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Vascular Microphysiological System for Investigating
Endothelial Barrier Function During Organ Preservation and

Reperfusion

Yongdeok Kim, Ishan Goswami, Elisabeth Gill, S. Reza Mahmoodi, Anthony N. Consiglio,
Jazmin Velazquez, Gabriel Nieman, Alexis Abigail A. Alburo, Brady Woods,
Bradley W. Ellis, Irina Filz von Reiterdank, Korkut Uygun, Basak E. Uygun, Boris Rubinsky,

and Kevin E. Healy*

Endothelial cell damage after cold preservation and reperfusion injury
causes deterioration of the endothelial barrier and ultimately results in
edema, leading to transplant failure. Here, a vascular microphysiological
system (MPS) is introduced as a testbed to investigate the combinational
effect of thermal and fluid perturbations (i.e., wall shear stress) on human
endothelial barrier function. Two methods of organ storage are compared:
isochoric supercooling (ISC) preservation, which prevents ice formation at
subzero temperatures; and, the standard clinical protocol of static cold
storage (SCS) at 4 °C. Integrating electrical impedance measurements on
chip allow real-time monitoring and quantification of barrier function during
preservation and reperfusion protocols. Isochoric supercooling preservation
enables longer periods of preservation with superior recovery of barrier
function during reperfusion, and has lower metabolic activities compared
to static cold storage. Genomic analysis reveals injury and recovery
mechanisms at the molecular level for the different preservation and
reperfusion conditions. The multifunctional vascular microphysiological
system provides a physiologically relevant in vitro model recapitulating
ischemia-reperfusion injury to the endothelium. The vascular MPS has
potential for optimizing organ preservation protocols, ultimately

improving organ transplant viability.

1. Introduction

Over the past decades, the demand for or-
gan transplantation has grown rapidly with
supply unable to keep pace.['?] A significant
bottleneck in expanding patient access to or-
gan transplantation is limited preservation
times with the current clinical standard of
static cold storage (SCS) capable of storing
organs on the time scale of hours (4—6 h for
heart and vascularized composite allografts
(VCA), 8 h for lung, 12 h for liver, and 24 h
for kidney).>] This allows for only regional
sharing of organs while preventing use of
new techniques such as mixed-chimerism
based tolerance induction, resulting in in-
equitable organ allocation.>®] One such
remedy to this logistical bottleneck is the
use of extended preservation strategies,
which have shown the potential to increase
the scale of organ preservation to days or
even months.[>7 The clinical implementa-
tion of such protocols would improve alloca-
tion, reduce logistical costs and constraints,
and facilitate comprehensive immunologi-
cal matching to improve patient outcomes.

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202410168

[*Present address: Department of Electrical and Computer Engineering,
University of Denver, Denver, CO 80208, USA

[++]present address: Biomaterials Research Center, Korea Institute of Sci-
ence and Technology (KIST), Seoul 02792, South Korea

[Correction added on February 20, 2025, after first online publication:
Name of I.F.R. has been corrected.]

© 2025 The Author(s). Small published by Wiley-VCH GmbH.

This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

DOI: 10.1002/smll.202410168

Small 2025, 21, 2410168

2410168 (1 of 13)

Y. Kiml*+1, 1. Goswami, E. Gill, S. R. Mahmoodil*], ). Velazquez,
G. Nieman, A. A. A. Alburo, B. Woods, B. Rubinsky, K. E. Healy
Department of Bioengineering and California Institute for Quantitative
Biosciences (QB3)

University of California

Berkeley, CA 94720, USA

E-mail: kehealy@berkeley.edu

Y. Kim[*+1,1. Goswami, S. R. Mahmoodil*], K. E. Healy
Department of Materials Science and Engineering

University of California

Berkeley, CA 94720, USA

A.N. Consiglio, B. Rubinsky

Department of Mechanical Engineering

University of California

Berkeley, CA 94709, USA

© 2025 The Author(s). Small published by Wiley-VCH GmbH


http://www.small-journal.com
https://doi.org/10.1002/smll.202410168
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kehealy@berkeley.edu

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

Recent advances in machine perfusion and biopreservation
techniques have significantly extended the storage durations for
organs such as the liver, heart, kidney, pancreas, and VCA.[>%]
Lowering storage temperatures (T) to suppress metabolic activ-
ity, approaches such as supercooling (0 < T < —10 °C),[12:13:20-24]
partial freezing (—10 < T < —20 °C),l'*) and vitrification (T <
—130°C)[*>162] have enabled preservation times to increase from
days to months. However, these techniques are limited by their
reliance on cryoprotective agents (CPA) to prevent or control
ice nucleation during subzero temperature storage.['>1* Vitri-
fication, in addition, potentially requires metal nanoparticles to
facilitate rapid and uniform warming.'>®l Despite their effi-
cacy in preserving organs for extended periods, the toxicity of
CPAs and nanoparticles, alongside the need for specialized re-
warming equipment, poses significant challenges for clinical
translation.[?*?7] In contrast, isochoric supercooling (ISC) offers a
method to stabilize the supercooled liquid state without the need
for melting point depressing CPAs. Isochoric (constant volume)
confinement isolates the aqueous system from external pertur-
bations as well as provides a kinetic resistance to the initial ice
nucleus formation, thereby enabling ice-free preservation at sub-
zero temperatures without chemical modulation.[2°28] This ap-
proach potentially circumvents the limitations of other methods,
isolating the metabolism suppressing benefits of subzero tem-
peratures by enabling scalable supercooling using standard hy-
pothermic storage solutions.

A main challenge facing preservation techniques is ischemia-
reperfusion injury (IRI), a primary cause of preservation damage
in organs, critically involving the endothelium. The endothelium
serves as the initial barrier to both the introduction of organ stor-
age solutions and subsequent reperfusion post-transplantation.
The semi-permeable barriers in vasculature serve to control
two-way transport including small and macromolecules, gases,
and immune cells.*”! Endothelial dysfunction during preserva-
tion and reperfusion is thought to be a key factor in the dam-
age occurring in transplanted organs by showing severe edema
in transplantation, which can ultimately result in transplant
failure.[*3%31 However, a more physiologically relevant model is
required to understand the mechanism of damage and recovery
of endothelial barrier function during preservation and reperfu-
sion at cellular and molecular levels. Although animal models
provide insights by assessing endothelial damage through ana-
lyzing gross parameters such as vascular resistances and weight
changes as well as histology, they are limited by their non-human
nature and investigating endothelial barrier function at the or-
gan level.10173032] While some in vitro models have been uti-
lized to observe the effects of low-temperature preservation on
endothelial cells (ECs), they lack dynamic flow thereby diminish-
ing their physiological applicability.??=*] 2D cell culture models
in static conditions are limited and do not recapitulate vascular
systems. For example, physiologically relevant fluid wall shear
stress (WSS) is known to be critical to maintaining endothelial
phenotype and functions.[235-%7]
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3D microphysiological systems (MPS) have been validated as
potent human-based physiologically relevant testbeds for biop-
reservation, ischemia-reperfusion, and vascular disease model-
ing studies prior to ex vivo and in vivo models.[23337-31 Our pre-
vious work used this technology to develop a microfluidic hu-
man cardiac MPS to demonstrate the revival of human induced
pluripotent stem cell-derived cardiac microtissues after 3—4 days
of ISC preservation.[??] In the context of the vasculature, such
devices could recapitulate vascular systems with responsive bar-
rier function and physiologically relevant WSS.[29:35:36:3940] Fyy.
thermore, integrating sensors within a vascular MPS such as
electrical impedance spectroscopy (EIS) and transepithelial elec-
trical resistances (TEER) measurement can allow for real-time
monitoring of endothelial barrier function on chip.**#*!l Further-
more, those techniques provide quantitative and non-invasive
assessment of endothelial barrier integrity through an equiva-
lent circuit model without disturbing the cells. However, to our
knowledge, no study has reported the effect of preservation pro-
tocol damage on endothelial barrier function for low temperature
preservation and reperfusion conditions with physiologically rel-
evant WSS. Investigating the combined effects of thermal and
fluidic perturbations on a chip is critical to recapitulate the IRI
on endothelium and assess barrier function during the preserva-
tion and reperfusion.

Here, we introduce a 3D vascular MPS testbed for the study
of organ preservation to investigate the combinational effects of
temperature and WSS perturbations on human endothelial bar-
rier function. The microfluidics channel, based on finite element
analysis, provides variable WSS to recapitulate mature human ar-
teries allowing us to observe endothelial cell injury and recovery
during reperfusion after preservation. Integrating EIS sensors
into the MPS enabled real-time monitoring and quantification of
endothelial barrier function under different preservation proto-
cols, such as SCS at4 °Cand ISC at —3 °C. Furthermore, genomic
analysis revealed the biological pathways involved in endothelial
injury and recovery during preservation and reperfusion.

2. Results

2.1. Vascular MPS Modeling and Fabrication

Leveraging computational modeling and microfabrication tech-
niques, the vascular MPS was designed and fabricated to quanti-
tatively sense changes in the endothelial barrier through EIS as
well as physiological relevance via WSS. The microfluidic PDMS
chip was constructed via photolithography and replica molding
(Figure S1, Supporting Information) and was seamlessly bonded
to the sensor substrate through oxygen plasma treatment (Figure
1A). To monitor endothelial monolayer function, interdigitated
gold electrode arrays (40 pm width) (Figure S2, Supporting Infor-
mation) were fabricated on the glass substrate with photolithog-
raphy and etching. The four separated electrode arrays were po-
sitioned at regions of different WSS within the cell chamber of
the microfluidic MPS (Figure 1B).

Variable WSS ranging from venous (1-5 dynes cm™) to arte-
rial (>7 or 10 dynes cm2) levels was designed based on the finite
element analysis with COMSOL modeling (Figure 1C).12#] For
a specific volumetric flowrate (Q), the tapered cell chamber de-
sign created a linear WSS gradient via changes in fluid velocities

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 1. 3D vascular MPS with variable wall shear stress (WSS) outfitted for electrical impedance spectroscopy (EIS). A) Schematic of PDMS MPS
assembly with the electrode arrays positioned along the X-axis. B) Photograph of vascular MPS instrumented with 40 um width electrodes S1 through S4
at 4 regions within the tissue chamber at different wall shear stresses. Outline of cell chamber is marked with fiduciary black lines. Scale bar: T mm. C)
Finite element analysis using COMSOL modeling showing: i) fluid velocity profiles in the tapered cell chamber; i) WSS along the X-axis at Y = 0; and, iii)
Y-axis WSS at X = 0.5, 3.5, and 6.5 mm with a media volumetric flowrate (Q) of 40 uL min~". The dotted lines in ii) correspond to X = 1, 3.5, and 6 mm.
D) Confocal immunofluorescence images of human coronary artery ECs within the cell chamber of the vascular MPS. ECs organize according to shear
stress: i) at point 1 in Ci, low shear stress cells are disorganized; and, ii) at point 2 in Ci, high shear stress cells are aligned with flow and have larger
volume. Images on the right (red arrows) demonstrate ECs cover the surface area of the cell channel, clearly developing a 3D open lumen. VE-Cadherin

(green) and nuclei (DAPI/blue). Scale bar: 100 um.

that were dependent on the chamber cross-sectional area.[*34]
Figure 1C shows: i) fluid velocity profiles in the tapered cell cham-
ber for media with a volumetric flow rate of 40 pL min~'. ii) The
WSS gradient in the direction of fluid flow (x-axis) ranged from 2
to 14.2 dynes cm~2, with linearity from the widest (2.3 mm) to the
narrowest (0.3 mm) channel widths. The MPS geometry models
arterioles and therefore, employs laminar flow modeling due to
the higher aspect ratio and Reynolds number compared to Hele-
Shaw flow. Figure 1C-ii confirms that this laminar flow assump-
tion maintains WSS linearity with minimal deviation compared
to Hele-Shaw flow, as validated in Figure S3A (Supporting In-
formation). Additionally, the WSS profile along the Y-axis at dif-
ferent channel widths was calculated (Figure 1C-iii). Additional
modeling demonstrated higher fluid velocity and WSS profiles
with the linear trend along the fluid direction ranging from 3.5
to 24.5 dynes cm~2 when a volumetric flowrate of 70 uL min™"
was used (Figure S3B-D, Supporting Information). These results
show that the tapered microfluidic channel covers a broad range
of WSS spanning venous to arterial vessels.

2.2. Human Artery ECs Morphology and State Depend on WSS

Human coronary artery ECs within cell chamber exhibit a 3D
lumen structure surrounding the channel surface (Figure 1D;
Video S1, Supporting Information). The variable WSS elicited
notable alteration in artery ECs morphology and expression in
vascular endothelial growth factor receptor 3 (VEGFR3) (Figure
2). VEGFR3 was used as a vascular remodeling marker depend-
ing on WSS.[*! The microfluidics setup (Figure S4, Support-
ing Information), incorporated features such as switching func-
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tionality, fluid sensor, and pressure-driven pumps, enabling sus-
tained perfusion at elevated flow rates while minimizing reper-
fusion media waste during long culture periods. With Q = 40 uL
min~! the WSS ranged from 2 to 14.2 dynes cm~2, where dif-
ferent WSS levels led to distinct EC morphologies characterized
by differences in size, eccentricity, alignment, and VEGFR3 ex-
pression (Figure 2A,B). Notably, smaller and circular EC shapes
were observed for WSS of 3 dynes cm™2, contrasting with the
larger and elongated morphologies observed for 14.2 dynes cm 2
(Figure 2A-i,B-i).

Further analysis involved categorizing the cell chamber into
three distinct WSS regions based on COMSOL modeling (Figure
S3E, Supporting Information), facilitating quantitative assess-
ment of EC morphologies including those not subjected to flow
but in the same position of MPS channel (Figures S5 and S6,
Supporting Information). We observed a trend toward larger cell
size, increased eccentricity (greater elongation), and alignment
with the fluid direction at WSS levels exceeding 8 dynes cm™2
(Figure 2C-E). Moreover, increased VEGFR3 expression, known
as a flow-dependent vascular remodeling marker, increased with
WSS (Figure 2F).[*] These results underscore the capacity of el-
evated WSS, akin to arterial conditions, to prompt artery-like EC
morphologies and functional attributes in the vascular MPS, con-
sistent with prior reports.[*647]

2.3. EIS Measurement and Quantification for Endothelium
Barrier Resistance

The integration of electrodes into the MPS facilitated mon-
itoring and quantifying endothelial barrier function via EIS.

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. Morphological and functional changes in human artery ECs with variable WSS. Immunofluorescence images of ECs within the cell chamber
of the vascular MPS with WSS of A) ~3 dynes cm~2 and B) 14.2 dynes cm~2 (Q = 40 uL min~'; 6h): i) VE-Cadherin (Green); ii) VEGFR3 (Red); and
iii) merged images nuclei (DAPI/Blue). Scale bars: 100 um. C) Cell size, D) eccentricity of single cells, E) angular histology for cell orientation, and
F) VEGFR3 expression normalized by DAPI for different WSS regions and the same areas without flow (static). One way ANOVA followed by Tukey’s
post-hoc multiple comparisons was used for multigroup analysis. At least four independent MPS replicates were used for EC morphological analysis in

C-E and three for VEGFR3 expression analysis in F.

Figure 3A shows increased impedance bode plots following EC
loading compared to bare electrodes before seeding them at the
narrow channel. The [Zfincreased for most frequencies relative to
the bare electrodes as ECs formed a monolayer on the electrodes
and functioned as insulators. However, [Z| decreased right after
cold preservation SCS because the barrier function between ECs
weakened. EC covered [Z] values exhibit consistent trends across
all four electrode pairs at different channel widths, with the maxi-
mum peak sensitivity observed at 15 kHz (Figure 3B). These sen-
sitivity patterns and values align with those of commercial EIS
platforms.[*!l Although the sensitivity averages for S1 and S2 are
higher than S3 and S4, due to the larger exposed electrode ar-
eas, the differences were insignificant (Figure S7A,B, Supporting
Information).

The EIS-integrated vascular MPS enabled real-time sensing of
the endothelium during cell loading, preservation, and reperfu-
sion. Based on the impedance sensitivity (Figure 3B), 15 kHz was
used for the temporal EIS measurements. Rapid impedance in-
crease for all electrode pairs on chip was observed within the
initial 10 min post-cell loading, plateauing ~20 min (Figure
S7C, Supporting Information). Corresponding images of EC
coverage on the MPS channel (Figure S7D,E, Supporting In-
formation) reflected these impedance trends. Additionally, EIS
measurement enabled monitoring of EC behavior during cold
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preservation. SCS (24 h at 4 °C) caused a decline of [Z[ (Figure
S7F, Supporting Information) caused by uneven cellular bound-
aries and deterioration of endothelium (Figure 3A, inset). The
equivalent circuit model was employed to quantify tight junc-
tion resistances (Ryy), an indicator of endothelial barrier func-
tion (Figure 3C). Classical models were modified to include a
constant phase element to improve fitting (Figure S8, Support-
ing Information).l**8! We quantified cellular components of the
model, including Ry, membrane capacitance (Cypy), and cy-
toplasmic resistance (Rcyr). These measurements results high-
light the sensing capabilities of vascular MPS for real-time mon-
itoring and quantification of endothelial barrier function with
EIS.

2.4. Barrier Function During SCS and ISC for 24-96 H

The vascular MPS with EIS was used to monitor changes in
the endothelium after SCS and ISC preservation protocols.
Figure 4A depicts the SCS and ISC biopreservation protocols, in-
cluding temperature and time curves. A unique feature of ISC
is that it employs volume confinement within a customized alu-
minum chamber for metastable supercooled storage (Figure 4B).
The pressure sensor on the chamber enables monitoring of

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. EIS measurement on vascular MPS. A) Impedance bode plots for a bare electrode, EC-covered electrode, and after SCS for 24 h. Brightfield
images show the ECs over the electrodes (Top). Scale bar: 100 um. B) Frequency dependance (100 Hz to 1 MHz) of sensitivity (/Z/gc /|Zpare) for EC-
covered electrodes. Brightfield images show electrodes pairs corresponding to the WSS on the tapered channel (Top). Data were expressed as mean +
standard deviation. Scale bar: 500 um. At least five independent MPS replicates were used for EIS sensitivity analysis. C) Equivalent circuit model of ECs

on electrode with nomenclature.

pressure changes during preservation, which can indicate ice nu-
cleation. Representative impedance bodes plots before and im-
mediately post-SCS and ISC, and after 4 h of reperfusion demon-
strate decreases in [Z| immediately post-preservation, with recov-
ery occurring only with the ISC protocol (Figure S9, Supporting
Information). Figure 4C—J presents Ry; prior to preservation, im-
mediately post-preservation, and after 4 h of reperfusion for SCS
and ISC for durations of 24, 48, 72, and 96 h. Immediately post-
preservation Ry significantly decreased, for both SCS and ISC,
compared to before cold storage. Reperfusion led to the recovery
of Ryy to levels like those before preservation for 24 h of SCS and
24-96 h of ISC, although some variations exist in the reperfusion
for 48-96 h. To account for these variations after reperfusion, p-
values were assessed between before preservation and after reper-
fusion (Figure 4K). No significant differences were observed be-
tween before preservation and after reperfusion for 24 h of SCS
and 24-96 h of ISC. For SCS longer than 48 h, Ry; failed to recover
during reperfusion (p = 0.0045, < 0.0001, and < 0.0001 for 48, 72,
and 96 h of SCS, respectively). Longer SCS caused larger drops in
normalized Ry during reperfusion: 0.878,0.652,0.179, and 0.149
(medians) for 24, 48, 72, and 96 h duration of SCS (Figure 4C-F).
ISC showed significantly better recovery of Ry; during reperfu-
sion for durations of 24-96 h storage (Figure 4G-J). The Ryy after
reperfusion for ISC durations of 24, 48, 72, and 96 h were 0.994,
1.005, 0.867, and 0.863 (medians). Real-time monitoring of |Z|
during reperfusion showed recovery within an hour for ISC du-
rations <96 h but took &3 h to recover for 96 h of storage; how-
ever, SCS endothelium never recovered, except for 24 h of storage
(Figure 4L, M).

Small 2025, 21, 2410168
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Figure 5 highlights the differences between SCS and
ISC. Figure 5A,B present normalized Ry immediately post-
preservation and after reperfusion in SCS and ISC for 24-96
h. The median values immediately after SCS for 24, 48, 72,
and 96 h are 0.425, 0.214, 0.160, 0.139, respectively. Ry im-
mediately post-SCS dropped with longer preservation times,
showing significant differences compared to the 24 h of SCS.
Figure 5C-E shows the actin filament disassembly during SCS.
Disconnected and dotted actin filaments during SCS caused
cell shrinkage and loosely bound cell-cell junctions, resulting
in the reduced Ry;. Longer SCS led to larger spaces between
ECs in Figure S5E compared to Figure 5D due to these phe-
nomena. Figure 5F shows a fewer number of ECs remaining
after reperfusion in 96 h of SCS because the loosely bound
cells detached and washed out during reperfusion, correspond-
ing to the decreasing trend in Ry after reperfusion of SCS
(Figure 5B).

Ryy immediately post-ISC for 24 h showed a larger drop com-
pared to the 24 h of SCS. Figure 5G immediately after 24 h of ISC
presents larger gaps between ECs compared to Figure 5D imme-
diately after 24 h of SCS. However, Ryy after reperfusion in ISC
showed more recovery than SCS, especially after 72 and 96 h of
preservation (Figure 5B). The p values in Ry; after reperfusion be-
tween SCS and ISC for 72 and 96 h of preservation are 0.0017 and
below 0.0001, respectively. Figure SH shows larger gaps between
ECs and disassembled actin filaments immediately post-ISC. In
contrast, Figure 51 demonstrates recovery, with smaller gaps and
restored actin filament assembly within cells. The bright field im-
ages of ECs on MPS immediately post-SCS and ISC for 24-96 h

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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and after reperfusion showed the same trend in Figure S10 (Sup-
porting Information).

ISC showed a better recovery rate after 4 h of reperfusion for
24-96 h of preservation than SCS in Figure 5]. Recovery rates
(over 80% of normalized Ry; after reperfusion from Figure 5B)
for both SCS and ISC reduced with longer preservation periods,
though ISC was higher than SCS all the time. Particularly, in
longer preservation such as 72 and 96 h, the recovery rates for
SCS are 0.2 and 0, while those for ISC are 0.69 and 0.64. To com-
pare between frozen and supercooled preservation at the same
temperature, some samples were stored frozen at —3 °C for 96 h
and measured with EIS (Figure S11, Supporting Information).
These samples failed to recover barrier function after reperfu-
sion, similar to the SCS samples preserved for 96 h.

The variable WSS MPS also allows the characterization of the
barrier function and recovery rates in preservation and reperfu-
sion depending on the WSS (Figures S12 and S13, Supporting
Information). Figure S12 (Supporting Information) presents Ry,
with WSS immediately post-SCS and ISC for 24-96 h, normal-
ized to before preservation. No trends in Ry; depending on WSS
were observed due to the static storage of chips, without flow, for
both SCS and ISC. Figure S13 (Supporting Information) shows
Ryy and recovery rates with WSS after 4 h of reperfusion in SCS
and ISC for 24-96 h, normalized to before preservation. No sig-
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nificant differences were observed in Ry depending on WSS af-
ter reperfusion for both SCS and ISC (Figure S13A,B, Support-
ing Information). However, the recovery rate after reperfusion in
Figure S13C indicates lower recovery rates in higher WSS (>8
dynes cm™2) for 24-96 h of SCS. In 24 h of SCS, recovery rates
for lower WSS (<4 dynes cm~2) and 4-8 dynes cm~2 were 1.00
and 0.75, while they decreased drastically to below 0.25 after 48
h of SCS. Although >75% of chips in lower than 8 dynes cm—2
were recovered after reperfusion in 24 h of SCS, only 43% of
those in >8 dynes cm™ showed recovery of barrier function.
For recovery rates in ISC depending on WSS in Figure S13D
(Supporting Information), generally, it was difficult to find any
correlation between WSS and recovery rates. Only WSS higher
than 8 dynes cm™ in 96 h of ISC showed lower recovery rates
than 50%, while other conditions had >60% recovered barrier
function.

2.5. Transcriptomic Analysis after SCS and 1SC
Transcriptomic analysis was used to assess molecular level
differences in the endothelium for SCS and ISC protocols.

Since 96 h of preservation showed the largest significant differ-
ence between SCS and ISC after reperfusion (Figure 5B), we
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further explored these conditions with mRNA sequencing. Im-
mediately after preservation, larger differences in overall mRNA
expression was observed for ISC than SCS compared to be-
fore preservation (Figure 6A,B). Immediately post-ISC for 96
h, proinflammatory response-related mRNAs such as CXCL2,
CXCL3, SELE, and CSF3 were significantly upregulated, while
metabolism-related markers including MSMO1 and HMGCS1
were downregulated (Figure 6B). BOLA2B was downregulated
for both immediately post-SCS and -ISC. As BolA proteins are
involved in iron metabolism and strongly correlate with an aer-
obic metabolism, the downregulation of BOLA2B gene may be
caused by the hypoxia condition during preservation for both SCS
and ISC.[*!

During reperfusion, unfolded protein responses and re-
sponses to heat were significantly upregulated for both ISC
and SCS compared to immediately post-preservation, including
HSPAG, HSPA7, HSPA1A, HSPA1B, and CYRAB (Figure 6C,D).
Similar results were observed comparing reperfusion for SCS
and ISC for 96 h to controls without preservation (Figure S14,
Supporting Information), although more significant upregula-
tion in HSPAG, HSPA1A, and HSPA1B were observed. More
significant upregulation was observed for ISC compared to
SCS preservation. In addition, inflammatory response-related
markers were significantly altered during reperfusion in SCS
(Figure 6C), where CXCL2, CD83, CXCL3, IL1A, and EGOT,
were upregulated compared to immediately post-SCS. Mean-
while, CXCL2 was downregulated after reperfusion for ISC
(Figure 6D). There were different trends in inflammation-related
pathways based on KEGG enrichment analysis between SCS
and ISC, including MAPK signaling, NF-kappa B signaling, IL-
17 signaling, TNF signaling pathways, and cytokine-cytokine
receptor interaction (Figure S15A, Supporting Information).
In the case of SCS, although no significant upregulation in
these pathways was shown immediately after preservation, they
were significantly upregulated during reperfusion. In the case
of ISC, significant changes were observed immediately after
preservation, while no significant upregulation was observed
during reperfusion compared to immediately post-ISC. The
heat map for cytokine-cytokine receptor interaction, indicated
higher expression immediately post-ISC and after reperfusion
in SCS compared to other conditions (Figure S15B, Supporting
Information).

Enrichment results based on gene ontology immediately post-
preservation and after reperfusion were focused on the metabolic
processes and protein folding (Figure 6E,F). Significant downreg-
ulation of metabolic processes was more prevalent for ISC treated
endothelium compared to SCS, including cholesterol, steroid,
secondary alcohol, sterol, neutral lipid, acylglycerol, organic hy-
droxy compound, and triglyceride. Heat maps for mRNA expres-
sion related to cholesterol, fatty acid, and glucose metabolic pro-
cesses showed greater downregulation of markers immediately
post-ISC compared to SCS (Figure 6G), a result anticipated since
the lower temperature in ISC can suppress metabolic activities
during preservation. Figure 6F,H also support the higher statis-
tical significance in ISC than SCS, including response to topo-
logically incorrect protein, response to unfolded protein, pro-
tein refolding, ‘de novo’ posttranslational protein refolding, re-
sponse to heat, cellular response to heat, response to tempera-
ture stimulus. Figure S16 (Supporting Information) shows the
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closed relations on those pathways involved in unfolded protein
responses and responses to heat. Finally, upregulation of mRNA
related to apoptosis and oxidative stress was most prevalent in
the reperfusion SCS protocol (Figure 6I; Figure S17, Supporting
Information).

3. Discussion

In this study, a multifunctional vascular MPS was used to eval-
uate organ preservation protocols using SCS at 4 °C and ISC at
—3 °C. ISC allows the storage of biological systems at subzero
temperatures without ice formation or CPA, potentially extend-
ing organ storage by suppressing metabolic activity. Our work-
flow included a vascular MPS that employed variable WSS, im-
munofluorescent microscopy, and EIS, which allowed real-time
monitoring and quantification of endothelial barrier function
during preservation and reperfusion protocols. EC barrier resis-
tance dropped immediately post-SCS and ISC, and recovered dur-
ing reperfusion for 24 h of storage for both protocols, but only
ISC demonstrated recovery after 48-96 h of storage. Under such
storage conditions, a damaged endothelium with the basal mem-
brane directly exposed to blood flow may lead to edema in clin-
ical settings. Thus, ISC showed better recovery of barrier resis-
tance during reperfusion compared to SCS for extended preserva-
tion durations. Combining the vascular MPS with transcriptomic
analysis revealed recovery and failure mechanisms in SCS and
ISC related to metabolic activities, inflammatory responses, and
unfolded protein response. Collectively, we demonstrated longer
preservation capabilities for ISC compared to SCS, with better re-
covery of barrier function, identified potential pathways to target
for improving preservation, and the potential of ISC as clinical
protocol for organ preservation.

There were salient differences in the endothelium response
to SCS and ISC preservation. During reperfusion, barrier Ry
with ISC showed better recovery rates than SCS, especially at-
ter 72 and 96 h of preservation (Figure 5B,]). The endothelial
damage during ISC activated unfolded protein responses during
reperfusion, resulting in the restoration of endoplasmic reticu-
lum and recovery of endothelial barrier function. Unfolded pro-
tein responses are known to restore protein homeostasis or direct
cells to apoptosis.***!! The recovery of barrier Ry, along with the
significant upregulation in unfolded protein responses following
reperfusion with ISC, suggests restoration of homeostasis rather
than apoptosis. Meanwhile, SCS provided lower recovery rates
in barrier Ry after reperfusion (Figure 5]), with significant de-
creases observed after reperfusion following longer than 48 h of
SCS (Figure 4D-F). As IRI is known to induce proinflammatory
responses, SCS was more vulnerable to IRI during reperfusion
compared to ISC preservation.[233] Greater upregulation in in-
flammatory responses, an IRI indicator, after reperfusion in SCS
supports the failure of barrier resistance. Although upregulation
in unfolded protein responses was shown after reperfusion in
SCS, it may be related to apoptosis rather than restoration of
homeostasis. Higher mRNA expression in apoptosis and cellular
response to oxidative stress after reperfusion in SCS support this
mechanism (Figure 61; Figure S17, Supporting Information).

The EIS and transcriptomic analysis results highlight how ISC
can offer longer preservation durations (i.e., days) compared to
SCS in terms of EC barrier function and molecular changes by
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mimicking IRI. However, it is unclear why more IRI and lower
barrier resistance were observed immediately post-ISC compared
to SCS. The dominant mechanisms of injury and recovery be-
tween ISC and SCS likely differ during preservation and reperfu-
sion processes. Despite lower metabolic activities in ISC, higher
levels of inflammation and oxidative stress-related mRNA mark-
ers were observed in ISC. Although further studies are needed to
clarify this, it has been reported that supercooled storage causes
an increase in lipid peroxidation and a decrease in antioxidant
capacity.**! To explore this further, lipidomic analysis in cell
membranes at supercooling temperatures would be necessary as
the next logical direction. Potentially, adding cell membrane sta-
bilizers such as polyethylene glycol as a CPA in the storage solu-
tion could alleviate this problem.[>’!

A limitation of the study was the use of a single cell type, hu-
man coronary artery ECs, which might explain the discrepancy
with clinical organ preservation timelines, where the preserva-
tion time limits for heart or VCAs are 4-6 h maximum with SCS.
Although this study showed the capability of organ preservation
protocols using vascular MPS, there is an obvious gap between
the single cell type-based MPS and the real complex multicel-
lular tissues. A more representative complex biomimetic model
could be a potential direction for future research, focusing on
the assessment of key features such as nitric oxide bioavailabil-
ity, the release of adhesion molecules, and endothelial-derived
hyperpolarization factors, which play major roles in maintain-
ing endothelium integrity and function. Also, this model can be
expanded to integrate with multi-compartment models whereby
intricate cell-cell and cell-matrix interactions can be studied. Fur-
thermore, given that microvascular systems can be more vulner-
able to IRI than other vascular systems, further studies using a
microvascular MPS that include other cell types such as stromal
cells, pericytes, and fibroblasts in the in vitro model would en-
hance the correlation with clinical settings.[>*>’] Incorporating
blood-like fluids can be a future direction to enhance the phys-
iological relevance in terms of composition and viscosity. While
this study investigated a single cooling and warming rate, opti-
mizing these rates and ramp times could be an interesting future
direction.

In conclusion, a multifunctional vascular MPS was devel-
oped to study organ preservation using variable WSS, EIS, and
transcriptomic analysis. This system enabled real-time moni-
toring of endothelial barrier function and unbiased molecular-
level analyses during preservation and reperfusion protocols.
ISC showed better recovery of barrier resistance compared to
SCS, with mRNA sequencing revealing related metabolic, pro-
tein unfolding, and inflammatory responses. These findings
highlight the vascular MPS’s capabilities for quantitative anal-
ysis of endothelial barrier function in organ preservation and
reperfusion. Our work emphasizes the importance of the en-
dothelium, suggesting that it requires special attention during
organ preservation and development of new clinical protocols.
Accordingly, the multifunctional vascular MPS testbed holds
the potential to be expanded and adapted to evaluate a wide
range of preservation protocols, thereby optimizing it for stud-
ies for extended organ storage. By leveraging its ability to sim-
ulate various physiological conditions and monitor responses
at the molecular level, the MPS can provide valuable insights
into the effectiveness of different preservation techniques, ulti-
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mately enhancing the viability and longevity of stored organs for
transplantation.

4. Experimental Section

MPS Fabrications: Vascular MPS was fabricated with soft lithography.
Based on the WSS modeling, the mask was designed with AutoCAD (Au-
todesk Inc.) in Figure S2 (Supporting Information). Figure S1 (Supporting
Information) illustrates the detailed schematics for Polydimethylsiloxane
(PDMS) MPS fabrication. Patterned master wafer was fabricated via pho-
tolithography technique onto a 100 mm diameter silicon wafer (University
Wafer). An SU8-2100 (Kayakum) photoresist was utilized, and this process
involved spin coating, soft bake, UV exposure, and post-exposure bake, de-
velopment, and hard bake. The surface of the master wafer was salinized
using Trichloro (1H, TH, 2H, 2H-perfluorooctyl) silane (Sigma) overnight.
Electrode arrays for EIS measurements were fabricated with photolithog-
raphy onto gold (100 nm)/titanium (5 nm) deposited glass substrates
(Evaporated Metal Films). The placement of electrode pairs was designed
to measure different WSS regions on the tapered microfluidics channel
using AutoCAD (Figure S2, Supporting Information). A positive photore-
sist AZ-1504 (MicroChemicals) was used, and this process involved spin
coating, soft bake, UV exposure, development, and lifting.

After thoroughly mixing a 10:1 ratio of PDMS (Dow Chemical, Sylgard
184) with a curing agent, the mixture was poured onto the master wafer
mold and allowed to cure overnight at 70 °C before being peeled off. Then,
a 0.75 mm diameter biopsy punch (Ted Pella) was used to punch holes
into the inlet and outlet of the PDMS microfluidics channel. Lastly, oxy-
gen plasma treatment was applied to attach PDMS onto electrode chips
at 21 W for 24 seconds (98.8 sccm; 750 mTorr). The MPS devices were
subsequently baked at 70 °C overnight to stabilize bonding and sterilized
under UV exposure for at least 30 min before use. The alignment markers
on inlet and outlet of electrodes (Figure S2, Supporting Information) were
used to make the alignment between the PDMS channel and electrode
arrays.

Fluid WSS Modeling: Computational modeling of the WSS and max-
imum fluid velocity was completed in COMSOL Multiphysics (COMSOL
Inc.) using the imported AutoCAD geometry of the MPS system that was
used to create the mask for soft lithography. Flow was assumed as laminar,
using the no slip condition at the MPS walls, and the cell culture media per-
fused through the MPS was Newtonian with the fine finite element analysis
mesh. The fluid was simulated at 37 °C to reflect the incubated conditions,
with a dynamic viscosity of 0.84 mPa s. This value matches the viscosity
of endothelial growth media provided by the manufacturer and is corrob-
orated by experimental measurements elsewhere.[**] The inlet boundary
was modeled as the equivalent of 40 and 70 uL min~" of flow rate across
the inlet cross-section. WSS was taken from the shear rate from the 3D
velocity profiles created by COMSOL multiplied by the dynamic viscosity.

The previously reported tapered channels were assumed by the Hele-
Shaw flow with a high aspect ratio (channel width/height = 50-293) and
low Reynolds numbers.[#344] However, the chip was designed to decrease
the aspect ratio in the channel to provide a 3D aspect in vasculature. The
laminar flow was used in this modeling due to its lower aspect ratio (chan-
nel width/height = 3-23) and higher Reynolds number (0.62-3.75) than
the designs in previous work. Figure 1C-ii shows that the laminar flow as-
sumption in the design still offers a linear WSS with smaller than a 4%
difference compared to when used in Hele-Shaw flow (Figure S3A, Sup-
porting Information).

Cell Culture and Loading on MPS:  Human coronary artery endothelial
cells (Lonza) were cultured in Endothelial Cells Growth Medium MV (Pro-
moCell) containing the supplements kit (PromoCell), maintained at 37 °C
ina 5% CO, incubator. Vascular MPS was functionalized with 0.5 mg mL™"
of fibronectin (Sigma) for 1 h at 37 °C before loading cells. A concentration
of 30 million cells mL~" was loaded into the inlet of MPS using a pipette.
After 2 h, 40 pl of media was added through inlet and outlet onto the chip
and incubated overnight before applying flow. The cell loading and media
exchange protocol was empirically optimized to allow ECs to attach to the
walls of the device.[8]
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Perfusion:  Pressure-driven pumps, flow sensor, and 2-Switch
(Fluigent) were used for the perfusion setup (Figure S4, Supporting
Information). Endothelial cells growth medium MV including 0.5 ng
mL~" of human vascular endothelial growth factor 165 (Peprotech) was
used for the perfusion media, which was recirculated using the 2-Switch
setup. The 15 mL conical tubes for perfusion media were placed in a water
bath at 37 °C. During the perfusion, MPS was placed in the incubation
controlled of Lionheart microscope (Agilent) in 5% CO, at 37 °C. One
day after loading ECs on the chip, the perfusion media was applied with
40 ul min~" for 6 h to the MPS after a linear increase of the flow rate from
0to 40 pl min~! for 2 h.

EIS Measurements and Analysis: Impedance bode plots were mea-
sured ranging from 10 Hz to 1 MHz applied by 10 mV of AC voltage using
the Gamry Interface 1010E (Gamry). Temporal impedance measurements
were measured at 15 kHz every 30 seconds which is the most sensitive
region based on Figure 3B. Bode plots for bare electrodes were measured
after functionalization with fibronectin before loading the cells to calcu-
late electrode resistance, constant phase element, and media resistance
as a baseline with the equivalent circuit model (Figure S8B, Supporting
Information). The downhill simplex method was utilized to fit the equiv-
alent circuit models from Figures 3C and S8B (Supporting Information)
using the Echem Analyst 2 Software (Gamry).[>° Chi-squared was calcu-
lated as a sum of the weighted residuals to evaluate the goodness of fit.
Figure S8C—F (Supporting Information) presents examples of equivalent
circuit model fitting for the bare electrode and after cell loading onto the
MPS. Figure 4A indicates when MPS were measured with EIS at 37 °C
to quantify the tight junction quantification with circuit model fitting. For
barrier Ry recovery rate after reperfusion (Figure 5J), the number of EIS
measurements over 80% of normalized Ry; after reperfusion (dotted line
in Figure 5B) was counted.

Biopreservation Protocol: The biopreservation protocol of MPS with
SCS and ISC is depicted in Figure 4A. The first protocol was SCS at 4 °C
as the standard clinical practice, and the second one was ISC at —3 °C to
investigate the effects of temperature and time on the preservation of en-
dothelium. First, after MPS perfusion, the perfusion media was switched
to room temperature PBS using a pipette. The MPS was cooled down from
room temperature to 4 °C for SCS and 1 °C for ISC at ~2 °C min~ us-
ing a chiller device (Cole-Parmer). Either at 1 or 4 °C, the University of
Wisconsin preservation solution (Bridge to life), a commonly used clin-
ical organ storage solution, was added to the MPS using a pipette. For
ISC, MPS was carefully loaded onto the ISC chamber without any bub-
bles and cooled down to —3 °C using a 1 °C min~" rate. The electrode
contact pads with soldering were coated with PDMS to minimize poten-
tial ice nucleation sites during ISC. For SCS, MPS was stored at 4 °C.
After ISC preservation, MPS was warmed up from —3 to 1 °C at a rate
of 1°C min~" in ISC setup, followed by heating up to 21 °C at ~2 °C
min~" using the chiller. After SCS preservation, MPS was moved to the
water chiller at 4 °C and warmed up to 21 °C at ~2 °C min~. After heat-
ing up to room temperature from preservation, perfusion media was ap-
plied to MPS with 40 ul min~' flow rate for 4 h without gradual incre-
ment in 5% CO, at 37 °C to recapitulate reperfusion of blood after organ
transplant.

Isochoric Supercooling Setup:  In this study, a custom-built isochoric su-
percooling platform was employed to enable stable supercooling of the
vascular MPS. The system, similar to the one described previously by Con-
siglio et al.,[%%] consists of a two-part isochoric chamber constructed from
Al-7075. The chamber has a nominal internal volume of 20 mL, inner di-
ameter of 1”7 and internal height of 1.75”. A threaded tapered plug inter-
faces with the chamber body and forms a pressure-tight seal. The square
exterior of the chamber interface with two thermoelectric elements that
enable precise and responsive temperature control using a digital PID
controller (TEC-1161-4A, Meerstetter Engineering GmbH, CH). A pressure
transducer interfaces with the plug and enables low-latency monitoring of
ice formation. In the event of freezing, expansion of ice within the rigid
chamber generates a steep rise in pressure that can be resolved by the
pressure transducer.1] All data shown here for ISC did not show a steep
rise in pressure, an indicator for ice formation. The example of pressure
curve is shown in Figure S18 (Supporting Information).
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To mitigate the potential ice nucleation sites on the MPS, such as the
interface between gold electrode or solder on the MPS contact pads and
the UW solution, as well as the sharp edges of the glass substrate, a 10:1
ration of PDMS to curing agent was applied to these areas and cured at
70 °C overnight prior to use.

Immunofluorescence Images and Analysis for EC Morphology Quantifica-
tion: The vascular MPS was rinsed in PBS, fixed in 4% paraformaldehyde
(Millipore) for 15 min, and incubated overnight with 3% bovine serum al-
bumin (Fisher) and 0.05% saponin (ThermoScientific) in PBS at 4 °C for
permeabilization and blocking. For endothelial morphological and func-
tional analysis with WSS, cells were stained for cadherin and VEFGR3 us-
ing the following antibodies: a) goat anti-VE-Cadherin (R&D Systems), b)
mouse anti-vascular endothelial growth factor receptor 3 (VEGFR3) (R&D
Systems) with 15 and 25 ug mL™", followed by overnight incubation at 4 °C.
The secondary antibodies, AlexaFluor-488 anti-goat and AlexaFluor-647
anti-mouse (ThermoFisher), were used to stain VE-Cadherin and VEGFR3
with 1:250 dilution ratios, followed by a 4 h incubation at room temper-
ature with 1 ug mL™' of DAPI (ThermoFisher) to stain the nucleus. For
actin filament staining, 0.165 pm of rhodamine phalloidin (Invitrogen) was
used, followed by incubation overnight at 4 °C with 1 ug m|~! DAPI. Be-
tween staining steps, the sample was washed with PBS three times for 5
min. Opera Phenix high content screening system (Perkin Elmer) and Li-
onheart Widefield Microscope (Agilent) were used for image acquisition.

CellProfiler was used to analyze EC morphology based on distinct WSS
present in the vascular chip. Images were cropped to remove the edge of
channels from the VE-Cadherin (Figure S6A, Supporting Information) to
show only the EC monolayer with intensity recalculated to allow for thresh-
olding (Figure S6B, Supporting Information). VE-Cadherin undergoes in-
tensity inversion (Figure S6C, Supporting Information). Nuclei were iden-
tified using adaptive two-class Otsu thresholding with 0.1 arbitrary inten-
sity units as minimum intensity on the DAPI layer (Figure S6D, Supporting
Information). Cells were identified from primary object nuclei and sub-
sequent adaptive two-class Otsu thresholding with propagation as the
method to identify in CellProfiler (Figure S6E, Supporting Information).
Once cells were mapped, properties of interest including cell area (pix-
els2), eccentricity, orientation (—90° to 90°, x-axis = 0°), and major/minor
axes (pixels) were exported to Excel. Pixel-based units were corrected to mi-
crons using the microscopic scale, and orientation was corrected to make
y-axis = 0°. Random cells’ major axes were manually measured in Image)
to check for agreement with CellProfiler. Poor agreement led to cell thresh-
old setting adjustment of threshold correction and/or regularization fac-
tor until agreement was met. Statistical analysis was performed using the
GraphPad Prism.

Transcriptomic Analysis:  Four to seven independent replicates for vas-
cular MPS were prepared for five different conditions including control,
immediately post-SCS and -ISC for 96 h, and after 4 h of reperfusion
in SCS and ISC for 96 h. ECs were dissociated from chips using TrypLE
(Gibco) and collected by washing with PBS. RNeasy Mini Kit (Qiagen)
was used to extract mRNAs from collected cells. The mRNA quality was
assessed using the Agilent 2100 device (Agilent), and selected the sam-
ples with higher RNA integrity number than 4.0 and >100 ng of amount.
The NovaSeq X Plus (lllumina) was used for mRNA library preparation.
Gene enrichment analysis was based on gene ontology and KEGG, includ-
ing cholesterol metabolic process (GO:0008203), steroid metabolic pro-
cess (GO:0008202), secondary alcohol metabolic process (GO:1902652),
sterol metabolic process (GO:0016125), triglyceride metabolic pro-
cess (GO:0006641), organic hydroxy compound metabolic process
(GO:1901615), acylglycerol metabolic process (GO:0006639), neutral
lipid metabolic process (GO:0006638), response to unfolded protein
(G0O:0006986), response to topologically incorrect protein (GO:0035966),
protein refolding (GO:0042026), chaperone cofactor-dependent protein
refolding (GO:0051085), ‘de novo’ posttranslational protein folding
(GO:0051084), response to heat (GO:0009408), cellular response to heat
(G0O:0034605), response to temperature stimulus (GO:0009266), cellu-
lar response to oxidate stress (GO:0034599), MAPK signaling pathway
(hsa04010), NF-kappa B signaling pathway (hsa04064), IL-17 signaling
pathway (hsa04657), cytokine-cytokine receptor interaction (hsa04060),
TNF signaling pathway (hsa04668), and apoptosis (hsa04210).
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Gene set enrichment analysis was conducted using the GSEA software
v.4.3.262] with default parameters, applied to normalized count data via
NovoMagic, an analysis platform by Novogene. The GSEA results were
used to generate enrichment maps in Cytoscape software (Cytoscape Con-
sortium). Nodes were included based on a false discovery rate (FDR) g-
value cutoff of 0.75 and a P-value cutoff of 0.005. Edges cut-off was set
to 0.375 and pathway cluster names were determined using Cytoscape’s
AutoAnnotate application. Clusters of interest were selected after manual
examination of all individual nodes in clusters.

Statistical Analysis: The statistical analysis was performed by Prism
software (GraphPad) and data were expressed as median + quartiles in
truncated violin plots with data points for Figures 2C,D,F, 4C-J, and 5A,B,
Figures S11A, S12, and S13A,B (Supporting Information) and mean +
standard deviation in error bars for Figures 3B and S7A (Supporting In-
formation). Number of replicates and details in statistical analysis were
added to each Figure caption.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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