a rate 
of 500 µL.h-1, generating a shear stress of 6.4 x 10-4 Pa, 
comparable to the flow conditions used for HepaRG 
cells. 

We initially determined the necessity of collagen co-
ating by comparing cell attachment on surfaces with 
and without collagen. On collagen-coated flat surfaces, 
PMH morphology on days 2 and 4 resembled that of the 
control, which might have inconsistencies in the colla-
gen coating. On surface patterns with collagen, PMH 
formed a continuous monolayer. The nuclei were po-
sitioned between the patterned structures, some de-
formed by the surface patterns, and all aligned in rows. 
Cytoplasm was visible on top of the structures, but the 
morphology of the cytoplasm and nuclei were unaffec-
ted by the surface patterns. The cells were more ele-
vated on surface patterns on day 4 compared to day 
2, with increased cortical actin observed (Figure S5). In 

Figure 4. The PMH cell response to on-chip experiments. (A) PMHs in well-plates as well as on flat and patterned surfaces under static 
and fluidic conditions. The nuclei are stained in blue, and actin is stained in green. Images were captured using a 20x objective using 
the Zeiss Apotome Observer 7 microscope. The scale bar represents 50 µm in all images. Flow direction was horizontal. (B) Nuclei 
morphology analysis with CellProfiler focusing on area and eccentricity of nuclei on patterned and flat surfaces in the well-plate and 
on-chip on days 2 and 4, * indicates a significant difference (p < 0.05). (C) Urea secretion by PMH on patterned and flat surfaces under 
static and fluidic conditions on days 2 and 4. The control group consists of PMH cultured on collagen-coated well-plates. * indicates a 
significant difference (p < 0.05).
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contrast, on surfaces without the collagen coating, cell 
attachment was notably lower, with small cell islands 
observed on the flat surface. As shown in Figure S5, the 
hexagonal shape was rarely visible, and cells exhibited 
an increased actin fiber presence. On surface patterns 
without collagen, cells did not form a continuous mono-
layer, but the morphology of the islands resembled that 
on surface patterns with collagen coating. We decided 
to use collagen coating according to these results. 

During the chip seeding, fluorescent images were taken 
on days 2 and 4 to evaluate PMH morphology on sur-
face patterns and flat surfaces under static and fluidic 
conditions, with the well-plate experiments serving as 
the control. In standard culture conditions, PMH began 
to dedifferentiate within hours, as evidenced by chan-
ges in cell morphology. On day 2, the PMH exhibited the 
characteristic hexagonal shape, with large cells, one or 
more round nuclei, and a monolayer that covered the 
surface, surrounded by cortical actin. Figure 4A shows 
that by day 4, the cell borders were less distinct, the 
cortical actin was less prominent, and the hexagonal 
shape became harder to discern, indicating dedifferen-
tiation. In contrast, surface patterns were expected to 
confine the cells, prevent flattening, alleviate mechani-
cal tension, and potentially inhibit dedifferentiation [39]. 

PMH were seeded in the chip under static and flow con-
ditions to assess their morphology and viability, confir-
ming the chip’s optimization for primary hepatocytes. 
Under static conditions, cells on the flat surface formed 
clusters with increased actin fibers and some clusters 
with minimal actin. Only a few cells had defined borders 
by cortical actin. In contrast, cells on the flat surface 
under fluidic conditions displayed cortical actin and re-
tained a hexagonal shape, similar to the control. On sur-
face patterns in the microfluidic chip, the cells were ele-
vated on patterned structures, with nuclei positioned 
between the structures and aligned in rows, while the 
cytoplasm covered the surface patterns more. Fluidic 
conditions caused the formation of smaller cell clusters 
with increased actin fibers and no cortical actin. Analy-
sis of nuclei size, number, and eccentricity using CellPro-
filer revealed that on day 2, nuclei on the flat surface 
in the well-plate were significantly larger than those on 
surface patterns (Figure 4B). On day 4, nuclei on surface 
patterns were significantly larger than on day 2, with a 
notable increase in eccentricity, indicating more elon-
gated nuclei on the patterned surfaces (Figure 4B). Un-
der fluidic conditions, nuclei were significantly larger on 

day 4, and patterned surfaces produced more elonga-
ted nuclei compared to flat surfaces under both static 
and fluidic conditions. The results suggest that nuclear 
morphology is sensitive to both surface patterns and 
flow exposure.

Differentiated hepatocytes exhibit a cuboidal or hexa-
gonal shape with enhanced cell borders and specialized 
structures like bile canaliculi [40,41]. Dedifferentiation 
is marked by cell flattening, weakened cell borders, and 
the loss of specialized structures, with cells sometimes 
adopting fibroblast-like shapes. The dedifferentiation of 
PMH is indicated by the formation of actin fibers and the 
loss of hexagonal shape. However, in our experiments, 
PMH formed a monolayer similar to the well-plate cont-
rol, suggesting that the optimized flow conditions did 
not harm the cells. On flat surfaces, the morphology 
and hexagonal shape of PMH remained comparable to 
day 2 in the well-plate, with no additional morphologi-
cal markers of dedifferentiation, indicating that the chip 
conditions support long-term culture.

The urea concentration was measured to assess the 
functionality of PMH under different culture conditions 
(Figure 4C). Medium samples were collected on days 2 
and 4 from the collagen coated well-plate, regular well-
plate, and the chips under both static and fluidic condi-
tions. On both day 2 and day 4, urea production in the 
chips under fluidic conditions was significantly higher (p 
< 0.05, n = 2) on the flat surface compared to the static 
condition and the control. Additionally, PMH cultured 
in the chip under both static and fluidic conditions de-
monstrated increased urea production on day 4, whe-
reas a significant decrease (p = 0.0314, n = 2) in urea 
synthesis was observed in the control on day 4.

In long-term cultures of primary hepatocytes, urea pro-
duction typically declines over time as the cells under-
go dedifferentiation [35,39,42]. However, the observed 
increase in urea production under fluidic conditions 
suggests that the flow may have helped maintaining dif-
ferentiated hepatic functions of the PMH over four days. 
This observation aligns with findings by Jellali et al., who 
reported higher albumin and urea production in fluidic 
conditions [38]. These results support our hypothesis 
that fluidic conditions in the microfluidic chip help sus-
tain hepatic function in PMH.
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Conclusion

We successfully developed and optimized a surface pat-
tern-embedded microfluidic chip that supports long-
term hepatocyte culture and enhances hepatic func-
tionality under static and fluidic conditions. The chip 
sustained hepatocyte functionality for up to 25 days, 
with HepaRG cells demonstrating significantly higher 
albumin secretion (up to 300-fold) and urea producti-
on compared to conventional well-plate controls. Flow 
conditions promoted cell alignment, elongated nuclear 
morphology, and metabolic activity, with shear stress 
maintained at a physiological level of 4 × 10⁻⁴ Pa. Simi-
larly, primary macaque hepatocytes cultured in the chip 
under fluidic conditions showed a 2.5-fold increase in 
urea production by day 4 compared to static controls, 
highlighting the platform’s ability to preserve differen-
tiated hepatic functions. These findings confirm the 
chip’s potential for long-term liver cell culture, offering 
a physiologically relevant system for drug metabolism 
and toxicity studies.
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