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Abstract

Mimicking the physiological or pathophysiologicalrker function of endothelial and epithelial cedis

an essential consideration in organ-on-a-chip nsoaehumerous tissues including the vascular system
lungs, gut and blood-brain barrier. Recent modaiseHurthermore incorporated 3D extracellular matri
hydrogels to recapitulate the composition and meltrix interactions found in the native
microenvironment. Assessment of barrier functiothigse 3D organ-on-a-chip models, however, is
typically limited to diffusive permeability measuments that are exclusively fluorescence-basedhisn t
work, an on-chip electrochemical method to measundothelial permeability in a 3D hydrogel-based
vascular model was developed that replaces theiibicg fluorescent tracer with an electroactive.one
Unlike the traditional fluorescent-based methot #hectrochemical method eliminates the need for
bulky, costly and complex optical instrumentatibattrequire measurements to be performed outside of
the incubator. A 3D extracellular matrix gel-baseidrofluidic model was first developed that
incorporates capillary pressure barrier microstmeg. Micromilling of thermoplastics was used to
fabricate these microstructures in a rapid, motdfashion. As a proof-of-concept demonstration, the
permeability of endothelial cells cultured on hygkets was electrochemically measured after being
subject to perfusion conditions, and following espi@ to known permeability mediators. In summary,
the electrochemical permeability assay possessbgahmbenefits of on-chip integration and robussne
of the traditional fluorescent-based assay whie ahabling the measurement of barrier functicamin
organ-on-a-chip incorporating 3D culture conditions
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Introduction

Barrier-forming tissues are found throughout thenan body in the form of epithelia and endothel&t th
line the intestines, lungs, blood vessels, andidseulature of the blood-brain barrier. These ésform
selective semipermeable barriers that regulate dliecalar transport between adjacent tissLregitro

cell culture models of such tissues must therafaraic in vivo physiological barrier function,
particularly in pharmaceutical drug discovery wheneg transport is modeled (Arik et al., 2018; Sigko
et al., 2016; Yeste et al., 2018).

Barrier function is predominantly assesgedlitro in the well-known Transwell system where cell
monolayers are cultured on a porous membrane supgically separating two fluidic chambers. The
porous membrane, however, is typically made oiff attificial polymer film that differs significatly
from the extracellular matrix (ECM) of the natirgcroenvironment (Baker and Chen, 2012). Recently,
microfluidic organ-on-a-chip models of barrier-fang tissues have sought to address this limitatipn
integrating biomimetic hydrogels that better retadpte 3-dimensionah vivo cell-ECM interactions and
substrate stiffness (Lee et al., 2015, 2018). lddeell-ECM interactions are known to regulate iearr
function and interendothelial junction integritye{&oppo and Milner, 2006; Minshall and Malik, 2006
stressing the need for madrevivo-like 3D culture models. Unlike traditional vitro models,
microphysiological systems also enable additiopatistemporal control over the microenvironmeiat
dynamic cell culture conditions based on the inomafion of features such as perfusion flow,
biomechanical forces and biochemical gradients.

In both macroscale and microfluidic Transwell-basgstems, epithelial/endothelial permeability and
trans-epithelial/endothelial electrical resista(iCEER) are the two most common metrics of barrier
function. Permeability is a measure of the paratalidiffusive flux of a fluorescent tracer moleeul
across a barrier-forming cell monolayer while TEIER measure of paracellular ionic conductanceh Bot
methods, however, have limitations in the contéx@m hydrogel-based microfluidic models. TEER
measurements in such models remain subject tolpesseasurement errors due to non-uniform current
densities that are strongly dependent on factaris as electrode positioning and microchannel geymet
(Srinivasan et al., 2015). Barrier function asses#rm 3D culture models is therefore almost exehlg
performed using fluorescent tracer-based perm&abaisays (Polacheck et al., 2019; Trietsch et al.,
2017; Zervantonakis et al., 2012) that require demostly and bulky fluorescence imaging
instrumentation. These assays are typically limitedff-chip, low throughput, endpoint measurements

We previously introduced an electrochemical perrfidgaassay in a Transwell-based microfluidic model
(Wong and Simmons, 2019) where the ubiquitous ésoent tracer was replaced with an electrochemical
tracer that could be detected on-chip using afs#éwice-integrated electrodes. Here, we extend the
electrochemical permeability assay to a 3D ECM bgdt-based microfluidic vascular model that better
recapitulates the native cellular microenvironmétrenables endothelial permeability to be monitlore
directly on-chip inside the incubator environmemd substitutes bulky, complex and costly fluorasee
instrumentation with low footprint, cost-effectieéectronic instrumentation. The method is therefore
suitable for high throughput applications, and coveb the robustness of tracer-based permeability
assays with the advantages of on-chip integratitimately, we demonstrate that the electrochemical
permeability assay can operate in 3D organ-on-p-tiidels of increasing sophistication and



physiological relevance, a more challenging envitent for assay integration than traditional Trarlswe
based models.

Results

ECM gel-based microfluidic vascular model with integrated electrodes

A cross-sectional schematic of the ECM hydrogekbasicrofluidic vascular model with integrated
electrochemical sensing is shown in Figure la,camdists of two adjacent microchannels separated by
narrow ridge-like structure called a phaseguideyeltas a three-electrode electrochemical cele Th
phaseguide, a capillary pressure barrier (Vulial.e2006), serves to pin and confine the hydrogéhe

gel microchannel without the need for micropillaestricting its advancement into the cell culture
microchannel and leaving an open interface betwleetwo microchannels. This produces a surface
composed of a native ECM protein on which a celhatayer may be cultured (Trietsch et al., 2017; van
Duinen et al., 2017), incorporating cell-ECM intgtians and a semi-lumen-like architecture thatrente
present in traditional Transwell-based models. Tampartments are therefore formed: the microchannel
through which culture medium can flow and the ECAl gnimicking a blood vessel lumen and the
subendothelial space, respectively. The integralectrodes are located on the bottom surface af¢he
compartment and are embedded in the hydrogel. dtesipy of the ECM gel allows diffusion of
molecules to the electrode surface. An illustratibthe device and electrochemical permeabilitagss
shown in Figure 1b.

The assembled device is composed of three layer®léctrode, fluidic and media reservoir layers
(Figure 1c). The thin-film gold electrodes weretpated onto a glass substrate while the microchanne
were fabricated out of poly(methyl methacrylateyi(®A), a transparent thermoplastic. Despite the
utility of polydimethylsiloxane (PDMS) in the prdtging of microfluidic devices, thermoplastics are
more suitable for eventual high-volume productiathvthe availability of methods such as hot
embossing and injection molding (Berthier et @12, Halldorsson et al., 2015). Moreover, PDMS is
known to absorb small hydrophobic molecules, winiety adversely impact cell culture, assay readouts,
and pharmaceutical drug discovery studies (Moogd.£2017). Although a glass electrode substrate w
used here, methods to pattern electrodes on théaistmpsubstrates exist (Gharib Naseri et al., 2008

et al., 2013), leaving the possibility for an detmoplastic device. Figure 1d shows an imageef th
assembled microfluidic chip where each chip coadistf two sensor-integrated microfluidic devices. A
magnified image of the integrated gold electrodethé gel microchannel is also shown. The phaseguid
is visible as the narrow rectangular structure betwthe microchannels. Each device occupied
approximately the area of a single well in a 48hpkilte, a footprint that is readily arrayable fagher
throughput implementations of the device and assay.

The principle of the electrochemical permeabilisgay is illustrated in Figure 1e where a concesdrat
electroactive tracer solution is first injectedadixed flow rate into the cell culture channekilThe
ensuing concentration gradient between cell culima gel microchannels results in the diffusiothef
electroactive tracer across the endothelial celiatay/er into the ECM hydrogel due the porous natdire
the gel (Ramanujan et al., 2002), mimicking physjidal diffusion of biomolecules in the subendaitel
tissue space. The peak voltammetric current medsirine gel-embedded electrodes is proportional to
the concentration of electroactive tracer, enaltliregrate of accumulation in tracer concentratmhe



continuously monitored and used to calculate thiotelial permeability. A sample set of square wave
voltammetry curves acquired while performing thecelochemical permeability assay is shown in Figure
S1. A lower rate of tracer diffusive transport esponds to a lower endothelial permeability, wligch
indicative of well-formed intercellular junctionsé greater barrier function. Relative to standard
fluorescence-based permeability assays, the useéegfated electrodes eliminates the need for cexnpl
and costly optical instrumentation and allows ehdll permeability measurements to be rapidly
performed directly on-chip inside the incubatoriemvment.
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Figure 1 a) Crost-sectional viewb) 3D illustration ancc) exploded view of the microdevice. T
phaseguide acts as a capillary pressure barriecdindines a hydrogel to the gel channel. Cells are
cultured on the curved gel surface. Gel-embeddsttreldes are used to monitor diffusive transpogrof
electroactive tracer across the cell monolagietimage of the assembled device, and top-down view of
the phaseguide region with integrated counter, ingriand reference electrodes Schematic of
electrochemical permeability assay measurementgar8gvave voltammetry peak currents are
proportional to tracer concentrations in the gelrotel. The rate of tracer accumulation in the pahoel
is used to determine the endothelial permeability.

Cell culture on ECM gels pinned using micromilled phaseguides

The device microchannels and phaseguides wereébd by direct micromilling of PMMA stock
material (Figure 2a). The endmill diameter deterdithe microchannel width while the endmill



plunging depth into the stock material determirfe@rhicrochannel height. Microchannels with a nomina
height and width of 175m and 2541m, respectively, were produced using this methbdsBguides
were likewise fabricated except with a smaller giag depth to leave a ridge-like structure betwiben
microchannels. For optimal results, it was necegssamill the phaseguides prior to the microchasrel
avoid damage. Previous methods used to fabricateggjuide structures include photolithographic
processing of a dry film photoresist (Vulto et 005), injection molding of cyclic olefin-copolyme
(COC) using an aluminum mold (Garbarino et al.,8nd soft lithographic processing of PDMS with
an etched silicon master (Tung et al., 2013). Uniite aforementioned methods, direct micromilling
enables the rapid and simple fabrication of diffiéricrochannel and phaseguide geometries without
requiring either a mold or mask, which is advantargein device prototyping (Guckenberger et al., 5301
A bottom-up view of the device microchannels andgglguide is shown in Figure 2b. The circular
trochoidal marks that are characteristic of milloygerations are clearly visible on the microchannel
surfaces. The milled PMMA phaseguide surfacesdilgayed roughness that would not be present
using other fabrication methods, but could be simbif necessary using solvent vapor polishing (Yen
et al., 2016).

To determine whether or not the surface roughnessgmmised phaseguide function, a wide range of
phaseguide dimensions were milled, and hydrogelipinby the phaseguides was assessed. Cross-
sectional images of microdevices with differentgdgguide dimensions are shown in Figure 2c. A
bottom-up view is shown in Figure 2d. Hydrogels evetained fluorescently and imaged using confocal
microscopy in order to visualize both hydrogel phdseguide shapes. Successful gel pinning was
achieved with phaseguide heights ranging from 2Qs68@&nd a 11@m width, as well as with a ~48m
height and 15-100m widths. The additional surface roughness dubdanilling process therefore did
not prevent the phaseguides from pinning hydrogieit®ns and confining them to the gel channel.
Indeed, small phaseguide heights or widths werfécgerit to pin the hydrogel, enabling cell-to-gel
channel interfaces that spanned almost the entm@mamannel height (~90%) with gel lengths on the
order of millimetres. This is a significant imprawent over the micropillar approach to pinning gels
where lengths are typically limited to a few hurdreicrons. Furthermore, the slight hydrophilicify o
PMMA phaseguides obviates the need for the prenrera steps necessary to pin gels with hydrophobic
PDMS phaseguides. Phaseguides with nominal dimessib45 (H) x 100 (Wyum were used in all
subsequent cell culture and endothelial permeglakperiments, a balance between gel pinning
reliability, ease of micromilling and large hydrégerface area for culturing the endothelia.

Confinement of human umbilical vein endotheliale@HUVECS) to the cell culture channel is shown in
Figure 2e. A representative 3D volume rendering BUVEC monolayer in the microdevice is shown in
Figure 2f. HUVECs were cultured for 72 h under t@dtional perfusion conditions on a rocker platform
(Figure S2). Figure 2f confirms that the cells tted to the curved gel surface, completely covettieg
vertical portion of the gel up to the phaseguidgpdrtantly, cell invasion into the gel was not alisd.

Cell monolayer confluency was further evaluatedtayning for VE-cadherin, an essential constitunt
endothelial junctions (Vestweber, 2008). Over thtire gel surface, VE-cadherin expression was
localized at the intercellular junctions along tel periphery, which demonstrated that the moreiay
was indeed confluent with well-formed junctions.
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Figure 2 a) Cross-sectional schematic of phaseguide and miaroei milling.b) Phase contrast image
of micromilled phaseguide and microchannels. Skafte= 50um. ¢) Examples of collagen gel pinning
(red) using micromilled phaseguides (dotted lin8ggle bars = 50m. d) Bottom-up view of pinned
collagen gel in microdevice (dotted lines). Scale b 250um. €) Bottom-up view of HUVEC monolayer
cultured for 72 h in the device. Scale bar = 160 f) Volume rendering of HUVEC monolayer
demonstrating cell attachment on vertical gel sgfand intercellular junction formation. Scale &0
um. HUVECSs were stained for VE-cadherin (green) andei (blue).

Electrochemical permeability assay in 3D vascular model

The calculation of endothelial permeability assuthes transport of the tracer into the gel is diffun-
dominated with negligible convective transportvits therefore necessary to select an electroacsiver
solution flow rate that satisfied this conditioncémputational model of fluid flow and mass transpo
was used to humerically simulate the time-depentlansport of the electroactive tracer in the
microdevice cell and gel channels (Figure 3a). Mioelel, based on our previous work (Wong et al.,
2017b, 2017a), was used to confirm that diffusre@$port was dominant over convective transport
across a wide range of conditions, including aedefand cell-laden gels (Figure S3, Figure S4g&chign
of a fluorescent tracer into the microdevice wasdus experimentally visualize tracer distributmrer
time in the cell culture channel and collagen gelifferent flow rates. Using this method, an injen
flow rate of 0.180 ml fhwas selected for the permeability assay, whickigeal a balance between rapid
injection into the cell culture channel, minimall-induced shear stress on endothelium, and lower
reagent consumption. Images of fluorescent traistrittition over time in the device at this floweare
shown in Figure 3b.



The electrochemical permeability assay in the 38cukar model requires that the integrated elecrode
perform measurements while embedded in the ECMadeth could hinder electroactive tracer
detection. However, in the presence of a concetttaficer solution, the voltammetric current meadur
by gel-embedded electrodes was not significantBnatated by a 2.5 mg ttollagen gel relative to non-
embedded electrodes (Figure 3c). This is an inidicdbhat the gel did not significantly decrease the
electrode surface area accessible to the trakely lue to the small size of the tracer compaoeithe
pores of the gel. The voltammetric current respaasecreasing tracer concentrations was further
verified to be linear in the gel (Figure S5). Thec&oactive tracer could therefore be monitorddagis
ECM gel-embedded electrodes.

The electrochemical permeability assay was perfdrineinjecting a concentrated electroactive tracer
solution into the cell culture channel at a constianv rate, and monitoring the concentration afcer in
the gel over time using square wave voltammetry (pVWrom the measured rate of tracer accumulation,
the diffusive permeability was then calculated. &Bxineruthenium (RuHex) was shown in our previous
work to be the most suitable electroactive traoetlie permeability assay as it does not alter téwatial
permeability and cell viability (Wong and Simmo28,19). Figure 3d shows the normalized gel channel
tracer concentrations over time for four experiraeobnditions: cell-free gels, untreated endothelia
cells, EGTA-treated endothelial cells, and thromiogated endothelial cells. The corresponding
normalized rates of diffusive tracer transporgdt are shown in Figure 3e. Despite a 72 h expasure
culture medium, the electrodes produced well-defi@@/V curves, and therefore have the potentiakto b
used over longer culture periods. The apparent @abitity values for each experimental condition are
shown in Figure 3f. As expected, the diffusive pealility for cell-free collagen gels was the highes
(1.69+0.24x10 cm $"), as there were no cells to slow tracer diffusishile the endothelial permeability
of untreated confluent HUVEC monolayers was theelstw4.62+0.75x10cm 1), corresponding to a
well-formed endothelial barrier with tight interlidar junctions. EGTA increases endothelial
permeability by chelating Gaions necessary for adherens junction formatiore(&her and Brune,

1983; Lakshmikanthan et al., 2018); thrombin dbessame by inducing a cellular contractile response
(Rabiet et al., 1996). This was corroborated byetkeetrochemically measured permeabilities for EGTA
and thrombin-treated ECs (1.27+0.37%10n s'and 1.06+0.15xIHcm s', respectively), which were in
between the values for untreated ECs and cellgfed® Statistically significant differences in
permeability were found between all groups (p $pwith the exception of 1) gel-only and EGTA-
treated HUVEC conditions (p > 0.2) and 2) EGTA-tegband thrombin-treated HUVEC conditions (p >
0.65).

A direct comparison is not possible with our presavork (Wong and Simmons, 2019) where the
electrochemical permeability assay was implemeimedTranswell-based microfluidic device. However,
untreated PAECs and HUVECS had similar apparemhgabilities of 3.4610° and 4.6210° cm §',
respectively, which indicates comparable barriacfion despite the differences in endothelial tgik,
culture conditions, culture substrate and deviamgry. While the effect of the collagen gel on
endothelial permeability was not determined in thisk, it is nevertheless well-established that
interactions between endothelial cells and the sddsbelial matrix are important in the regulatidn o
junction integrity and barrier function (del Zopand Milner, 2006; Minshall and Malik, 2006). The
incorporation of a 3D ECM and cell-matrix interacts also remains critical in the development of
organotypic culture models (Huh et al., 2011; Leale 2018), and enables the future addition &f ge
embedded stromal cells to even better mimic blaeg$el architecture or tumor cells to model cancer
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metastasis. Furthermore, the permeability valuesrted here are comparable to permeability valfies o
1.2-3.5%10°cm & (Bertulli et al., 2018; Ho et al., 2017) obtainesing the conventional fluorescence-
based permeability assay in microfluidic vasculadeis incorporating collagen gels with HUVEC
monolayers. This was expected since the principloth assays is identical, but differs in the ¢éragsed
and detection modality.

Currently, the on-chip assessment of endothelialdreunction in microfluidic systems is performed
using impedance-based measurements (Cacopardp2019; van der Helm et al., 2016). These
microfluidic systems are based on commercial piatfolike ECIS and xCELLigence that perform
impedance-based measurements of barrier functistaimdard multiwell (e.g., 96-well) culture formats
Impedance measurements enable the label-freetigensapid and high throughput measurement of
barrier function. The high fluidic resistances a€rofluidic channels significantly complicate integjon,
however, as measurements are sensitive to eleqtasitboning and microchannel geometry among other
factors (Srinivasan et al., 2015).

It is improbable that diffusive permeability assawyl possess the speed and sensitivity of comraerci
impedance-based systems. However, the electrochepgiomeability assay has a number of advantages
over traditional fluorescence-based permeabilisags, namely, its on-chip integration, potentialtfigh
throughput measurements and elimination of optifumentation — advantages that are drawn from
impedance-based techniques. The electrochemioaleadility assay therefore seeks to combine the
robustness of traditional permeability assays withadvantages of integrated impedance techniques.
Moreover, an important consideration in impedanaseld barrier function measurements in 3D
microfluidic culture models is that a uniform curtelensity across the cell monolayer is necessary f
accurate impedance measurements (Srinivasan 204b). This is a non-trivial challenge since cell
monolayers are frequently cultured on a verticaved surface in 3D microfluidic models insteadod t
horizontal planar surfaces common to standard rs¢ilel Transwell or multiwell formats. Endothelial
permeability and TEER measurements nonethelessmemaplementary metrics of barrier function
(Bischoff et al., 2016) and are both measured witesible to characterize endothelial monolayers.
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Figure 3 a) Numerically simulated visualization of tracer comization over time in the gel channel (inlet
flow velocity: 0.001 mm§, representing an inlet flow rate of 0.180 rii).hb) Experimental visualization
of tracer concentration over time in the gel chaosig fluorescent tracer (inlet flow ra@180 ml ).

¢) Comparison oBWV scans obtained using gel-embedded (2.5 ny amid non-embedded electrodes.
Electrochemical measurementsdpinormalized concentrations agdcorresponding slopes over time for
four experimental conditions: 2.5 mg hdollagen gel only (n = 6); untreated control ()4 mM
EGTA-treated (n = 5) and 5 U ththrombin-treated HUVECs (n = 3). Shaded areasssmt the

standard deviatiorf) Endothelial permeabilities measured using the dp-elkectrochemical permeability
assay. * p <0.025, ** p < 0.05. Error bars repné$be standard error of the mean.

Conclusion

In summary, we developed an integrated electroatemiethod for measuring endothelial barrier
function in a 3D ECM gel-based vascular model. ¥émscular model used micromilled phaseguides to
confine collagen gels to the gel channel wheredewénge of phaseguide dimensions were found to
successfully achieve this confinement. Micromilliexgabled the rapid moldless fabrication of the
phaseguides. Current methods to measure endotpeti@eability in 3D microenvironments are
exclusively fluorescence-based. Unlike these methibt electrochemical permeability assay enabled t
measurements to be performed directly on-chip éié incubator environment without the need for
complex, expensive and bulky optical instrumentatioreover, due to its charge-based readout, the
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assay may be readily parallelized for higher thiguug measurements. Ultimately, we demonstrate the
capability of the electrochemical permeability gsteameasure barrier function in organs-on-chips of
increasing complexity and physiological relevantglevalso retaining many of the benefits of labasn-
chip integration.

Methods

Microfluidic device fabrication

The microfluidic device consisted of three laydrsthe substrate with patterned electrodes, 2)itidic
layer, and 3) the media reservoir layer. The fluldiyer was fabricated by the milling of cast PMMA
sheets (McMaster-Carr Supply, IL), a method usfefiuprototyping thermoplastic microfluidic devices
(Guckenberger et al., 2015). Briefly, the micraficichannels and phaseguides were designed inrfFusio
360 (Autodesk, CA), which also enabled settinghefmilling toolpaths and generation of the G-cdde.
PCNC770 mill (Tormach, WI) was then used to remsteek material corresponding to the microdevice
features. Device geometries were machined usingated, 4-flute, carbide endmills of diameters 07010
0.015", 3/64” and 1/8” (Caliber Industrial SuppGAN) at a common spindle speed of 5000 RPM and
respective feed rates of 20, 50, 67 and 300 mm/@pmdle speeds and feed rates were selected based
common machining practices in order to minimize ngiag time while also optimizing optical
transparency and feature fidelity.

Media reservoir layers were fabricated by millihgaugh-holes in PMMA sheet stock and then bonded to
microchannel layers using thermal solvent-assistedling: 95% ethanol was injected between the two
layers, which were then pressed together usingleahlic press (Carver, IN) at 70°C for 90 s undzod

Ibf of pressure. Alternatively, media reservoirdesywere fabricated by punching holes into PDMS
substrates, and attached to the fluidic layersguaidouble-sided adhesive (Adhesives Research, PA).

For thin film electrode fabrication, soda lime glatides coated with photoresist, Cr and Au (Telic
Company, CA) were patterned using standard phbagitaphy. Briefly, the electrode geometry was
patterned onto the substrate via UV light expostithe photoresist through a chromium photomask
(PG 501, Heidelburg Instruments, DEU). Following faimesist development, wet etching was used to
selectively remove Au (TFA, Transene, MA) and CR{T6, KMG Chemicals, TX). The remaining
photoresist was then removed using photoresigtipgri(AZ 300T, AZ Electronic Materials, NJ) and
piranha treatment (3:1,80,:H,0,). Finally, PMMA and glass layers were bonded thgetising a light
curable medical device adhesive (Dymax, CT).

Microdevices were prepared for cell culture byingscopiously with 70% ethanol to sterilize the
microchannels followed by distilled,B. Devices were further sterilized under UV light &t least 2 h
and left to dry overnight prior to ECM hydrogelenafion.

Electrochemical permeability assay

Electrochemical measurements were performed withtentiostat (Emstat, PalmSens, NLD). Square
wave voltammetry (SWV) was used to monitor electtive tracer concentrations. The following
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parameters were used to ensure a large signabgittiscanning: 100 Hz frequency, 75 mV amplitude,
0.05 to -0.35 V scan range and an 8 mV potentgl. st

The electrochemical permeability assay was perfdrimgide an incubator. Hexaamineruthenium

chloride (Sigma-Aldrich, MO), the electroactivedea, was injected at 0.180 mif nto the cell culture
channel inlet using a syringe pump (Cole-Parmér, MWV scans were acquired at 20 s intervals dwer t
duration of the assay. Measured peak currents m@raalized to minimize device-to-device variatiagms
electrode areas. The electrochemical permeabgggyawas considered complete when the peak currents
had stabilized in value, i.e., < 1% variation wasasured over 6 scan intervals, indicating that the
diffusion of the tracer into the gel channel hagddy ceased.

The diffusive permeability was measured for cedeficollagen gels, untreated control HUVEC
monolayers, EGTA-treated HUVEC monolayers and thrioareated HUVEC monolayers. In all four
conditions, devices were kept in the incubator7@ih prior to measurements. EGTA treatment corsiste
of exposing HUVECs to 4 mM EGTA (Sigma-Aldrich, M@)PBS for 15 min. Similarly, thrombin
treatment consisted of exposing HUVECs to 5 U miman thrombin (Sigma-Aldrich, MO) in basal
VasculLife media for 15 min following a 1h pre-tnegnt in basal VasculLife media supplemented with
1% FBS.

Endothelial permeability calculation

For a given tracer molecule, the apparent endathsdirmeabilityP,,, is calculated using the following
equation (Yuan and Rigor, 2011):

P = L ACger @
P Cmax dt Agel

Eq.1

where Ge and G« are the gel channel and injected tracer solutntentrations, respectively /s the
vertical projected area of the pinned collagen getl ¢ is the volume of the gel channel. Equation 1
assumes that the concentration in the cell chaenahins at G.x over the duration of the permeability
measurement. For the 3D gel-based vascular mogigk ¥.25x10" mnt, andA 4 = 3.81x10 cnt. Cy
and G,.x Were obtained from electrochemical SWV scans whexe&SWV peak currents were
proportional to the electroactive tracer conceim@ratEndothelial permeability was calculated usimg
maximum slope measured in each device replicate.

Supporting information

Additional methods are described in the supporitiigrmation.
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An electrochemical endothelial permeability assay was developed

Unlike the standard fluorescent assay, an electroactive tracer was used

The electrochemical format eliminated the need for complex, bulky optical instrumentation
The method was shown to operate in a 3D cell culture environment
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