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Rocking-platform perfusion systems rely on hydrostatic pressure
differences to perfuse cells in organ-on-chip devices. These systems
are popular due to their tubing-free design, which facilitates
parallelization, an essential feature for drug discovery, precision
medicine, and academic research. However, most of these systems
generate bidirectional flow, which does not accurately replicate the
physiological conditions experienced by endothelial cells (ECs) in
the microvasculature. To address this limitation, pump-based
systems are often employed to generate unidirectional flow, though
they require external tubing, thereby limiting scalability compared
to rocking platforms. In this study, under matched average flow
rates, we compared the transcriptomic responses of endothelial
cells exposed to flow generated either by a rocking platform or a
peristaltic pump. Our results revealed distinct transcriptomic profiles
induced by the two flow modalities, with hundreds of genes
differentially expressed between the two conditions. After 4 hours
of flow exposure, we observed an enrichment in signaling pathways
including NF-kB, ERK, BMP and MAPK. Furthermore, after 24 hours
of flow exposure, we identified significant changes in the genes
involved in biological processes such as immune cell migration,
angiogenesis and vascular and extracellular matrix remodeling,
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highlighting how different flow generated by a pump or a rocker
can shape endothelial cell behavior at the molecular level.

Introduction

Organs-on-chips (OOCs) are revolutionizing in vitro modeling
by precisely replicating the cellular microenvironment,
including both biochemical and biophysical cues. A key
feature of these platforms is the integration of flow, which is
crucial in microfluidic systems for the perfusion of cultured
cells." However, a longstanding challenge in the field has
been the reliance on external pumps connected to
cumbersome tubing to deliver solutions into these systems.
This technological hurdle hinders the scalability and
widespread adoption of OOCs, particularly in high-
throughput applications.

To address this issue, researchers have increasingly turned
to rocking platforms, also called tilters, as a tubing-free
alternative.” In these systems, fluid flows are based on
gravitational forces resulting from periodic changes in platform
orientation. Tilting the device creates a hydrostatic pressure
gradient due to height differences between reservoirs,
producing oscillatory (bidirectional) flow as the platform tilts
alternately in both directions.® Users can modulate flow rates by
controlling parameters such as tilt angle, frequency, and
channel geometry, simplifying the experimental setups while
enhancing scalability and operational efficiency. However, this
convenience comes at a cost. The flow generated with the
rocking platform is typically a non-constant bidirectional flow
that diverges from the physiological unidirectional flow. In
healthy conditions, flow through small-diameter vessels like
capillaries is unidirectional and laminar, maintaining a low
velocity shear stress essential for nutrient and oxygen
exchange.® In contrast, bidirectional flow patterns are rarely
observed in vivo in small vessels, and are often associated with
pathological conditions, such as vascular obstruction and renal
ischemia, where normal flow dynamics are disrupted.>®
Additionally, the flow rates achievable with rocking platforms
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are inherently limited by the small dimensions of microvascular
channels and the modest tilt angles, which constrain the
hydrostatic pressure gradient.

Wall shear stress is induced by a fluid flowing along a solid
surface at the solid-liquid interface, which primarily affects
endothelial cells (ECs) by triggering biomechanical signals via
receptors on their membrane.” These mechanosensors
predominantly consist of transmembrane proteins such as cell-
cell junction proteins, adhesion molecules, receptors and ion
channels, forming complexes that transmit stimuli to the
nucleus, influencing hemostasis and EC phenotype.®
Furthermore, fluid flow affects cell morphology, including cell
polarization, organelle size, and gene expression, compared to a
static condition.”'® Multiple mechanisms induced by shear
stress impact vascular remodeling such as nitric oxide
production, overexpression of junctional complexes like
PECAM-1, and activation of the matrix metalloproteinases
family."*™* Understanding how variations in flow conditions,
such as bidirectional flow generated by rocking platforms
compared to unidirectional flow generated by pump-based
systems, impact cellular responses of ECs to wall shear stress is
crucial for elucidating the physiological and pathological
conditions. Winkelman et al, showed enhanced vessel
formation, connectivity, perfusability and barrier function under
flow in a microvasculature model on chip."* Moreover, the flow
profile further impacts EC phenotype and functions. For
instance, Shuler et al. demonstrated that ECs exposed to
bidirectional flow do not align with it, in contrast to those
exposed to a unidirectional flow. This lack of alignment causes
mechanoreceptors to become disoriented and wunable to
respond effectively.”” Consistent with these findings,
endothelial cells (ECs) exposed to unidirectional flow exhibited
aligned orientation. They developed a robust barrier function,
whereas those subjected to bidirectional flow displayed
disorganized alignment, compromised junction integrity, and
elevated levels of inflammatory markers such as IL-6 and IL-
8.1 ECs aligned to a 180° flow (reverse flow) respond to
changes in flow direction at 45° and 90° through mechanisms
involving NK-«B and endothelial nitric oxide synthesis."®
Recently, Van Os et al. demonstrated that immune -cells
perfused in an endothelial lumen and exposed to a
chemoattractant gradient extravasated across the endothelial
barrier to the extracellular matrix (ECM) with a significant delay
when exposed to a bidirectional flow compared to a
unidirectional flow." These findings underscore the importance
of understanding how experimental conditions can influence
endothelial cell (EC) responses. However, no study has yet
demonstrated the impact of unidirectional and bidirectional
flow on gene expression in endothelial cells cultured in vitro.

Our study addresses this question by comparing the
transcriptomes of ECs exposed to peristaltic pump
unidirectional flow with those exposed to rocker bidirectional
flow. We assess the EC response after 4 and 24 hours. This
comprehensive approach enhances our understanding of the
molecular responses of endothelial cells exposed to two
commonly used experimental fluidic setups.
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Materials and methods
Microfluidic chip design and fabrication

The design and fabrication process of the microfluidic chip
was reported in an earlier work by Van Os et al."® Briefly, the
chip's design consists of three adjacent channels of different
heights. The middle channel is 50 um high, while the two
adjacent channels are 200 pm high with a width of 500 pm.
The middle channel was filled with 5 mg mL™" fibrin
hydrogel, which was maintained in place by phase guides,
while the two adjacent channels were lined with endothelial
cells. The microfluidic chip was produced by PDMS soft
lithography. A mixture of a 10:1 ratio of PDMS (Dow
Corning, USA) and curing agent was degassed and cured on
the mold at 60 °C overnight. The cured PDMS was removed
from the mold and the reservoirs were created using biopsy
punches. The chips were then bonded to glass coverslips
(VWR, USA) by activating the surfaces with a plasma O,
(Henniker plasma, UK). Bonded chips were kept at 60 °C
overnight to enhance the bonding strength. In the last step,
the chips were sterilized for 15 min in an ozone/UV chamber
(CoolClave, Genlantis, USA).

Cell culture

Human umbilical vein endothelial cells (HUVECs, Gibco, USA)
were maintained in endothelial growth media (EGM-2, Lonza,
Switzerland) with added supplements (EGM-2 BulletKit, Lonza,
Switzerland) according to the manufacturer's instructions at 37
°C with 5% CO2. Cells were washed with DPBS (Sigma, USA) and
treated with Accutase (Sigma, USA) for 5 min at 37 °C. Detached
cells were centrifuged at 200 x g for 5 min. Experiments were
performed with HUVECS at passages four to six.

Cell seeding on the microfluidic chip

The middle channel was filled with a final concentration of 5
mg mL™" fibrin hydrogel before cell seeding. Fibrinogen
(Sigma, USA) was mixed with 2 U thrombin solution in EBM2
(Sigma, USA) at a 1:1 ratio on ice. The central chamber of
the chip was filled with hydrogel and incubated for 15 min at
37 °C to polymerize. After incubation, the adjacent channels
were coated with polydopamine (PDA, Sigma, USA) for 24 h,
followed by another coating solution containing 50 pg mL™
bovine collagen (Advanced Biomatrix, USA) and 100 pg mL™"
bovine fibronectin (R&D Systems, USA) for two hours. After
each step of the coating, channels were washed with sterile
ddH,O three times to remove the residues. HUVECs were
suspended at a concentration of 4 x 10 cells per mL in EGM-
2, and 1 pL of the solution was added in both adjacent
channels and incubated for 15 min, allowing for cell
attachment. Seeded chips were placed on a rocking platform
(Mimetas, Netherlands) at a +7° angle with a rocking interval
of 8 min for 2.5 h. Floating non-adherent cells were flushed
and replenished with supplemented EGM-2. Media was
exchanged every day for 2 days until reaching the confluency
of the endothelial cell layers.

This journal is © The Royal Society of Chemistry 2025
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Flow setups

Confluent endothelial cell layers were exposed to unidirectional
or bidirectional flow for 4 or 24 hours.

Unidirectional flow setup. For the generation of unidirectional
flow, a fluidic setup consisting of a peristaltic pump (Ismatec,
Switzerland) connected each of the two adjacent channels,
enabling a recirculating flow with a total volume of 200 pL. The
flow rate was set to 2 uL min", resulting in a shear stress of 0.1
dyn per cm® (0.01 Pa). A flow sensor (FS3, ELVEFLOW) was
positioned downstream of the pump to measure the flow profile.
The measurements were recorded with a sampling rate 10 Hz with
a sensitivity of +0.12 pL min™". The flow sensor and the peristaltic
pump were individually calibrated prior to the experiments.

Bidirectional flow setup. The bidirectional flow was
established using a rocker set at a 7° angle with 8 minutes
intervals, resulting in a mean theoretical flow rate of 2.43 pL
min~" and an average shear stress of 0.1 dyn per cm® (0.012 Pa,
see File S1t for the calculations of the flow rate and the average
shear stress). Briefly, the time-dependent flow rate Q(t) was
calculated using a modified Poiseuille-based equation (eqn (1)),
where p represents the fluid density, g the gravitational
acceleration, w and 4 the width and height of the channel, L the
length of the channel, Ly the distance between inlet and outlet
reservoirs, ¢ the dynamic viscosity of the fluid, a the rocking
angle, A the cross-sectional area of the reservoir, and ¢ time. The
height difference over time Ah(f) was calculated using equation
(eqn (2)). The driving pressure for the flow arises from the
height difference between the fluid levels in the inlet and outlet
reservoirs. This time-dependent height difference Ah(f) was
determined from the displaced volume, where V(¢) is the fluid
volume displaced at time ¢. The initial height difference AA(0) is
defined geometrically AA(0) = Lgsin(a), given by the tilting
angle, a, and the distance between the inlet and outlet of the
chip, Lg.

_ pgWH? Ly sin(a) ewsmgt
12uL

Q) 1)

2% V(t)
A

Ah(?) (2)

The flow rate was experimentally validated by monitoring
perfused fluorescent latex beads (cat# L1030, Sigma Aldrich) with
an average diameter of 2 um, while the rocking platform was
inclined at 7° for 8 minutes using 4x magnification using the
M7000 EVOS microscope (Video S1t). The video was binarized,
the background was removed, and the regions of interest were
defined (the code is available on the GitHub repository https://
github.com/nvahdani/flow_ooc). The beads were tracked, and
the flow rate was calculated based on the obtained velocity.

The total volume of cell culture medium was set at 200uL
and kept identical in both setups to ensure consistent
dilution of cytokines and waste products, as well as an equal
availability of nutrients and growth factors. Recirculating flow
conditions were applied in both setups to maintain
comparable environmental conditions.

This journal is © The Royal Society of Chemistry 2025
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Cytotoxicity assay

A cell viability assay was conducted to assess potential cell
toxicity = (LDH-Glo  Cytotoxicity =~ Assay, Promega). A
bioluminescent method was used to measure released lactate
dehydrogenase (LDH) in the supernatant. Briefly, the
supernatant of each condition in three biological replicates was
frozen in a storage buffer and mixed with the detection reagent
according to the manufacturer's protocol. The luminescence
was measured after incubation in technical duplicates (Tecan
Reader Spark). The positive control was obtained by treating the
samples with 10% Triton X-100 (Sigma-Aldrich, USA), inducing
maximum cell death, and as the negative control, fresh cell
culture medium was used. Data was normalized considering
positive and negative control experiments. This involves
subtracting the negative control from the average of the
technical duplicates for each sample measurement and dividing
by the positive control to calculate the percentage of cell death.

RNA isolation

Cell culture medium was removed, and the channels were
washed with DPBS. Cells were detached and lysed enzymatically
by adding 1-thioglycerol and lysis buffer solution. The RNA was
isolated according to the manufacturer's protocol (ReliaPrepTM
RNA Miniprep Systems, Promega) and pooled from two chips
for the analysis.

Library preparation and RNA sequencing

The quantity and quality of purified total RNA were assessed
using a Thermo Fisher Scientific Qubit 4.0 fluorometer with the
Qubit RNA HS Assay Kit (Thermo Fisher Scientific, Q32855) and
an advanced analytical fragment analyzer system using a
Fragment Analyzer RNA Kit (Agilent, DNF-471), respectively.

Sequencing libraries were made with 50 ng input RNA using
a Revelo mRNA-Seq for MagicPrep NGS kit A (Tecan, PN
30186623) according to the Revelo mRNA-Seq for MagicPrep
NGS User Guide (Tecan publication number MO1535, v1). The
resulting cDNA libraries were evaluated using a Thermo Fisher
Scientific Qubit 4.0 fluorometer with the Qubit dsDNA HS Assay
Kit (Thermo Fisher Scientific, Q32854) and an Agilent Fragment
Analyzer (Agilent) with an HS NGS Fragment Kit (Agilent, DNF-
474), respectively. Equimolar-pooled cDNA libraries were
manually loaded onto one lane of an illumina NovaSeq 6000 SP
Reagent Kit (100 cycles; illumina, 20028401) on an illumina
NovaSeq 6000 instrument. The paired-end sequencing run
produces on average, 29 million reads/library. The quality of the
sequencing run was assessed using illumina sequencing
analysis viewer (version 2.4.7) and all base call files were
demultiplexed and converted into FASTQ files using illumina
bel2fastq conversion software v2.20.

Quality control and pre-processing

All downstream analysis on the sequenced data was performed
using bash scripts and R version 4.3.2 in RStudio (2023.09.0 +
463 Posit Software, PBC). The sequencing quality was checked
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using FastQC 0.11.0 for each sample before and after trimming
and summarized with MultiQC.”>*' The adapter sequence was
removed using fastp 0.19.5.> Filtered data were aligned to the
reference genome GRCh38 and the GTF file, version 111, from
Ensembl using HISAT2, version 2.2.1.>* FeatureCounts, subread
package version 2.0.1., was used to assign the mapped reads to
genomic features.>!

Differential expression analysis

Deseq2, version 1.42.0, was used to identify differentially
expressed genes in all conditions.>® Low-expressed genes
were filtered out by removing the gene counts below 5 across
all the samples. To obtain the differentially expressed genes,
the IfcShrink function with the ashr method, version 2.2.63,
was employed.”® Genes with log2 fold expression changes
greater than 0.585 and the adjusted p-value smaller than 0.05
were considered significant for the next steps. For the meta-
analysis, bulk-RNA seq data from fresh EC cells isolated from
human umbilical cords are obtained from Gene Expression
Omnibus (GEO) under the GEO accession number
GSE158081.>” Combat-seq (sva 3.50.0) is used to correct the
batch variations in the gene expression data. Downstream
processing remains the same as described above.

Gene ontology enrichment analysis

Gene sets from each pairwise comparison with an adjusted
p-value lower than 0.05 were enriched for the over- or under-
represented gene ontology term using clusterProfiler 4.0.5
and represented in biomaRT annotation.”®*° The gene
ontology (GO) database was used with biological processes
(BP), cellular component (CC), and molecular function (MF)
annotations to perform the analysis and tidyverse R packages
to handle and visualize the results.*’

Immunocytochemistry and image analysis

All steps were carried out at room temperature unless
otherwise mentioned. Chips were washed once with PBS and
incubated for 15 min with 4% Paraformaldehyde (PFA,
Invitrogen, USA). PFA was washed with PBS 3 times from the
chip. Samples were permeabilized using 0.1% Triton X-100
for 10 min and washed 3 times with PBS. On the next step,
cells were blocked with 2% BSA in PBS solution for 1 hour.
After blocking, the primary antibody VE-Cadherin (R&D
Systems, USA) was diluted in a 1:100 ratio in blocking
solution and incubated at 4 °C overnight. Afterward, the
primary antibody was washed 3 times with PBS. Cells were
incubated for 2 h in a secondary antibody solution of donkey
anti-Goat IgG conjugated with 546 Alexa Fluor (1:500, anti-
goat 546, Invitrogen, USA), acti-stain phalloidin 670 (1:150,
PHDN1, Denver, CO, USA) and Hoechst 33342 (1:1000,
Sigma, USA), in 2% BSA blocking buffer. Finally, the chips
were washed 3 times with PBS and Z-stack images were
acquired on a confocal microscope (Zeiss LSM710, Zeiss,
Germany). Brightfield images were taken by Nikon Eclipse
Ts2 with 4x magnification and were analysed in Fiji v2.15.1
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in technical duplicates and 3 biological replicates. Regions of
interest (ROIs) were selected from the middle of the channels
for further analysis. ROIs were pre-processed with a Gaussian
blur to suppress high-frequency noise. Uneven illumination
was corrected by contrast normalisation and histogram
equalisation. Binary masks were generated with the global
Yen thresholding algorithm, after which small artefacts were
removed and internal holes filled using BioVoxxel.
Continuous objects were separated with the Watershed
transform and properties were extracted using analyze
particles.

Statistics

Statistical analysis was performed using R version 4.3.2 in
RStudio (2023.09.0 + 463 Posit Software, PBC). Shapiro-Wilk's
test, two-sided pairwise ¢-test and one-way ANOVA were used
to identify the data distribution and compare independent
groups.

Results

Experimental design: endothelial cells exposed to different
flow conditions

The microfluidic chip featured a central chamber filled with
hydrogel, confined by two parallel phase guides, positioned
between two adjacent channels (Fig. 1A), and was seeded
with HUVECs. The use of adjacent channels under identical
culture conditions enabled the maximization of the number
of cells exposed to the same environment, facilitating the
collection of sufficient cell quantities for the transcriptomics
analysis. After generating a confluent cell layer in the
microfluidic chip, the cells were exposed to either uni- or
bidirectional flow for 4 or 24 hours. The unidirectional flow
was established using a peristaltic pump in a recirculating
fluidic circuit with a total volume of 200 pL and a flow rate of
2.03 pL min™', as measured by a flow sensor positioned
downstream of the pump. The sensor's sensitivity enabled
detection of the characteristic pulsatile pattern generated by
the peristaltic pump (Fig. 1B). Bidirectional flow was
generated by a rocking platform using the same volume to
ensure a similar dilution effect of nutrients and paracrine
signals. Experimental and theoretical flow rates are shown in
Fig. 1C. Particle image velocimetry (PIV) was used to monitor
the velocity of the fluorescent beads in the chip on a 7°
inclined surface for an 8-minute interval. Both experimental
and theoretical flow rates exhibited similar trends. A flow
plateau around 1 puL min™" may be attributed to increased
capillary pressure and meniscus curvature at the reservoir
walls. The surface tension became dominant, causing a flow
rate plateau. The average wall shear stress in both flow
conditions was maintained at 0.1 dyne per cm? (Fig. S17).
The morphology and viability of endothelial cells under
shear stress were assessed at 4- and 24-hour time points. Cell
Morphological analysis on the brightfield images showed no
overall effect on the cell count, total and average cell area,
confluency  percentage, perimeter-based shape factors

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Chip design and experimental setups. (A) Schematic of the PDMS
microfluidic chip design and seeding layout. The middle channel is 50 um
high and filled with fibrin hydrogel, while endothelial cells are seeded on
the adjacent channels with the dimensions of 200 um width and 500 um
height and perfused with EGM-2 either on a rocker or with a peristaltic
pump: peristaltic pump setup and the flow profile (B). Endothelial cells in
the adjacent channels are connected to the recirculating tubing with a
200 pL cell culture medium per chip, generating unidirectional flow. Flow
sensor measurements of the peristaltic pump over a 60-second interval
show the pulsatile flow profile. Each black dot represents a measurement,
and the red horizontal line indicates the mean flow rate detected by the
sensor (2.03 pL min™Y). Rocker platform and the flow profile (C). Schematic
of a gravity-driven flow with a tilting angle of 7° demonstrating fluid flow
driven by hydrostatic pressure in this system generating bidirectional flow.
Measured flow rate (red) and theoretical flow rate (blue) over one interval
(8 minutes) show similar flow rates, validating the calculated flow rate.

(circularity, solidity), and orientation metrics (Fig. S1t).
Elongation of ECs in the direction of the flow was shown to
occur under high shear stress induced by laminar flow.>" Cells
were immunostained with VE-cadherin, phalloidin and Hoechst
(Fig. 2). The maximum intensity projection of the stained
samples revealed a fairly confluent lumen formation of
endothelial cells, as corroborated by brightfield imaging.
Additionally, the measurement of lactate dehydrogenase (LDH)
levels in the supernatant showed no significant cell death
attributable to either flow conditions at both time points (Fig.
S2t). These results indicate that the flow exposure does not
induce cytotoxic effects and is suitable for further experiments.

Comparative gene expression of endothelial cells exposed to
peristaltic pump-based unidirectional flow vs. rocker-induced
bidirectional flow

Having established the cell culture, the next step was
investigating transcriptomic changes induced by either rocker
bidirectional flow or pump-driven unidirectional flow by
performing bulk RNA sequencing (RNA seq) on endothelial cells
isolated from the microfluidic devices. Principal component
analysis (PCA) revealed distinct expression profiles between cells
exposed to pump-driven unidirectional and rocker induced-
bidirectional flow at 24 hours (Fig. 3A). The separation of data
was less pronounced at the 4 hour time point. A clustered
heatmap of differentially expressed genes, normalized by z-score
across all samples, highlights these differences, particularly at 24

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Phase contrast and confocal microscopy of endothelial cell layers
(A) phase contrast images of endothelial cell layers in the microfluidic
device after 4 h and 24 h exposure to pump-based unidirectional flow or
rocker-induced bidirectional flow (B) maximum intensity projection of
the endothelial cells in all the conditions shows a fairly confluent layer of
cells covering the lateral channels. The cells were stained for actin
filament in red, VE-cadherin in green and Hoechst in blue in 10x and the
merged channels in 10x and 20x. Scale bar: 200 pum.

hours (Fig. 3B). Notably, endothelial cells exposed to bidirectional
flow exhibited a relatively homogeneous gene expression pattern
across both time points and replicates. To further characterize
these differences, we conducted differential expression analysis
for each flow condition at both 4 and 24 hours. The number of
differentially expressed genes (DEGs) from pairwise comparison
conditions was visualized using box plots (Fig. 3C). Consistent
with the trend observed in the PCA results, 365 DEGs were
identified after 4 hours of flow exposure, including 265
upregulated and 100 downregulated genes (Table S1f). At 24
hours, this number increased to 761 DEGs, with 310 upregulated
and 451 downregulated genes (Table S1t). These findings suggest
that flow, generated by the rocker or the pump, significantly
influences gene expression of HUVECs, with more pronounced
transcriptional changes emerging over longer exposure durations.

Differential gene expression and enriched biological
processes induced by the flow types

Upregulated and downregulated genes were visualized using
volcano plots, comparing the gene expression profile of
HUVECs exposed to uni and bidirectional flow generated by the
pump and rocker, respectively 4 hours (Fig. 5A) and 24 hours
(Fig. 4A). Gene ontology (GO) annotation was employed to
identify overrepresented biological processes among the
differentially expressed genes (Table S27). At the 24-hour, the
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Fig. 3 Gene expression profile of HUVECs exposed to uni- and
bidirectional flow driven by a peristaltic pump and rocker, respectively. (A)
PCA plot showing the distribution of samples exposed to either uni- or
bidirectional flow. The plot indicates a distinct gene expression profile of
HUVECs at 24 h. (B) The heatmap represents gene expression values
normalized by z-score in a color gradient from lowly expressed genes in
blue and highly expressed genes in red. A distinct expression pattern is
visible when comparing pump-based unidirectional flow and rocker-
induced bidirectional flow. (C) The total number of altered genes,
upregulated and downregulated genes for each time point are graphed.

top 15 enriched biological processes were mainly involved in
DNA replication, including chromosome segregation, cell cycle-
dependent and DNA replication processes (Fig. S3Aft).
Additional enriched pathways at 24 hours included those
associated with angiogenic sprouting, vascular development,
cell migration, tissue regeneration, regulation of cytokines and
chemokines, microtubule processes and cyclin-dependent
protein serine/threonine kinase activity (Fig. 4B). A heatmap
displaying differentially expressed genes between pump-based
unidirectional and rocker-induced bidirectional flow conditions
at 24 hours, normalized by z-score, is shown in Fig. 4C. The
heatmap includes annotations for selected genes and their
associated enriched pathways. Several genes involved in cell
migration were differentially expressed, such as ITGA2, KITLG
and ADAM17, which were upregulated in unidirectional flow,
and VCAM1 was elevated in bidirectional flow. Moreover,
angiogenic growth factors, such as FGF16, PFG and its receptor
FLT1 (VEGFR1), showed higher expression levels in response to
unidirectional flow. At the 4-hour time point, enriched pathways
included those associated with ERK, JNK, BMP and MAPK
signaling pathways, as well as SMAD proteins (Fig. 5B) (Table
S27). RK, SMAD and KLF2/KLF4 are intracellular transduction
proteins that adapt cell homeostasis to mechanical forces.*?
TGF-2, one of the intracellular transduction pathways, was
upregulated in ECs on rocker after 24 h. He intensity of TGF-f32
response is dependent on the cue properties and results in
downstream SMAD protein activation.*® Differentially expressed
genes, normalized by z-score, are shown in a heatmap (Fig. 5C),
with annotations highlighting genes involved in these enriched
biological processes. HUVECs exposed to 4 hours of
unidirectional flow showed higher expression of key
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transcription factors, such as MEF2A and KLF4. In contrast,
several genes, including BMP4 (bone morphogenetic protein 4),
BMPER (BMP endothelial cell precursor-derived regulator) were
downregulated under unidirectional flow conditions, generated
by the pump setup.***® In addition, BMP receptor 2 which has
been shown to play a role in the phenotype differentiation of
ECs to tip cells was overexpressed at 4 hours timepoint in this
setup.’® Interestingly, altered expression of certain genes, such
as PTGS2, ANGPT2, IL11 and BMP4, was observed at both 4 and
24 hours, suggesting early and sustained activation.
Upregulation of BMP4, IL11 and PTGS2 suggests that the
SMAD-FOXO1 pathway is already being switched on in low
shear stress unidirectional flow, as previously reported by
Mendez et al. studying oscillatory shear in human aortic
endothelial cells.’” The top 15 enriched pathways at 4 hours
were primarily related to tissue development and
morphogenesis processes (Fig. S3Bf). In summary, our gene
expression data suggest a temporal shift in pathways
enrichment, with early activation of cell signaling-related
pathways at 4 hours, shifting towards cytoskeleton remodeling
and angiogenesis-related processes at 24 hours.

Transcriptomic comparison of in vivo cells with cells exposed
to different flow types

Under healthy in vivo conditions, endothelial cells in the
microvasculature experience unidirectional laminar shear
forces. Therefore, a meta-analysis was performed to compare
the gene expression profiles of freshly isolated HUVECs from
Afshar et al*’ with in vitro cultures exposed to uni- and
bidirectional flow. The effect of varying experimental designs,
such as RNA extraction and sequencing protocols, was
normalized using the ComBat_seq batch correction method.
Principal component analysis revealed a distinct population for
the in vivo data, while the in vitro data clustered more closely
(Fig. 6A). The number of differentially expressed genes was
similar when comparing flow-exposed cells to in vivo HUVECs
(Fig. 6B). Importantly, when comparing the gene expression
profile of the in vivo umbilical cells to in vitro cells exposed to
pump-driven  unidirectional flow and rocker-induced
bidirectional flow, the number of genes common to both
conditions exceeded those unique to each specific condition
(Fig. 6C). This, along with the PCA, suggests that the in vivo
samples show a distinct gene expression profile compared to
the in vitro samples.

Discussion

Most organ-on-a-chip (OOC) systems rely on continuous
perfusion to replicate physiological —microenvironments,
typically using rocking platforms or pump-based systems, each
with specific strengths and trade-offs. In vascular models,
endothelial cells are cultured under flow to mimic in vivo
conditions, as shear stress significantly alters endothelial gene
expression in a magnitude- and time-dependent manner.***" In
recent years, rocking platforms, relying on hydrostatic pressure
differences to drive perfusion, have gained popularity as a low-

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Differential gene expression and enriched biological processes comparing uni vs. bidirectional flow driven by peristaltic pump or rocker
after 24 h of flow exposure. (A) The volcano plot illustrates upregulated genes exposed to unidirectional flow in dark red (log fold change of 2) and
light red (log fold change of 1.5). Downregulated genes are shown in dark blue (log fold change of 2) and light blue (log fold change of 1.5). A total
of 761 genes, 310 upregulated and 451 downregulated, were altered. (B) Gene ontology (GO) analysis shows selected biological processes altered
in HUVECs exposed to flow after 24 h. The GO plot represents the number of genes assigned to each enriched pathway and the adjusted p-value.
(C) Heatmap showing the expression pattern across samples of the differentially expressed genes in 24 h timepoint. The number annotated with
the genes corresponds to the pathways where the genes can be observed in GO of biological process.

maintenance alternative to traditional pump-based systems.’
These perfusion systems are favored for their simplicity, the
elimination of cumbersome tubing, and compatibility with
high-throughput applications."® However, the bidirectional and
non-physiological nature of the flow they generate may result in
altered or inconsistent cellular responses. Building on our
previous work, we investigated how gene expression of HUVECs
is affected by rocker-induced bidirectional flow and peristaltic
pump-based unidirectional flow. Although cells were exposed to
the same average shear stress of 0.1 dyn per cm? for either 4
hours or 24 hours, the rocker induces a wider range of shear

This journal is © The Royal Society of Chemistry 2025

stress, ranging from 0.29 dyn per cm® to 0.041 dyn per cm?
therefore, cells may respond differently to these distinct
mechanical stimulation patterns. While the peristaltic pump
system introduced oscillatory components with 0.3 Hz
frequency compared to an 8-minute interval of the rocker, that
represents an additional variable, studies suggest cellular
responses to such low-frequency oscillations at our shear stress
levels are likely minimal.**™** Other variables, such as the cell
culture medium volume of 200 puL were maintained constant
across all conditions, ensuring that dilution factors (including
cytokines and metabolic waste) were equivalent between both
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Fig. 5 Differential gene expression and enriched biological processes comparing uni- vs. bidirectional flow driven by peristaltic pump or rocker
after 4 h of exposure. (A) The volcano plot illustrates upregulated genes with a log fold change of 2 (dark red) and a log fold change of 1.5 (light
red). Downregulated genes are shown in dark blue (log fold change of 2) and in light blue (log fold change of 1.5). A total of 365 genes, 265
upregulated and 100 downregulated, were altered. (B) Gene ontology (GO) analysis shows selected biological pathways in HUVECs exposed to
flow after 4 h. The GO plot represents the number of genes assigned to each enriched pathway and the adjusted p-value. (C) Heatmap showing
the expression pattern across samples of the differentially expressed genes in 4 h timepoint. The number associated with the genes corresponds
to the pathways where those genes can be observed the GO of biological process.

setups. We observed substantial differences in gene expression
between the two flow types, with a hundred genes differentially
expressed. These gene expression changes affected various
biological pathways, including immune cell transmigration,
ECM remodeling, angiogenesis, and DNA replication.

Rocker or pump-induced flow direction and immune cell

transmigration

As previously demonstrated by our group, bidirectional flow
significantly delays the transmigration of peripheral blood
mononuclear cells (PBMCs) across an endothelial barrier."

5136 | Lab Chip, 2025, 25, 5129-5140

Leukocyte recruitment involves a multi-step process: initial low-
affinity rolling on the endothelial cell layer, high-affinity
adhesion, and subsequent transmigration through the
endothelial layer.* Various adhesion molecules and cytokines
participate in these processes. During the rolling phase,
leukocytes interact with endothelial cells expressing vascular
cell adhesion molecule-1 (V-CAM-1) and members of the
selectin family: P-selectin (SELP), E-selectin (SELE) and
L-selectin (SELL).”® Our findings indicate that these adhesion
molecules are upregulated in endothelial cells exposed to rocker
flow, which may enhance low-affinity interactions between
immune cells and the endothelial cells. Notably, reduced

This journal is © The Royal Society of Chemistry 2025
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BMPER levels have been shown to drive a similar pro-adhesive
phenotype, upregulating VCAM-1, ICAM-1 and selectins, and
boosting leukocyte adhesion both in vitro and in vivo."”
Integrins, another family of adhesion molecules, are critical for
transitioning from the rolling to the arresting process with
high-affinity binding. Their activation, triggered by external and
internal mechanical cues, regulates leukocyte arrest and
transendothelial migration. Various integrins facilitate immune
cells' adhesion and amoeboid migration, while also regulating
cell proliferation and homeostasis.*® We observed upregulation
of ITGA2, ITGA10, ITGA11, and the KIT ligand (KITLG) under
unidirectional flow, suggesting transcriptional modulation of
adhesion-related pathways in this flow regime. Notably, the
interaction between KITLG and mechanosensitive integrins was
shown to promote mast cell adhesion.”

In summary, our results indicate that different flow
profiles, rocker-induced bidirectional flow and unidirectional
flow of the peristaltic pump activate gene expression related
to distinct pathways in the immune cell migration processes.
Thereby, potentially altering immune cell dynamics within
microphysiological systems.

Endothelial angiogenesis and ECM remodeling under flow
dynamics

Endothelial angiogenesis is closely regulated by ECM
remodeling, a process significantly influenced by mechanical
forces such as shear stress.”® In our study, pump-driven
unidirectional flow led to the wupregulation of matrix
metalloproteinases (MMPs), mainly MMP-1 and MMP-10, as
well as a member of the ADAMTS (a disintegrin and
metalloproteinase with thrombospondin motifs) family.
These enzymes are critical regulators of ECM homeostasis,
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responsible for degrading structural components such as
collagen, fibronectin, and laminin.>® ECM remodeling
directly impacts key angiogenesis aspects, such as angiogenic
sprouting, neovascularization, tube formation and cell
migration®” as well as the interplay between endothelial cells,
pericytes, and vascular smooth muscle cells.*® The observed
upregulation of these matrix-modifying genes under pump-
driven unidirectional flow suggests enhanced ECM
remodeling, which may contribute to a more permissive
microenvironment that supports EC proliferation, migration
and angiogenesis.”® Furthermore, higher gene expression of
CEACAM1 and MACF1 under rocker-induced bidirectional
flow, which are involved in microvasculature tube formation
and endothelial cell migration, indicates that distinct flow
patterns differentially influence genes involved in angiogenic
pathways and structural reorganization within the vascular
niche.

Beyond ECM remodeling, shear stress also influences the
transcriptional state and cell fate.*"®* Under unidirectional
flow, the transcription factor MEF2A was upregulated, which
plays a key role in initiating Notch signaling and
activating KLF4 (Krippel-like factor) in a flow-dependent
manner.>® The early upregulation of MEF2A, together with
the Notch pathway components, HEY1 and DLL1, suggests
that pump-driven unidirectional flow promotes
vasculogenesis and angiogenesis. HEY1, a downstream target
of Notch signaling, and DLL1, were both upregulated after 4
hours of flow exposure, highlighting their involvement in
early vascular development.’®®  Additionally, several
members of the KLF family, such as KLF4, KLF11 and KLF13,
were upregulated under pump setup experiments, which is
consistent with previous findings, which showed that KLF4
expression was induced by pulsatile laminar shear stress.”
The sustained upregulation of KLF4 at both 4 and 24 hours,
along with the upregulation of VEGFRI1, its ligands, and
placenta growth factor (PFG), indicates a prolonged
transcriptional response to pump-driven unidirectional
ﬂOW.GO'Gl

Enhanced BMP signaling pathway under rocker-induced
bidirectional flow

Under rocker-induced bidirectional flow, several enriched
signaling pathways were upregulated compared to pump-
driven unidirectional flow. Among them are BMP4, members
of the transforming growth factor-f (TGF-B2) and BMPER.
BMP4 participates in adult vessel formation, and BMPER is a
dose-dependent activator that regulates the angiogenic
process.**®* The concurrent downregulation of BMP pathway
inhibitors, SMAD6 and SMAD7, aligns with the upregulation
of BMP and BMPER under the rocker flow setup.®® BMP
signaling can proceed via canonical (SMAD-dependent), and
non-canonical (SMAD-independent) pathways including ERK,
JNK, and p38 MAPK. Notably, significant JNK and p38 MAPK
activity changes were observed in response to rocker-induced
bidirectional flow.>*>**
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Meta-analysis: physiological relevance of rocker or pump-
induced flow direction

The meta-analysis comparing transcriptomic data with
previously published in vivo data revealed limited overlap
between the two studies. This was expected as the
comparison involved HUVECs from one donor cultured in a
simplified fluidic model with very low shear stress, unlike
human umbilical endothelial cells embedded in their native
tissue. As a result, the meta-analysis demonstrated only a
modest overlap, highlighting the differences in experimental
setups and donor variability. Future studies should
incorporate the specific conditions central to this
environment to more accurately replicate an umbilical cord,
such as the interaction between multiple cell types and ECM
components.

Conclusions

This study explored the differences between pump-driven
unidirectional and rocker-induced bidirectional flow in
commonly implemented flow setups within OOC systems.
While a fully controlled comparison between the two
experimental conditions was not entirely feasible due to
variations in flow parameters and the non-constant flow in
the rocker compared to the pulsatile flow generated by the
peristaltic pump, we aimed to highlight how the choice of
flow configuration in OOC systems can significantly influence
biological outcomes, depending on the specific research
question. Rocking platforms, which have gained popularity
for their simplicity and suitability for parallel
experimentation, should be approached cautiously. Recent
developments in microfluidic chip design that enable
unidirectional flow using rockers represent a promising
advancement in addressing this limitation.®>®® An additional
limitation in incorporating the rocking platforms lies in their
restricted capacity to generate physiologically relevant shear
stress. This constraint is due to intrinsic geometric
limitations and the viscosity of the cell culture medium,
where increasing the tilting angle fails to produce flow rates
sufficient to match those found in vivo, particularly within
smaller vessels. In fact, in these systems, pressure is
governed by hydrostatic pressure, meaning that a 100-fold
increase in shear stress required to obtain physiological
shear stress necessitates a 100-fold increase in hydrostatic
pressure difference, which is not feasible. Future work could
shorten the rocking cycle, avoiding the flow rate drop in each
interval. Furthermore, it is noteworthy that long-term shear-
stress exposure of endothelial cells may result in a different
gene-expression profile. Finally, the striking transcriptomic
differences and the wide range of enriched pathways
influenced by flow type highlight the significance of this
issue. Our findings suggest that previous results obtained
under non-constant rocker-induced Dbidirectional flow
conditions may need to be re-evaluated or validated using
pump-driven unidirectional flow.
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Data availability

The raw data for bulk RNAseq produced in this analysis can be
accessed through the NCBI Gene Expression Omnibus (GEO)
with accession number GSE272273. The code used for the
analysis is available on the GitHub repository https://github.
com/nvahdani/flow_ooc.
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