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Abstract

Introduction—The pathophysiological increase in microvascu-
lar permeability plays a well-known role in the onset and
progression of diseases like sepsis and atherosclerosis. How-
ever, how interactions between neutrophils and the endothe-
lium alter vessel permeability is often debated.

Methods—In this study, we introduce a microfluidic, silicon-
membrane enabled vascular mimetic (uSiIM-MVM) for
investigating the role of neutrophils in inflammation-associ-
ated microvascular permeability. In utilizing optically trans-
parent silicon nanomembrane technology, we build on
previous microvascular models by enabling in situ observa-
tions of neutrophil-endothelium interactions. To evaluate the
effects of neutrophil transmigration on microvascular model
permeability, we established and validated electrical
(transendothelial electrical resistance and impedance) and
small molecule permeability assays that allow for the in situ
quantification of temporal changes in endothelium junctional
integrity.

Results—Analysis of neutrophil-expressed f; integrins re-
vealed a prominent role of neutrophil transmigration and
basement membrane interactions in increased microvascular
permeability. By utilizing blocking antibodies specific to the
f1 subunit, we found that the observed increase in microvas-
cular permeability due to neutrophil transmigration is
constrained when neutrophil-basement membrane interac-
tions are blocked. Having demonstrated the value of in situ
measurements of small molecule permeability, we then
developed and validated a quantitative framework that can
be used to interpret barrier permeability for comparisons to
conventional Transwell™ values.

Conclusions—Overall, our results demonstrate the potential
of the uSiM-MVM in elucidating mechanisms involved in the
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pathogenesis of inflammatory disease, and provide evidence

fora role for neutrophils in inflammation-associated
endothelial barrier disruption.

Keywords—Silicon nanomembranes, Microfluidics,
Transendothelial electrical resistance, Neutrophil

transendothelial migration, Endothelial permeability.

ABBREVIATIONS

uSiIM-MVM  Microfluidic silicon membrane-enabled
microvascular mimetic

TEER Transendothelial electrical resistance

HUVECs Human umbilical vein endothelial cells

fMLP N-Formylmethionyl-leucyl-phenylala-
nine

ECs Endothelial cells

MPS Microphysiological system

ITO Indium tin oxide

PSA Pressure sensitive adhesive

VE-cadherin Vascular endothelial cadherin

HPAECs Human pulmonary aorta endothelial
cells

ECM Extracellular matrix

ROS Reactive oxygen species

SEM Scanning electron microscopy

INTRODUCTION

The increased permeability of the microvasculature

to both leukocytes and plasma components are hall-
marks of inflammation. Alterations in microvascular
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barrier integrity are implicated in a variety of inflam-
matory diseases, including sepsis.'® Despite the fact
that both leukocyte and plasma ‘permeability’ have
been known since the observations of Cohnheim,”->>2*
the extent to which leukocyte engagement contributes
to microvascular permeability remains unclear.*® The
common view that these two forms of permeability are
uncoupled is based on many examples of leukocyte
adhesion without accompanying permeability and vice
versa (reviewed in Refs. ' and ). However, there are
counter examples both in vivo™ and in vitro'*'” where
the engagement of endothelium by leukocytes is the
only plausible stimulus responsible for a subsequent
increase in molecular permeability. Developing a better
understanding of the specific role neutrophils play in
vascular barrier disruption will facilitate the develop-
ment of novel anti-inflammatory therapeutics capable
of modulating this off-target response.

Live cell movies of leukocytes transmigrating across
endothelium clearly show short-lived disruptions of
endothelial junctions.*® The fact that the junctions
quickly reseal following the leukocyte exit is cited as an
explanation for the ability of endothelial monolayers
to maintain a barrier to molecular transmission despite
leukocyte transmigration,'”?® however the same
images suggest that some local molecular leakage will
likely accompany transmigration events. Thus, the
controversy in the literature may be a matter of de-
grees: experimental circumstances involving a large
number of simultaneous leukocyte engagements will
show concurrent molecular transmission in bulk per-
meability assays, while the same assays will not be
sensitive to less numerous and/or asynchronous events.
Indeed, one clear example of neutrophil-induced
monolayer disruption is provided by Gautum et al.,
who demonstrated both a decrease in transendothelial
electrical resistance (TEER) and an increase in the
albumin permeability of unstimulated human umbili-
cal vein endothelial cells (HUVECs) when N-Formyl-
methionyl-leucyl-phenylalanine (fMLP) was
introduced in the frans compartment of a membrane-
based chemotactic chamber.'” Because fMLP is a
powerful neutrophil chemoattractant, more than
200,000 transmigration events were estimated to occur
within the hour of observation—a number equal to the
estimated number of endothelial cells (ECs) plated on
the Transwell™ filter.

While these observations argue that aggressive,
synchronous leukocyte transmigration should be
accompanied by a detectable molecular permeability
rise in bulk assays, modern era microphysiological
systems (MPS) (also tissue chip or organ-on-a chip)
should be able to detect an increase in molecular per-
meability with more modest physiological levels of
leukocyte engagement. Ideally, these systems will
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integrate assays for molecular transport in close
proximity to the culture, overcoming dilutions and
transfer losses that make bulk assays less sensitive.
Thus far, vascular barrier MPS models have success-
fully integrated electrodes for TEER measurements.**>
However, by employing conventional polymeric track-
etched membranes, these devices sacrifice live cell
imaging, operate with a high baseline resistance to
transport, or both.>?’ Thus, while MPS devices have
been used to measure the molecular permeability of the
endothelium™> and have demonstrated leukocyte
transmigration,”' they have not been used—nor have
they been equipped—to investigate the relationship
between the two.

We have recently introduced the uSiM (a mi-
crophysiological system enabled by a silicon-based
membrane) for the construction of dual chamber (de-
fined apical and basal compartments) MPS that enable
live cell imaging. We applied the uSiM concept to
create models of the cerebral vascular barrier®” and the
lacuna-canalicular network of cortical bone.** The
work builds on more than a decade of basic studies
establishing the optical clarity,' > biocompatibil-
ity,"143340 and extraordinary permeability***%4%->! of
ultrathin (15 nm—400 nm thick) silicon-based nano
and microporous ‘nanomembranes.” In the current
study we apply the uSiM concept to create a
microvascular mimetic (4uSiM-M VM) with the capacity
for in situ measurements of electrical impedance and
transmembrane molecular diffusion. We then use the
uSIM-MVM to confirm that an MPS with these inte-
grated permeability assays can be used to detect the
impact of leukocyte transmigration on the barrier
properties of an otherwise unstimulated endothelial
monolayer. Ultimately, we observed a decrease in
endothelial barrier integrity during neutrophil trans-
migration, that was partially attenuated following the
blocking of neutrophil-expressed f; integrins.

MATERIALS AND METHODS

Nanomembranes

The nanomembrane utilized for the puSiM-MVM
was 400 nm thick silicon dioxide (SiO,) membranes
with hexagonally packed 3 um holes spaced 9 um
apart (GFLAT300-1Q-3.0LP; SiMPore, Inc., West
Henrietta, NY). These pore characteristics give the
membranes a porosity of ~ 5% and an area density
of ~ 8 x 10° cm 2 or ~ 16 per cell once a monolayer is
confluent. The 3 um pore dimension enables complete
transmigration of neutrophils into the basal compart-
ment of the uSIM-MVM. At this density however,
microscale pores do compromise cell adhesion with the
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application of physiological fluid shear stress,>*,

possibly because of a reduced number of focal adhe-
sions compared to non-porous materials.® While we
have recently solved this issue without a loss of per-
meability by adding a low density of 3 um pores in a
background of abundant nanopores,* in the current
paper we overcame the challenge by applying a layer of
collagen I (2 mg mL™) and fibronectin
(0.17 mg mL™") to the SiO, membrane surface prior to
seeding cells. Note that in the absence of the
nanomembrane, collagen will sag with the application
of flow, thus while the membrane is not the primary
substrate for cells in our device, it is essential for the
construction of a stable system.

Device Fabrication

The uSiM-MVM consists of two main compart-
ments: luminal (‘top’ or ‘apical’) and abluminal (‘bot-
tom’ or ‘basal’) chambers separated by the
nanomembrane. Channel and spacer layers were
comprised of silicone gasket materials (Trelleborg
Sealing Solutions; Trelleborg, Sweden) cut with a
conventional craft-cutting tool (Silhouette Cameo;
Lindon, Utah) and assembled in a layer-by-layer
fashion as described elsewhere.”*>*"** The dimension
of the top channel (230 um in height) produces a
physiological shear stress of 10 dynes cm 2 at a flow
rate of 1.19 mL min~".

There were two key departures from our prior de-
vice assemblies. First was the use of indium tin oxide
(ITO) coated-glass to serve as electrodes and the floor
and ceiling layers of our fluidic device. ITO sheets (PF-
65IN) were commercially purchased from Delta
Technologies (Colorado, USA) and consist of 200 nm
of In,O3/Au/Ag film thermally deposited on ~ 100 um
thick polyethylene terephthalate (PET) substrate with
a manufacturer reported resistivity of 10 Q cm and an
optical transmittance > 78%. The planar electrode
design is the ideal configuration for MPS as it produces
parallel electrical field lines in an MPS device, mini-
mizing high baseline impedances that arise from
requiring current to pass through microfluidic access
ports.?® Since only two film-substrates are used to
create four electrodes, each film was scored using the
craft-cutter to physically separate the ITO films on
each side of the insulate, thus creating two separate
electrodes on a single planar sheet of ITO. Silver wires
of 250 um diameter (A-M Systems, Carlsborg, WA)
were bonded to ITO films using silver epoxy (83318,
MG Systems, Surrey, B.C., Canada) and cured at
70 °C overnight to achieve high conductance wire
bonding (Supplemental Fig. S1).

The second departure from our previous devices was
the use of pressure sensitive adhesive (PSA) layers for
device assembly (468MP; 3 M, Minnesota, USA) in
addition to our conventional use of UV-ozone bonding
for layer assembly.”*>"*3 The use of PSA allowed us
to overcome the difficulty of bonding UV-activated
silicone to ITO. The use of PSA also allowed us to
assemble the bottom half of the device after the addi-
tion of collagen I to the “trench™®’ on the underside of
the silicon chip. The PSA was patterned and cut using
the same craft-cutter used for silicone patterning.
Ultimately, the central parts of the device consisting of
the membrane chip, spacer and gasket layers were
bonded with UV-ozone, both the top and bottom
channels were patterned from PSA, and the device was
enclosed with ITO layers (Fig. 1a). As with our prior
devices, a polydimethylsiloxane (PDMS) block was
used to facilitate access to both top and bottom fluidic
channels. PSA was again used to facilitate bonding
between the ITO and the PDMS block.

Cell Culture Protocols

Pooled HUVECs and MCDB-131 Complete Med-
ium were obtained from VEC Technologies (Rensse-
laer, NY). Prior to device assembly, the silicon
nanomembranes were coated by adding rat tail colla-
gen I into the top sealing layer (Enzo Life Sciences,
Farmingdale, NY) at a density of 2 mg mL™~' and
adjusting the pH to 7.4 to promote polymerization.
After gel formation, the membrane was further coated
with 0.17 mg mL~" of human plasma fibronectin (BD
Biosciences, Mississauga, ON) for 1 h at room tem-
perature. In cases where the trench was also filled with
collagen I, a ~ 2 uLL drop was added to the trench prior
to addition of the bottom channel and ITO layer. After
the coating process, the devices were fully assembled
and filled with MCDB-131 media for 1-2 h prior to
cell seeding. Confluent monolayers of HUVECs were
trypsinized from tissue culture flasks and seeded inside
the devices (top chamber) at the density of ~ 40,000
cells cm 2. Cells were grown under static conditions
for ~24 h (37 °C, 5% CO,) and then subjected to
shear stress [10 dynes cm 2] for an additional 24 h
before any experiments. HUVECs were used prior to
passage 7. While the apical media was subjected to
continuous perfusion, the basal media was changed
regularly to avoid evaporation and replenish nutrients.
The entire flow circuit including the peristaltic pump,
media/nutrient reservoir, fluidic capacitor and the
uSIM-MVM device was placed inside the incubator to
maintain a proper gaseous environment and tempera-
ture conditions suitable for EC growth (Supplemental

BIOMEDICAL
ENGINEERING
SOCIETY



128 KHIRE et al.

In Situ TEER Measurement (Tetra-polar)
/e : A
@J | LUMINAL COMPARTMENT L@
¥

Physiological Shear Stress
—ooos oS

Type 1 Collagen

Ultrathin
Microporous
Si Membrane

Human
Endothelial
Cells

Fluidic
Access Silicon

Substrate

kTransparent ITO Electrodes _/

@ 130 pm PSA
? 100 pm Silicone Gasket

300 um Silicone Gasket

130 pm PSA

PDMS Entrance

Top ITO Electrode

> Bottom ITO Electrode

(a)

(b) (c)

FIGURE 1. Microvascular Mimetic (uSiM-MVM) platform: design and assembly. (a) 2D schematic showing apical (luminal) and
basal (abluminal) compartments separated by a silicon nanomembrane, which also acts as a scaffold for incorporating type 1
collagen gel as an extracellular matrix (ECM) mimic. Top and bottom channels are accessible using independent inlet/outlet ports.
Indium tin oxide (ITO) electrodes are assembled to enable electrical resistance measurement. (b) Exploded 3D view of the
microfluidic system illustrating the silicone gaskets, pressure sensitive adhesive (PSA) and electrodes. (c) Assembled device
without electrodes (for visual clarity) highlighting the miniaturized nature and the transparency of the platform.

Fig. S2). The flow system supporting the uSIM-MVM
was recently described elsewhere.*> When stated, 5—
50 U mL~! of thrombin (Sigma, St. Louis, MO) was
added to the ECs for 20 min to induce changes in
permeability.

Neutrophil Assays

Human blood was collected from peripheral veins of
healthy individuals in heparin-coated tubes. Neu-
trophils were immediately isolated from whole blood
using a 1-step polymorph solution (Accurate Chemi-
cal, Westbury, NY) as previously described.”** The
isolation procedure took less than 2 h, and neutrophils
were used within the next 3-4 h.

For transmigration assays, neutrophils were sus-
pended in MCDB-131 medium (to acclimate to the EC
media) at a density of 10’ mL~" and 100 uL of the
neutrophil rich solution was infused into the apical
chamber (10° neutrophils). Transmigration was in-
duced with 10 nM fMLP (Sigma Aldrich, St. Louis,
MO) suspended in MCDB-131. The use of fMLP was
determined based on its role in directing neutrophils in
localized bacterial infection, as well as its lack of
influence on EC barrier integrity. This solution was
used to replace the media in the basal chamber (50 uL).
Before the introduction of fMLP, a phase image of the
apical chamber was obtained for counting the initial
number of neutrophils. For transmigration observa-
tions, the chambers were either kept inside the incu-
bator, or placed on the heated stage on a phase
microscope. Neutrophil migration-blocking was
achieved by adding a low volume of concentrated anti-
CD29 (f;) monoclonal antibody P5D2 (Biolegend, San
Diego, CA) in PBS to the solution of neutrophils in
MCDB-131 immediately prior to their addition to the
apical chamber. The final concentration of anti-CD29
was 1 ug per 100 uL (i.e., 1 ug per 10° neutrophils).
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In neutrophil transmigration experiments with
interlaced phase and fluorescence, HUVECs were pre-
labeled with a solution of Alexa Fluor 488 conjugated
anti-vascular endothelial (VE)-Cadherin monoclonal
antibody (Santa Cruz Biotechnology; Dallas, TX).
Alternating phase and fluorescence images were col-
lected with a fully incubated microscope (Etaluma
LS560; Carlsbad, CA) at 6 frames per min (fpm) over
30 min.

TEER and Impedance Measurements

The TEER measurements were achieved using an
EVOM Voltohmmeter (WPI Inc., Sarasota, FL). The
silver wires were connected to the EVOM Voltohm-
meter using custom-designed breadboard circuits. The
circuits and the devices were placed in the incubator,
while the EVOM Voltohmmeter was placed outside
using connecting cables. TEER measurements were
performed at 12.5 Hz using a low amplitude square-
wave AC current (10 pA), and the corresponding
potential drop is internally recorded to yield the final
resistance in ohms as displayed on the Voltohmmeter.
The EVOM Voltohmmeter also has an analog output
and was connected to an Agilent Digital Multimeter
34401a (Keysight, Santa Rosa, CA) using coaxial
cables. The multimeter was controlled using the man-
ufacturer’s software installed on a Windows PC. Thus,
ultimately, the TEER data acquisition was fully auto-
mated and the temporal evolution of electrical resis-
tance was recorded digitally on a computer for further
analysis and interpretation.

While TEER measurement requires tetrapolar out-
put, impedance measurement requires only two elec-
trodes—one on either side of the membrane. For
impedance measurements, the output was connected to
custom-designed breadboard circuit, which was further
connected to VersaSTAT Potentiostat Galvanostat
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(Princeton Applied Research, Oak Ridge, TN) to
conduct frequency sweep. The VersaSTAT instrument
was controlled using the manufacturer’s software in-
stalled on the Windows PC. The frequency sweep was
performed from 10 Hz to 10° Hz with a sampling
frequency of 10 points per decade with Data Quality
(DQ) set to 3 (number of measurements averaged) for
measurements with transient phenomenon, or 50
points per decade and DQ set to 5 for time-insensitive
measurements. While the higher DQ improves the
robustness of the data acquisition, it also increases the
total time of the sweep, and can reduce the ability to
capture time-sensitive changes. The impedance data at
12.5 and 1000 Hz was analyzed in MATLAB using
custom-written programs for further analysis (Sup-
plemental Fig. S3).

Electron Microscopy

Endothelial monolayers grown in the uSiM-MVM
were fixed with 25 uL of media containing 2.5%
glutaraldehyde for 10 min. Silicon membranes were
then carefully extracted from the device and trans-
ferred to 50% ethanol in a six well plate. The samples
were dehydrated in sequential ethanol steps (10%
increase per step) to 100% ethanol. To prepare for
electron microscopy, the samples were then dried
using a Tousimis Samdri®-PVT-3D (Tousimis,
Rockville, MD, USA) critical point dryer and then
sputter-coated with 10 nm of gold in a Denton PVD
(Denton Vacuum, Moorestown, NJ, USA) sputter
coater. Samples were imaged in a Zeiss Auriga (Carl
Zeiss Microscopy GmbH, Jena, Germany) field
emission scanning electron microscope with a 10 kV
accelerating voltage.

In Situ Measurements of Transmembrane Diffusion

FITC-dextran (10 kDa) was added to MCDB-131
complete media at a concentration of 1 mg mL .
Neutrophils were suspended in FITC-dextran media
with or without anti-CD29 antibody as previously
described. The neutrophil solution was perfused into
the apical channel of EC-seeded uSiM devices and
devices were transferred to a heat-stage atop an epi-
fluorescence microscope. Fluorescent images were
collected every minute for 20 min in the basal channel,
adjacent to, but not directly beneath the nanoporous
membrane window (50 yum from the nanoporous
membrane edge). Images were imported to a custom
designed MATLAB script, where fluorescence intensity
(grayscale) was averaged parallel to the membrane
edge, and plotted over time.

Quantitative Framework for In Situ Molecular
Permeability

In a follow-up effort, we sought to develop a
quantitative framework for interpreting in situ molec-
ular diffusion measurements in terms of monolayer
permeability. This work employed open pSiM devices
without any accompanying electronics as described in
Masters et al.,>* and human pulmonary aorta
endothelial cells (HPAECSs) instead of HUVECs be-
cause the permeability of HPAECs were well-charac-
terized by our team in conventional Transwell™
devices. HPAECs (Cell Applications, Inc.; San Diego,
CA) were cultured as previously described.'® HPAECs
were seeded in open top uSiM devices and grown to
confluency over 48 h. HPAECs were used prior to
passage 6. Once the monolayer was established, apical
media was removed and replaced with 50 uL of fresh
media. Devices were transferred to an Olympus IX70
microscope stage (Tokyo, Japan) and an Olympus
LUCPlanFLN 40X objective was focused to the
periphery of the long edge of the free-standing porous
nanomembrane. Once in focus, 50 uL of a
400 pg mL~" solution of FITC-dextran was added to
the apical well and fluorescent time-lapse imaging was
initiated. Images were collected by an ORCA-ER
digital camera (Hamamatsu, Japan) once a minute for
10 min with an exposure of 100 ms to minimize effects
of photobleaching. Following the completion of the
time-lapse, a 200 ug mL ™! solution for FITC-dextran
was carefully added to the basal channel of the uSiM
and a final image was collected. Resulting images were
imported into a custom-made MATLAB script to
determine the fluorescence intensity 50 um from the
freestanding membrane edge.

While the analytical solution (detailed in the sup-
plemental material) of the experimental system is well
described, it does not account for many of the geometric
features of our uSiM. To overcome this potential room
for error, finite element modeling software, COMSOL,
was used to computationally recreate our experiment. A
2-D cross-sectional geometry of our device was built to
exact dimensions in COMSOL. A 10 um thick box was
placed directly above the ‘membrane’ to act as a model
cell monolayer. A 200 ug mL~" solution was assigned
to the ‘trench’ portion of the device (inverted trapezoid)
to act as the input FITC-dextran solution. The diffusive
species was assigned a free diffusion coefficient of
744 x 107" m? s7! to reflect the properties of a
40 kDa FITC-dextran solution in 37°C media (based on
a supplier provided Stoke’s radius of 45 Angstroms).
The diffusion coefficient in the monolayer region D,
was adjusted based on the monolayer permeability Pg
according to:
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Dy
Pg = 7 (1)
where L is the thickness of the monolayer region
(10 pm).

To evaluate transport across the monolayer, a point
was placed at the top edge of the bottom channel,
50 pm from the edge of the ‘membrane’ to act as the
microscope focal point. The change in concentration
through that point was recorded over 10 min as in our
experimental setup. A parametric sweep of varying
monolayer permeabilities was performed to build a
database of potential solutions ranging from Pp of
1 x 1077 to 1 x 107 ecm s™'. These solutions were
fitted to experimental data to obtain permeability
coefficients.

Transwell™ Measurements of Molecular Permeability

HPAECs were seeded in Costar Transwell™ inserts
(3 um pores, 12 mm inserts) and grown to confluency
over 48 h. After reaching confluency, apical media was
replaced with a 200 ug mL™" solution of 40 kDa
FITC-dextran in cell culture media and cells were
incubated at 37 °C, 5% CO, for 2 h. Basal media was
then collected, and FITC-dextran concentration was
measured in a fluorescence plate reader. Permeability

of the EC monolayer was calculated using Eq. (2)>**
JE

P= 2

AC, (2)

where P represents the permeability coefficient, J is
the flux of FITC-dextran across the EC and mem-
brane, A is the membrane area, and C; is the concen-
tration of FITC-dextran initially added to the apical
well. With a system permeability coefficient calculated,
the EC permeability was isolated using Eq. (3):

"
E M

where Pg is the permeability coefficient relating to the
EC monolayer, P is the system permeability as calcu-
lated in Eq. (2), and Py is the permeability of a cell-
free membrane.

RESULTS

The uSiM-MVM: An EC Barrier Imaging Platform
with Integrated Flow and Electronics

The uSiM-MVM concept and device assembly is
show in Fig. 1. Assembly details are described in the
methods. The uSiM-MVM device is an advancement
on our prior uSiM devices which were with either
simple transmembrane culture chambers'*** or closed
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flow cells.*”** Our goal here was to integrate electronic
measurements of monolayer integrity with our flow cell
device and to introduce a backside collagen gel as
abluminal extracellular matrix (ECM) space. Because
the creation of a trench on the backside of the silicon
chip is a natural outcome of the fabrication process',
we use this space to create the abluminal compartment
without occluding the microfluidic channel on the ba-
sal side of the device. We used SiO, membranes pat-
terned with 3 um pores’ at a density of 8 x 10° cm ™2
(~ 5% porosity). As we’ve shown previously, cells do
not adhere well to these membranes under flow even
with ECM coatings.?” This is possibly due to the fact
that pores create large spans without focal adhesions,
thus reducing the overall focal adhesion density® and
compromising their ability to resist shear forces. To
overcome this, we also added a collagen I gel layer
atop the membrane, which, along with a topical fi-
bronectin coating, enabled the cells to remain attached
under physiological levels of shear. The introduction of
the collagen gel layers required that we use pressure
sensitive adhesives as gasket layers to enable uSiM
device assembly after the addition of the gel.

The final advancement over our prior studies was
the incorporation of ITO as transparent electrodes. We
include these as the apical and basal terminal layers
that enclosed our device. We used them both in a
tetrapolar configuration for TEER measurements and
in a dual electrode configuration for impedance mea-
surements during the more time sensitive studies
involving neutrophil transmigration. In both cases we
configured the electrodes to be directly above the
membrane to minimize non-parallel field lines which
can cause high background resistance in microfluidic
designs.”*?

Enhanced EC Barrier and Alignment with Physiological
Shear

Enhanced barrier function is a well-established
response to flow conditioning of ECs with physiolog-
ical levels of shear.'"** Additionally, the elongation
and alignment of ECs in the direction of flow with the
application of physiological shear is one of the oldest
observations in cell culture flow chambers.'> We con-
sidered these to be fundamental requirements for the
successful operation of the uSiM-MVM. We also rea-
soned that the shear-induced elevation of EC barrier
function would be the ideal starting point for detecting
a potentially small impact of neutrophil transmigration
on permeability.

To examine the ability of the uSiM-MVM to sup-
port shear conditioning of ECs, we first established the
evolution of TEER values when ECs were grown
under static conditions for 48 h. We found that a clear
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FIGURE 2. TEER and EC morphology under shear. (a) TEER measurement was performed over 48-52 h post cell seeding in the
uSiM-MVM. TEER rises during first 24 h (red curve), after which it remains stable in the absence of shear (blue curve) or progresses
to an elevated level in the presence of shear (brown curve). The addition of thrombin immediately causes the TEER to decay below
50% of its maximum value in less than half an hour (black dashed line). Error bars represent standard error of mean with at least
n = 5. (b) Endothelial cells grown under static condition for 24 h demonstrate cobblestone morphology as observed in the phase
image on the top left, and the corresponding image analysis in MATLAB reveals the isotropic orientation of the cell population.
Endothelial cells exposed to shear stress of 10 dynes cm~2 for 24 h exhibit uniformly aligned morphology with a majority of the

cells parallel to the flow direction (Y axis).

plateau was established after about 24 h (Fig. 2a). In a
subset of these studies we introduced 10 dynes cm ™2 of
physiological shear stress, a value which is well above
the threshold for alignment'® and barrier enhance-
ment** and is consistent with the shear values of post-
capillary venules where neutrophil diapedesis occurs.*!
Cells remained adherent under flow, confirming that
the addition of a collagen gel and fibronectin coating
were effective for enabling EC adhesion to SiO, with
3 um pores under flow.>” Within 10 h of the onset of
flow, EC monolayers achieved a new TEER plateau
value more than 50% higher than that achieved with
static growth (Fig. 2a). This elevated barrier function
could be quickly disrupted (< 20 min) with thrombin.
In the same experiments we confirmed that physio-
logical shear-induced elongation and alignment of ECs
(Fig. 2b). To our knowledge, this is the first time an
MPS vascular model has been used to monitor the
shear-induced alignment of live cells by phase micro-
scopy while simultaneously monitoring TEER. The
result highlights the value of using optically’ and
electrically™ transparent silicon nanomembranes for
the construction of MPS.

Neutrophil Transmigration in the pSiM-MV M Platform

To examine the impact of neutrophil transmigration
on EC barrier function, we first needed to ensure the
ability of neutrophils to migrate through the uSiM-
MVM in response to a chemoattractant applied to the

basal compartment. This question was particularly
relevant given the addition of collagen gels above and
below the membrane. It was not clear if these gels
would hinder neutrophil transmigration, fMLP diffu-
sion, or both. To test this, we added freshly isolated
neutrophils (10’ mL™") to the apical chamber with: (1)
ECs atop an apical gel with a basal gel added to the
trench, and (2) ECs atop an apical collagen gel only.
Neutrophils were then stimulated by the basal addition
of 10 nM fMLP. After 30 min neutrophils were found
in similar numbers on floor of the basal chamber
(17.54 £ 4.29% in absence of basal gel and,
19.89 + 5.52% in the presence of basal gel (n = 3,
mean + standard error); Fig. 3a). Since the addition of
the second 300 um thick collagen gel did not have any
apparent impact on the rate of migration, we con-
cluded that the gels did not represent a significant
hinderance to either the diffusion of fMLP or neu-
trophil migration. The endothelial layer, on the other
hand, clearly provided a barrier to transmembrane
migration because when these experiments were con-
ducted in the absence of this layer (and the top gel
required for stability under shear) the number of
transmigrated neutrophils increased substantially
(Fig. 3a).

In a related experiment, we developed a technique to
peel back the endothelial and collagen layer from the
microporous membrane after fixing, extracting and
critically point drying the membrane chip (Fig. 3b).
This allowed us to confirm the presence of neutrophils
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FIGURE 3. Neutrophil transmigration through a collagen matrix. (a) Even in the presence of endothelial cells and supplemented
collagen | gel, neutrophils transmigrate to the abluminal channel. The presence of basal gel (below the nanomembrane) does not
significantly reduce the amount of migrated cell population as observed from the representative images of cells on the cover-slip
3 h after addition (17.54 = 4.29% in absence of basal gel, and 19.89 + 5.52% in the presence of basal gel, n =3 each; the
percentage of cells calculated by dividing the number of cells in the basal chamber 3 h later to the number of cells in the top
chamber at the onset of migration). In the absence of endothelial cells, neutrophils (hRPMN) migrate fastest due to potential absence
of any steric inhibition. Scale bar = 100 um. (b) Scanning electron microscopy (SEM) analysis shows the ability of hPMNs to

transmigrate through the collagen gel, eventually residing on the underlying nanomembrane.

at layer interfaces by scanning electron microscopy
(SEM). In a single SEM image, neutrophils could be
found above the endothelial layer, emerging from the
collagen layer, and on the microporous membrane
where they were co-localized with pores. Remarkably,
the endothelial monolayer remained intact with the
shear-induced alignment still evident in the prepara-
tion (Fig. 3b).

As we previously demonstrated with nanoporous®’
and dual scale nanomembranes,* transmigration
across endothelium can be imaged in live cell micro-
scopy on microporous SiO, membranes (Fig. 4). In
phase contrast microscopy, leukocytes transformed
from phase bright atop the endothelial layer to phase
dark as they migrate beneath the layer as flattened cells
(Fig. 4a). In the current experiments we also noted
phase bright gaps developing between ECs as neu-
trophils egressed. In follow-up experiments, we labeled
VE-cadherin with fluorescent antibodies and interlaced
fluorescence and phase-contrast images in time-lapse
microscopy to clearly see the impact of neutrophils on
endothelial junctions (Fig. 4b). The temporary,
localized disruption of endothelial junctions is consis-
tent with prior observations by others,*® and supports
our hypothesis that some disruption of barrier function
should be detectable with an elevated number of con-
current transmigration events and a sufficiently sensi-
tive measurement configuration.

BIOMEDICAL
ENGINEERING
SOCIETY

Regulating Neutrophil Subendothelial Migration

To investigate the impact of neutrophil transmi-
gration on barrier function, we sought a function
blocking antibody specific to the transmigration step.
Because of the role of f3, integrins in both endothelial
adhesion and transendothelial migration,?' we selected
instead to target §; (CD29) integrins. The f3; integrins
appear constitutively at a low level but are upregulated
in response to f, engagement and neutrophil activa-
tion’® and have a key role for migration on and
through the EC basement membrane.* Unlike f3, or fi;
integrins, f3; integrins appear to have no role in colla-
gen-based migration®” or initial EC adhesion.* Thus,
while both f, and f; integrins contribute to the
transmigration across the barrier, only the f; integrins
appear to have a role specific to the perivascular stage.
Additionally, the previously observed remedial effects
of f; inhibition in a murine model of sepsis make this a
particularly interesting target for future inflammatory
therapeutics.’**

To confirm the effectiveness of f; blocking, we
repeated our studies by phase and electron micro-
scopy in the presence of the blocking antibody. In
these studies, neutrophils were pre-incubated with
control media (Fig. 5a) or an excess of anti-CD29
blocking antibody (Fig. 5b) before adding the solu-
tion to the apical chamber of the uSIM-MVM with a
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FIGURE 4. Optical clarity of uSiM devices permit real-time observations of EC junctions. (a) Phase time lapse images of
neutrophils (yellow arrow) transmigrating through a HUVEC monolayer reveal potential separations in EC junctions (blue arrow).
Scale bar = 10 um. (b) Live immunolabeling of HUVEC junctional proteins (VE-cadherin; green) further highlights the disruption of
the EC barrier during a neutrophil transmigration event. Scale bar = 20 um.

fMLP challenge from the basal chamber. We rea-
soned that the excess antibody should also help block
any newly expressed f; integrins that appear upon
activation. By taking the ratio of the number of
neutrophils found on the floor of the basal chamber
after 3 h to the total number of neutrophils in the
luminal surface of the ECs at time zero, we quantified
the percentage of neutrophils that fully transmigrated
the device in response to a basal 10 nM fMLP chal-
lenge. We found reduction in the percentage of
transmigrated neutrophils with the f; blocking regi-
men (Fig. 5¢). Consistent with this result, we did not
find any anti-CD29 treated neutrophils associated

with either the membrane or the collagen gel in
delaminated samples viewed by SEM (Fig. 5d).

Impact of Neutrophil Transmigration on Barrier
Function

Having established a method to hinder neutrophil
transmigration in the presence of an fMLP gradient,
we then sought to test our hypothesis that transmi-
gration would result in changes in EC monolayer
permeability that could be detectable in the uSiM-
MVM platform. As before, we grew HUVECs under
physiological flow to enhance barrier properties. We
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FIGURE 5. Neutrophils migrate uninhibited in the interstitial space in the absence of #, integrin blocking (a) but remain trapped in
the subendothelial space in the presence of the blocking antibody against #, integrins (b). (c) Percent migration from the apical to
basal compartments under the influence of basally added fMLP over the duration of 3 h reduces significantly in response to 4
integrin blocking. Error bars represent standard error of mean; n = 3 for each condition. (d) The disruption of 3D migration of f4
integrin-blocked neutrophils was again revealed under SEM. The yellow inset shows the zoomed-in portion of the membrane
indicating the absence of neutrophils, which have egressed beyond the collagen gel. The entire membrane-area was thoroughly
scanned to identify any neutrophils present on the porous membrane.

found that our low frequency TEER measurements
were prone to temporal fluctuations on minute time
scales. These fluctuations would obscure the mono-
layer response, so we used low noise impedance spec-
troscopy at 1000 Hz to monitor changes over the time
course of neutrophil transmigration. As seen in
Fig. 6a, the introduction of neutrophils to the uSiM-
MVM device caused a reduction in impedance values
over the 20 min window we observed transmigration,
and this decline was partially rectified with our f;
blocking antibody treatment. In a second set of
experiments, we examined the diffusion of 10 kD
FITC-dextran from the apical to basal chamber during
fMLP-induced neutrophil transmigration. Again, we
saw a clear effect of the blocking antibody on the rate
of fluorescence transfer between the two chambers
(Fig. 6b). Thus, by two different in siru measures of
permeability—impedance and small molecule diffu-
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sion—we saw that limiting neutrophil transmigration
via f5; blocking also limited increases in EC perme-
ability.

In Situ Small Molecule Permeability

Interpretation of small molecule permeability across
different platforms requires an analytical framework
that captures the contribution of the model barrier
without influence from the particular system geometry.
Inspired by our ability to see subtle changes in small
molecule diffusion through a monolayer in the uSiM-
MVM, we undertook the task of developing such a
framework for a platform similar to the one utilized
here. As we have done in the analysis of transport
through nanomembranes,”*** we developed both
analytical (supplement) and computational models
with the understanding that the analytical model is
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FIGURE 6. Endothelial cell monolayer disruption due to neutrophil transmigration: (a) Differential decay in the net impedance
during neutrophil migration with (red curve) and without (blue curve) the blocking of $; integrins on the neutrophil surface.
Impedance values for each individual scan was normalized to its initial value before averaging, to yield a common starting point for
comparison. (For each test condition, n = 3) Error bars represent standard error of the mean. Final time points were statistically
compared by ttest, *p < 0.05. (b) The changes in the diffusion of FITC-dextran was monitored during the extravasation of untreated
neutrophils (blue curve) or g, integrin blocked neutrophils (red curve). The increase in the fluorescent signal was greater for the
untreated neutrophils than for antibody-treated neutrophils, confirming the permeability-regulating effects of antibody treatment.
(n = 5 for blue curve, and n = 2 for red curve) Error bars represent standard error of the mean. Final time points were statistically

compared by t test, *p < 0.05.

simpler but only a computational model can capture
the complex geometry of our nanomembrane chip
formats. Both models featured a cell monolayer with a
small molecule permeability (cm s~ ') parameter atop a
membrane with negligible resistance compared to the
monolayer and system permeabilities.?**’

Focusing on the computational model because of its
greater potential for accuracy, we ran a series of small
molecule diffusion simulations with ‘sampling’ done
along the bottom of the chip 50 um away from the
monolayer and membrane. Barrier permeabilities
between 10~% and 1077 cm s~' were run to create a
‘look-up’ database that could be used to interpret
experiments (Supplemental Fig. S4).

We conducted conventional Transwell™ perme-
ability measurements on confluent HPAECs using
40 kDa FITC-dextran to determine a confluent
monolayer permeability of 1.06 x 107> 4+ 1.57 x 10°°
cm s~ ' (mean =+ standard error). In parallel, we con-
ducted in situ permeability measurements on HPAECs
in open-well Transwell™-mimetic uSiM devices®’
(Fig. 7a). In both assays we added 40 kDa FITC-
dextran as a bolus to the apical well. In the uSiM
experiment, the evolution of the fluorescent tracer was
recorded using a x40 objective (Fig. 7b). Fluorescence
intensity values across each image were recorded in a
custom designed MATLAB script. The average fluo-
rescence intensity at the chip surface and 50 ym from
the membrane edge was then normalized to the initial
intensity (//l,; where I, is equal to the MATLAB-
determined intensity when the working solution of
FITC-dextran is added to the basal channel) and
plotted over time (Fig. 7c). These data were matched

to COMSOL solutions with the least root mean
squared error between the numerical results and the
data. The corresponding permeability values are
shown in Fig. 7d. The lack of a statistically significant
difference between the Transwell™ and uSiM perme-
ability values provides confidence that a uSiM-based
in situ assay can be used to provide conventional
monolayer permeability values.

DISCUSSION

While we have long established the benefits of using
silicon-based nanomembranes in place of track-etched
membranes for cell culture applications,>**" we
have only recently applied these membranes to the
creation of dual chamber devices (the uSiM platform)
to mimic tissue barriers.***” Of particular interest to us
is the creation of vascular mimetics in which ECs are
grown on the nanomembrane substrate where they
interface with the cellular and plasma components of
blood on the apical (luminal) side of the device, and
extravascular elements on the basal (abluminal) side.
We have already shown that the optical clarity of
nanomembranes enables high quality live cell imaging
of leukocyte transmigration across endothelial barri-
ers, 3743

In the current paper we provide some missing vali-
dation of the microvascular mimetic platform (uSiM-
MVM) by showing that ECs align and establish tighter
barriers in response to shear conditioning (Fig. 2), and
we explore the integration of permeability assays
(TEER; impedance; and fluorescent dextran transport)
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FIGURE 7. Quantitative analysis of in situ small molecule permeability. (a) Open-top 4SiM devices were seeded with HPAECs and
grown to confluency. (b) The diffusive properties of 40 kDa FITC-dextran through the monolayer were recorded in the basal
compartment using an epifluorescence scope and x40 objective. (c) Changes in normalized fluorescence intensity 50 um from the
membrane edge were compared to expected results based on conventional Transwell™ permeability values and a COMSOL
simulation of the experimental configuration. Root mean square error (RMSE) represents the deviation of the experimental results
from the expected. “Cell free”” represents media only devices, while “Native” represents HPAEC seeded devices. (d) Additionally,
conventional permeability values were determined and compared to values recorded in Transwell™ systems. A paired t-test
showed a lack of statistical significance between the two experimental configurations (n = 3). Error bars represent standard error

of mean.

into the device platform. We also establish techniques
for adding collagen layers to the apical and basal side
of the membrane, where it provides for both advanced
adhesion under flow and an extravascular mimetic for
leukocyte migration in 3D. Finally, we apply the
uSIM-MVM to an elusive question: Does leukocyte
transmigration alone increase small molecule perme-
ability? In both electrical and fluorescence-based as-
says, we find clear evidence that it does so (Fig. 6).
Transendothelial migration of leukocytes occurs via
a complex series of binding events, which often de-
pends on leukocyte type/subtype, inherent endothelial
characteristics, the endothelium’s activation state, and
which inflammatory stimuli are involved.* As knowl-
edge in the field has developed, the lingering debate of
coupled vs. uncoupled transmigration and permeabil-
ity has seemingly been resolved.'® As the transmigrat-
ing leukocyte passes between endothelial cells, the
lateral border recycling compartment (LBRC) allows
for migration without the need for endothelial cell
retraction. As the LBRC actively excludes VE-cad-
herin, fluorescence imaging will show paracellular gaps
if staining for this junctional molecule**—an observa-
tion we have reproduced with live imaging in the
uSiIM-MVM (Fig. 4b). The actual gaps between cells,
however, may be much smaller. Additionally, several
studies have demonstrated that VE-cadherin quickly
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returns and reseals the cell-cell junctions following
diapedesis.”® Of note, there have been increases in
permeability associated with leukocyte binding to
the endothelium, as discovered by Gautum et a/. and
further permeability changes due to generation of
reactive oxygen species (ROS), but none of these
studies have found permeability associated with the
actual transmigration event.'” Even more notable, on a
large scale, changes in permeability in numerous
inflammatory studies appear separated both spatially
and temporally from leukocyte transmigration.>*’
These studies, however, operate at large scales, and
may miss small movements of particles across the
monolayer which could only be detected in an MPS
device with in situ assays. Here we show that inhibiting
fMLP-driven transmigration of neutrophils via f,
integrin blocking partially restored EC barrier function
after the introduction of neutrophils, leading to our
contention that there is are small, localized perme-
ability changes associated with the transmigration
event itself.

Whether small increases in EC permeability during
leukocyte transmigration are physiologically impor-
tant is not clear, but the point stands that bringing
assays closer to cells in MPS devices can reveal subtle
responses that macroscopic, including in vivo mea-
surements, may miss. It is for this reason that the
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integration of assays into devices is the next frontier in
the evolution of MPS concepts.’’*® While the inte-
gration of electrical>®?*> and fluorescence-based
permeability assays into MPS has been done by others
before,”® our inclusion of these assays in the uSiM
platform enables their combination with live cell mi-
croscopy of leukocyte dynamics at the endothelial
interface. Furthermore, the decreased experimentation
time required to obtain permeability values in the
uSiM vs. the Transwell™ (10 min vs. 2 h) and mini-
mal cell requirements may promote the adoption of
this assay in future studies.
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