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Steady-state monitoring of oxygen in a
high-throughput organ-on-chip platform enables
rapid and non-invasive assessment of drug-

induced nephrotoxicityt
Samuel H. Kann,®® Erin M. Shaughnessey,* Xin Zhang, 2 ** Joseph L. Charest}®
and Else M. Vedula ( *°

High-throughput, rapid and non-invasive readouts of tissue health in microfluidic kidney co-culture
models would expand their capabilities for pre-clinical assessment of drug-induced nephrotoxicity. Here,
we demonstrate a technique for monitoring steady state oxygen levels in PREDICT96-O,, a high-
throughput organ-on-chip platform with integrated optical-based oxygen sensors, for evaluation of
drug-induced nephrotoxicity in a human microfluidic co-culture model of the kidney proximal tubule
(PT). Oxygen consumption measurements in PREDICT96-O, detected dose and time-dependent injury
responses of human PT cells to cisplatin, a drug with known toxic effects in the PT. The injury concen-
tration threshold of cisplatin decreased exponentially from 19.8 uM after 1 day to 2.3 uM following a clini-
cally relevant exposure duration of 5 days. Additionally, oxygen consumption measurements resulted in a
more robust and expected dose-dependent injury response over multiple days of cisplatin exposure com-
pared to colorimetric-based cytotoxicity readouts. The results of this study demonstrate the utility of
steady state oxygen measurements as a rapid, non-invasive, and kinetic readout of drug-induced injury in
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Introduction

Pre-clinical assessment of drug-induced nephrotoxicity, injury
to the kidney due to drug exposure, remains a challenge due to
the failure of animal models and simple 2D cell culture to
recapitulate the function of the human kidney." Standard pre-
clinical models for drug-induced nephrotoxicity include
animals, which are expensive, raise ethical concerns, and often
fail to consistently predict human relevant responses to drug
treatments. Standard in vitro cell-based assays that culture
cells in static well plates are not predictive due to the lack of
physiologically relevant cues, such as flow, present in the
human kidney. Additionally, standard in vitro toxicological
readouts rely on fluorescent imaging or colorimetric-based

“Draper Scholar, 555 Technology Square, Cambridge, MA 02139, USA

bDepartment of Mechanical Engineering, Boston University, 110 Cummington Mall,
Boston, MA 02215, USA. E-mail: xinz@bu.edu

‘Department of Biomedical Engineering, Tufts University, 4 Colby Street, Medford,
MA 02155, USA

dDraper, 555 Technology Square, Cambridge, MA 02139, USA.

E-mail: evedula@draper.com

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3an00380a

{Currently at Biogen, 225 Binney Street, Cambridge, MA 02142, USA.

3204 | Analyst, 2023, 148, 3204-3216

high-throughput microfluidic kidney co-culture models.

assays that are often limited to endpoint measurements and
are invasive due to the addition of labels and/or extraction of
samples for analysis in a separate instrument, such as a micro-
plate reader.? Furthermore, because drug-induced nephrotoxi-
city is thought to be dependent on exposure time in the
kidney,>* there is a need for data collection techniques that
enable non-invasive monitoring of renal tissue health in
in vitro systems throughout the time-course of drug exposure.
It is also important that new data collection techniques fit
existing life science infrastructure to enable broad adoption in
the drug development industry. Microfluidic organ-on-chip
technology enables improved toxicological assessments due to
both the capability to support human cell culture in a semi-
complex microenvironment and accommodate sensors for
rapid, label-free, and on-chip readouts of dynamic tissue
responses during drug exposures.” Additionally, recently devel-
oped high-throughput organ-on-chip platforms with industry
standard formats and compatibility with existing life science
workflows has increased the potential for translation of organ-
on-chip technology in the pharmaceutical industry.>°
Microfluidic organ-on-chip technology is advantageous for
nephrotoxicity assessment due to its ability to support evalu-
ation of the epithelial-microvascular endothelial structure of
the proximal tubule (PT),”® a primary site for transport and
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accumulation of nephrotoxic agents in the kidney,'® in a pre-
cisely designed microenvironment. Studies have shown that
PT cells exposed to flow have improved structure,"'™*?
function,”'**® and responses to nephrotoxic drug
exposures *~* compared to cells cultured in static conditions.
Also, both shear stress and increased oxygen supply via flow
have shown to increase oxygen consumption rates and oxygen-
dependent metabolism,'*'® a key function in the human PT
due to its high metabolic workload.'® The co-culture of human
primary proximal tubule epithelial cells (hRPTECs) and
human primary microvascular endothelial cells (hMVECs)
results in cross-talk between the two cell types that alters PT
epithelial cell metabolic activity and regulation of drug trans-
port genes.””?' Also, our group recently found that transe-
pithelial electrical resistance, a functional readout of PT
tissue, detected cisplatin-induced toxicity with greater sensi-
tivity for hRPTECs in co-culture compared to in monocul-
ture.”® Thus, inclusion of flow and multiple cell types in PT-
on-chips is important to recapitulate physiologically relevant
PT injury responses during nephrotoxic drug exposures.
Additionally, high-throughput systems that support an array of
independent organ-on-chips are needed to assess multiple
variables, such as drug concentrations, in parallel with a
minimum of 3 replicates for performing statistical analyses.
Recently, we have published on a high-throughput platform
that has been developed for culturing up to 96 epithelial-
endothelial barrier models on a single microtiter plate
format.>**>*

Sensor integration in high-throughput organ-on-chip
systems enables non-invasive and near real-time monitoring of
tissue health during drug exposures.” For example, electrical-
based transepithelial-endothelial electrical resistance allows
rapid and non-invasive measurement of tissue barrier function
for toxicological assessment.>>>® Oxygen sensing is particu-
larly advantageous for toxicological screening because it
enables measurement of oxygen consumption as a readout of
tissue metabolic function and viability.*® Optical-based and
electrochemical-based sensors have been utilized in cell
culture systems for consumption.
Electrochemical-based sensing systems are generally low
throughput due to the large footprint of electrical hardware
and complex fabrication processes.’® Optical-based oxygen
sensing is advantageous for integration in high-throughput
microfluidic systems due to its low footprint, straightforward
integration, and fast sensor response times.>'** The Agilent
Seahorse XFeAnalyzer, a commercial optical-based oxygen
sensing system, measures cell oxygen consumption rates in
static 96 well plates, however, does not support perfusion or
operate in organ-on-chip systems.**?* Oxygen sensor-inte-
grated organ-on-chip systems reported to date remain low-
throughput with at most 24 devices contained in an array>®
and with the majority containing 9 or fewer devices.>**¢™*
Previously, we reported a technique to measure oxygen con-
sumption rates in an array of organ-on-chip devices,"" but it
required cycling flow on and off for 1-2 minutes in each device
sequentially, resulting in un-stable flow conditions and a long
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time-duration of 1.6-3.2 h for measurement in all 96 devices
contained in a standard microtiter plate format. Oxygen con-
sumption readouts based on steady state oxygen levels may
address the above limitations by enabling continuous per-
fusion and a reduction in the time required to sequentially
collect data across a large array of devices using a single fiber
optic. A recent study demonstrated oxygen consumption
measurements in an array of devices containing hepatocytes
during continuous perfusion,®® however, the culture chambers
were limited to single microchannels, which do not accommo-
date co-culture models of human tissue barriers, such as the
epithelial-endothelial barrier in the PT. Therefore, there is a
need for investigation of new high-throughput oxygen sensing
techniques that enable non-invasive monitoring of metabolic
activity and viability during continuous flow in systems that
support tissue barrier models, whether comprised of single or
multiple cell types.

In this study, we investigated a technique for the measure-
ment of steady state oxygen levels in PREDICT96-O, (P96-0,), a
high-throughput microfluidic organ-on-chip platform with
integrated optical-based oxygen sensors, for monitoring
oxygen consumption and assessment of drug-induced injury
in a microfluidic human primary co-culture model of the
kidney PT (mcPT). Oxygen consumption measurements
enabled detection of a dose and time-dependent injury
response to cisplatin, a nephrotoxic compound, during a clini-
cally relevant 5-day exposure duration. Measurement of a dose
and time-dependent injury response to cisplatin allowed rapid
prediction of an injury concentration threshold as a function
of exposure time in the mcPT. Finally, we compared the per-
formance of oxygen consumption and gold standard colori-
metric-based cytotoxicity readouts for monitoring drug-
induced injury in the mcPT. Our results demonstrated a new
utility of oxygen sensing and associated methodology in a
high-throughput organ-on-chip platform for pre-clinical evalu-
ation of drug-induced nephrotoxicity and investigation of reno-
protective strategies.

Results and discussion

Design and workflow for oxygen-sensing in P96-O, and
assessment of drug-induced PT injury

We developed a workflow to assess oxygen consumption and
drug-induced injury to hRPTECs in a mcPT during continuous
perfusion. P96-O, contained an array of 96 organ-on-chip
devices with integrated optical-based oxygen sensors in a
microtiter plate format similar to an industry standard well
plate commonly used in drug development.>*" Fig. 1a shows
an image of the bottom of a P96-O, culture plate. Each device
of the P96-0O,, shown schematically in Fig. 1b, was constructed
in a membrane bilayer format, which consisted of top and
bottom microchannels separated by a porous membrane. The
plate was constructed primarily from cyclo-olefin polymer, a
thermoplastic with low oxygen permeability. Each device con-
tained a single oxygen sensor bonded to the floor of the

Analyst, 2023, 148, 3204-3216 | 3205


https://doi.org/10.1039/d3an00380a

Published on 12 June 2023. Downloaded on 3/10/2026 4:19:24 AM.

View Article Online

Analyst

= . e o ./
m e o ° Human microvascular
o ° o endothelial cells ("MVECs)

@@
mmm r\ w il nLWﬂlMiﬂm\

Nephrotoxic compound

Porous membrane

Human renal proximal
tubule epithelial cells
. (hRPTECs)

Excitationt I l Emission

0, 02 0, o, O

O,
| sensor IR,

0O, 0,
Mlmdwondnal dysfuncnon

0,
0,0, O
2; R sereer |

Oxygen Measurements

©)
|k‘o | Cylotoxiaity |°20 20,0,
9:0 5 0,0, 0,9 0, 0,
02 0, 0, O 0, O 0,

)

Seed Seed .
hMVECs hRPTECs 5 day exposure to nephrotoxin

| | » | | | | | | ] Fix

| I | | | | | | |t|ssues

-2 0o 4 5 6 7 8 9 10

Transfer samples & add
reagents

Analysis with
microplate reader

Sample removal

Treatment duration (hrs.)

Fluorescent Imaging

Colorimetric Cytotoxicity Assay

Fig. 1 Experimental design and workflow for oxygen sensing and assessment of drug-induced nephrotoxicity in a human microfluidic co-culture
PT model. (a) Bottom view of a P96-O, plate with 96 organ-on-chip devices. (b) Schematic of a single device with a top (blue) and bottom micro-
channel (green) and an oxygen sensor located centrally on the floor of the bottom microchannel. (c) A schematic that highlights the key com-
ponents for assessment of drug-induced nephrotoxicity in P96-O,. hMVECs and hRPTECs cultured on the top and bottom surfaces of the porous
membrane, respectively, were exposed to a nephrotoxic compound (purple dots) via controlled and unidirectional flow in the top and bottom
microchannels. An optical-based oxygen sensor located in the bottom microchannel measured oxygen via a fiber optic and commercial oxygen
meter. Confocal images of (d) hMVECs and (e) hRPTECs stained for nuclei (blue), actin (red), and ZO-1 (green) formed confluent monolayers on the
membrane. (f) Schematic illustrating an increase in steady state oxygen levels that occurs in the bottom microchannel following injury to the
hRPTECs. (g) Illustration depicting an increase in steady state oxygen levels over time as hRPTECs undergo injury during exposure to a nephrotoxic
compound. (h) Experimental timeline for co-culture and assessment of drug-induced nephrotoxicity in P96-0,.

bottom microchannel in the center of the overlap region
between the top and bottom microchannels, as shown in
Fig. 1b and c. The mcPT consisted of hRPTECs and human
primary microvascular endothelial cells (hMVECs) on the
bottom and top of the membrane, respectively, as shown sche-
matically in Fig. 1c. For mimicking the flow conditions in the
PT,*” unidirectional and recirculating perfusion in the top and
bottom microchannels provided convection-based delivery of a
nephrotoxic compound (illustrated as purple dots in Fig. 1c) to
hRPTECs cultured on the membrane. hMVECs cultured on the
top side of the membrane, shown in Fig. 1d and hRPTECs on
the bottom of the membrane, shown in Fig. 1e after 11 days of
co-culture in P96-O, demonstrated monolayer formation of
both cell types. hRPTECs had high barrier integrity, visualized
via expression of tight junction protein ZO-1, and displayed a
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cobblestone-like morphology, as shown in Fig. 1e. An optical-
based sensor in each device measured steady state oxygen
levels during continuous perfusion and delivery of a nephro-
toxic compound in the bottom microchannel. The schematics
in Fig. 1f illustrate the working principle of our sensing tech-
nique which relies on a change in steady state oxygen levels
that occurs in the bottom microchannel as hRPTECs transition
from healthy (Fig. 1fi) to injured (Fig. 1fii) during a nephro-
toxic drug exposure. Fig. 1g illustrates an expected qualitative
increase in oxygen levels as the hRPTECs undergo injury and
consume less oxygen over time following a nephrotoxic
exposure. P96-O, and our experimental workflow, shown in
Fig. 1h, allowed assessment of drug-induced injury during a
5-day exposure to cisplatin, a nephrotoxic drug, via oxygen
sensing, a conventional colorimetric cytotoxicity assay, and

This journal is © The Royal Society of Chemistry 2023
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endpoint fluorescent imaging. The P96-O, platform was well-
suited for studying drug-induced nephrotoxicity in the human
PT barrier due to its high-throughput capability to co-culture
PT epithelial and microvascular endothelial cells in a fluidic
environment and simultaneously monitor oxygen in the micro-
channel containing hRPTECs. P96-O, provided an improve-
ment in throughput over existing systems that contain at most
24 devices.>**>*%*3 aAdditionally, the membrane bilayer format
of each device in P96-O, provided benefit over single micro-
channels utilized in existing high-throughput systems® for
modelling multi-cell type tissue barriers with perfusion on
both sides, such as the PT barrier.

Detection of oxygen consumption in the mcPT during
continuous perfusion

We developed an approach to monitor steady state oxygen
levels in the bottom microchannel of all 96 devices in P96-0O,
for rapid, label-free, and on-chip detection of oxygen consump-
tion of hRPTECs. A fiber optic positioned beneath each sensor
spot sequentially, shown in Fig. 2a, measured oxygen via a
commercial oxygen meter (Pyroscience, Germany) during con-
tinuous perfusion and recirculation of media in the top and
bottom microchannels. Oxygen was measured, shown schema-
tically in Fig. 2b, via automated and sequential positioning of
the fiber optic beneath each sensor using a standard program-
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mable microscope stage. 10-12 data samples were acquired in
each device, shown in Fig. S1a,f resulting in a total duration of
32 minutes for automated measurement of oxygen in all 96
devices in P96-O,. The 10-12 oxygen samples acquired in each
device had negligible variability with an average standard devi-
ation of 0.25 + 0.1 hPa (n = 96 devices), shown in Fig. Sib,T
which indicated that oxygen measurements were steady with
respect to time during each device measurement period.
During oxygen measurements, P96-O, devices contained
hRPTECs + hMVECs, hRPTECs only, or no tissue conditions,
as shown in the plate format in Fig. S2.f A representative
example of the average steady state oxygen levels measured in
each device of a single P96-O, plate containing devices with
tissue and without tissue was shown in Fig. 2c. Oxygen levels
in devices containing tissue were slightly lower near the center
of the plate, compared to devices located at the edge, shown in
Fig. S3b,T which was likely due to greater oxygen supply at the
periphery of the plate. Despite variability in oxygen levels, the
relative change in oxygen over 24 hours in each device did not
depend significantly (p = 0.28) on each device’s position
within the plate, as shown in Fig. S3d.f Further work is still
needed to investigate potential variability due to device posi-
tion within a plate for durations longer than 24 hours, in
which proliferation or changes in cellular respiration can
occur. Oxygen was significantly lower (p < 0.001) in devices
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Fig. 2 Steady state oxygen measurements in the bottom microchannel enabled detection of hRPTEC consumption in each mcPT. (a) Schematic of
a single device with online oxygen measurements in the bottom microchannel. (b) Illustration of the path of the fiber optic during sequential oxygen
measurements in an entire P96-0, plate. (c) Representative heatmap displaying steady state oxygen readouts across an entire P96-O, plate with
devices containing tissue and no tissue controls (d) Oxygen measurements in tissue devices containing hRPTECs + hMVECs (n = 46) and only
hRPTECs (n = 12) compared to control devices containing culture medium (n = 8) and water (n = 8) on day 6 of culture (N.S. p = 0.8, *p < 0.001,
Kruskal—Wallis and Dunn’s post-hoc test). (e) Oxygen and (f) oxygen consumption measurements on days 4-11 in devices containing hRPTECs +
hMVECs (n = 5) compared to devices containing water (n = 16) and culture medium (n = 4) (*p < 0.05, **p < 0.01, ***p < 0.001 compared to culture

medium controls, Kruskal-Wallis and Dunn's post-hoc test).
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containing hRPTECs + hMVECs and hRPTECs only compared
to control devices containing water and culture medium only,
shown in Fig. 2d. There was no significant difference (p > 0.05)
between oxygen levels in devices containing hRPTECs and
hMVECs compared to those with hRPTECs only, which indi-
cated that oxygen measurements in the bottom microchannel
were sensitive to hRPTEC oxygen consumption with negligible
contribution from hMVECs in the top microchannel. Fig. 2e
shows oxygen measurements in devices containing hRPTECs
and hMVECs compared to control devices containing water
and culture medium over the course of 8 days. Oxygen levels in
control devices containing water and culture medium
remained steady near 200 hPa, the partial pressure of oxygen
in water equilibrated in air. Oxygen levels in devices contain-
ing hRPTECs and hMVECs was significantly lower than oxygen
in the water and culture medium controls, as shown in Fig. 2e.
Oxygen consumption was estimated as the difference between
steady state oxygen levels in devices containing tissue and
devices containing only culture medium. Oxygen consumption
increased over time during 7 days of culture in P96-O,, as
shown in Fig. 2f. Oxygen consumption was significantly
greater in devices containing hRPTECs and hMVECs compared
to devices containing only culture medium over 8 days of
culture. The increase in oxygen consumption over 8 days,
shown in Fig. 2f, is likely attributed to continued proliferation
of hRPTECs, which was supported by hRPTEC expression of
Ki67, a protein associated with proliferation, following 10 days
of culture in the mcPT, shown in Fig. S4.F

The presented technique for monitoring oxygen consump-
tion provided novelty and improvement over existing methods
due to the combination of (1) high-throughput acquisition (96
devices per 32 minutes), (2) compatibility with tissue models
consisting of multiple cell types in a membrane bi-layer
format, (3) capability to detect oxygen consumption during
continuous perfusion and (4) minimal hardware requirements
and simple setup for measurements. The commercial Agilent
Seahorse XFeAnalyzer can measure oxygen consumption in 96
wells in 2 minutes,** however, does not operate in organ-on-
chip systems. Existing techniques for measurement of oxygen
consumption in high-throughput organ-on-chip systems have
several limitations including the necessity to modulate flow on
and off,* the large footprint and complex integration of
sensing hardware,”® and limitation of measurements to a
single monolayer of cells.*>*® While steady state oxygen levels
provided an indicator of oxygen consumption in the hRPTEC
channel, further work is needed to investigate the relationship
between steady state oxygen levels and hRPTEC oxygen con-
sumption rates in P96-0O,. In future work, finite element ana-
lysis-based models could be employed to estimate hRPTEC
oxygen consumption rates from steady state oxygen measure-
ments, similar to an approach reported in Moya et al.*®
Additionally, this technique for monitoring oxygen consump-
tion is immediately applicable to a broad range of studies that
utilize a microfluidic membrane bi-layer format for culturing
complex tissue models including the gut intestines,*” lung,>*
blood brain barrier,*® and liver.”” Finally, only a single fiber
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optic was required to achieve measurements in 96 devices,
which resulted in a significantly lower footprint and simpler
fabrication and set up compared to current systems.>>

Oxygen sensor-enabled monitoring of cisplatin-induced
nephrotoxicity

Measurement of oxygen consumption in P96-O, during con-
tinuous perfusion enabled non-invasive monitoring of drug-
induced nephrotoxicity during a clinically relevant 5-day
exposure duration to cisplatin,*® a compound with nephrotoxic
effects in the human PT.*® Representative images of hRPTECs
stained with nuclei, actin, and ZO-1, shown in Fig. 3a, indi-
cated a dose-dependent injury response following 5 days of
exposure to cisplatin. Dose-dependent cytotoxicity was evident
due to changes in the hRPTEC nuclei density on day 5, as
shown in Fig. 3b. Additionally, there was a dose-dependent
reduction in the expression of key structural proteins actin and
Z0-1, shown in Fig. 3a and Fig. S5.f hRPTEC nuclei density
was significantly lower than the untreated group at 25, 100,
and 200 pM (p < 0.05). Oxygen consumption on day 5 of the
cisplatin exposure correlated with hRPTEC nuclei density with
an R? value of 0.735 (p < 0.001), as shown in Fig. 3c. This corre-
lation indicated oxygen consumption could be utilized as a
label-free, non-invasive, and rapid surrogate indicator of
hRPTEC density decrease and injury in P96-O,.

Post/predrug oxygen consumption in the mePT was defined
as oxygen consumption over the course of cisplatin exposure
relative to oxygen consumption measured prior to the initial
exposure at ¢ = 0 h. Doses of cisplatin were delivered in P96-O,
according to the plate format shown in Fig. S6.f We did not
expect significant biases in the post/predrug oxygen consump-
tion readouts due to the plate format design. This was because
the post/predrug oxygen consumption readouts were based on
relative changes in oxygen over time in each device, which did
not depend significantly on each device’s position within the
plate, as shown in Fig. S3d.t Post/predrug oxygen consumption,
shown in Fig. 4a, was measured at 24 h timepoints for 5 days
during exposure of hRPTECs to cisplatin and a time- and dose-
dependent response was observed. Within 24 h, post/predrug
oxygen consumption in devices treated with 100 and 200 pM
decreased significantly relative to the untreated devices (p <
0.01). At 48 h, post/predrug oxygen consumption in devices
treated with 25 pM decreased significantly relative to the
untreated devices (p < 0.001). At 72 h, post/predrug oxygen con-
sumption in devices treated with 10 uM decreased significantly
relative to the untreated devices (p < 0.05). There was no signifi-
cant decrease in post/predrug oxygen consumption in devices
treated in the range of 0-3 pM. Post/predrug oxygen consump-
tion in devices treated with 0-3 pM increased above 100% over
time, which was most likely due to proliferation of hRPTECs in
the bottom microchannel, as discussed previously.

Dose response curves based on the conventional 4-para-
meter Hill equation®>*! were estimated for data collected at
48, 72, 96, and 120 h for prediction of an IC,,, the concen-
tration at which 20% reduction in post/predrug oxygen con-
sumption was observed. Maximal injury in the mcPT was

This journal is © The Royal Society of Chemistry 2023
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observed at 48 h, indicated by a black arrow in Fig. 4a.
Therefore, data collected prior to 48 h was not included in the
hill function curve fitting. Fig. 4b shows dose response curves
(solid lines) and experimental data (markers) for each time-
point from 48-120 h of cisplatin exposure. The IC,, decreased
as exposure to cisplatin increased between the 48 and 120 h
timepoints, shown as orange and blue dotted lines, respect-
ively, in Fig. 4b and followed an exponential decay, shown in
Fig. 4c. The fitted exponential, shown in eqn (1), fit the experi-
mental data closely with an R* of 1.00 and predicted a long-
term IC,, of 2.2 pM. The predicted IC,os at 24 h timepoints
over 5 days were provided in Table 1 below.

ICy(t) = 58.46e %% 12,16 (1)

Table 1 Summary of predicted ICyos during a 5-day exposure to
cisplatin

Timepoint (h) 24 48 72 96 120 Infinity

1Cy (kM) 19.8 7.5 3.8 2.7 2.3 2.2

These results demonstrated a new capability of a high-
throughput oxygen sensor integrated organ-on-chip platform
to rapidly predict a time-dependent concentration threshold at
which drug-induced injury occurs in a human PT model. The
5-day IC,, for cisplatin of 2.3 pM was below expected blood
concentrations of cisplatin reported in 5-day infusions,®
which may explain the prevalence of cisplatin-induced kidney
injury in the clinic. Additionally, the time-dependent decrease
in the IC,, of cisplatin in the mcPT supports data in animal
models suggesting that cisplatin-induced kidney injury is dose
and time-dependent.”* Our predicted 5-day IC,, in the mcPT was
in close agreement with a 5-day cisplatin toxicity threshold of
2.8 pM predicted using perfused vascularized human kidney
spheroids.>® Interestingly, the toxicity thresholds for cisplatin
were similar for hRPTECs cultured in spheroids and a membrane
bilayer format, despite significant differences in the tissue archi-
tecture between the two systems. While spheroids have shown
promise for toxicological studies,®® there are key advantages of
performing toxicological assessments in membrane bilayer
formats including access to both apical and basal surfaces of the
tissue layer for transport studies, independent control of flow
rates>®* in each microchannel, and compatibility with barrier-
specific assays.>>>* We believe that this system and the oxygen
measurement technique could aid clinicians and drug develo-
pers in optimizing treatment regimens of nephrotoxic agents
and investigation of protective strategies for mitigation of drug-
induced nephrotoxicity. Additionally, this technique is broadly
applicable for toxicological assessment in other complex tissue
models that utilize a membrane bilayer format.>**>*7>3

Oxygen vs. colorimetric-based measurements for monitoring
hRPTEC injury

We compared our oxygen sensing technique with the
CyQUANT™ LDH Cytotoxicity assay, a commercial colori-
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metric-based assay, for assessment of hRPTEC injury during
the 5-day exposure to cisplatin. The CyQUANT™ assay quan-
tifies cytotoxicity via extraction of cell culture medium from
each device and measurement of the amount of lactate de-
hydrogenase (LDH), an enzyme in healthy cells that is released
upon damage to the cell membrane. Fig. 5a and b shows
cumulative LDH, the total LDH released in culture medium
relative to ¢t = 0 h, and post/predrug oxygen consumption for
doses in the range of 0-200 pM and at 24 h timepoints. Both
cumulative LDH and post/predrug oxygen consumption read-
outs displayed an expected dose-dependent response at the
early timepoints of 24 and 48 h of exposure. Interestingly,
between 72-120 h, post/predrug oxygen consumption contin-
ued to display an expected dose-dependent trend, whereas
cumulative LDH did not. Specifically, cumulative LDH in the
middle dose groups of 10 and 25 pM was higher than in the
high dose groups of 100 and 200 pM, as shown in Fig. 5a,
which was not consistent with the dose response in the post/
predrug oxygen consumption readouts, data from other
studies,”® and the general expectation that injury increases
with dose of a toxic drug. This inconsistency was likely due to
differences in the time at which maximum cytotoxicity, quanti-
fied via LDH release, occurred between the middle and high
dose groups. Specifically, maximum cytotoxicity occurred
within 24 h in the high dose group compared to 48-96 h in the
middle dose group, as shown in Fig. S7. We found that the
combination of different timepoints of maximum cytotoxicity
and expected hRPTEC proliferation over time to likely be sig-
nificant factors leading to an unexpected dose-dependent
response in the cumulative LDH readouts between 72-120 h.
On the other hand, post/predrug oxygen consumption read-
outs resulted in an expected dose-response at all timepoints
similar to dose-response data for cisplatin reported in other
studies.”>>* Therefore, we found post/predrug oxygen con-
sumption to be a more robust and consistent metric for evalu-
ating dose-dependent injury over multiple days of exposure
compared to cumulative LDH. It should be noted that post/
predrug oxygen consumption in the vehicle group was slightly
lower than the untreated and low dose groups. This was likely
due to a higher concentration of saline present in the vehicle
group compared to the untreated and low dose groups, to
maintain equivalent concentrations of saline between the
vehicle and highest dose groups.

Combination of post/predrug oxygen consumption and
cumulative LDH readouts for each mcPT allowed visualization
of the time-dependent formation of two distinct clusters of
mcPTs representing healthy and injured tissue following 5
days of cisplatin exposure. Fig. 5c shows the relationship
between post/predrug oxygen consumption and cumulative
LDH readouts at each timepoint during cisplatin exposure, in
which each datapoint represents an individual mcPT.
Unsupervised classification, based on probabilistic Gaussian
mixture models,’® of the datapoints in Fig. 5¢ into two distinct
clusters resulted in prediction of mcPTs that were healthy or
injured. At 120 h, the predicted healthy and injured clusters
contained mcPTs in the 0-3 pM and 10-200 pM range, respect-
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Fig. 5 Comparison between oxygen consumption and colorimetric-based cytotoxicity readouts for monitoring hRPTEC injury in the mcPT. (a)
Cumulative LDH in the hRPTEC microchannel and (b) post/predrug oxygen consumption for each timepoint during exposure of hRPTECs to cisplatin
for 5 days (*p < 0.05, **p < 0.01, ***p < 0.0001 relative to untreated within each timepoint between 24-96 h using Kruskal-Wallis and Dunn'’s post-
hoc test). There were insufficient replicates in cumulative LDH data at 120 h for statistical testing. (c) Unsupervised clustering of individual mcPTs
into separate groups, representing healthy and injured tissue, at each timepoint based on post/predrug oxygen consumption and cumulative LDH

data.

ively, which supported image-based observations of cell death
occurring in the 10-200 pM range at 120 h, shown previously
in Fig. 3a and b. Changes in the shapes of the two clusters and
in the occupancy of mcPTs in each cluster over time, shown in
Fig. 5c, were dynamic indicators of injury occurring in the
mcPT based on two different metrics of cell health.
Specifically, between 24-96 h, mcPTs exposed to cisplatin in
the range of 10-25 pM switched occupancy from the healthy
cluster to the injured cluster.

Our reported method for measurement of steady state
oxygen levels has key advantages over conventional colori-
metric-based assays, as summarized in Table 2 below.
Additionally, we found that monitoring oxygen levels in P96-
O, allowed measurement of an expected dose-dependent
injury response for cisplatin across all timepoints during a
5-day drug exposure. This demonstrated a key advantage over
cumulative LDH readouts, which resulted in a dose-response
that was inconsistent with expectations between 72-120 h of
exposure. Additionally, we showed that the combination of
oxygen consumption measurements and colorimetric-based
cytotoxicity readouts in P96-O, allowed visualization of dis-
tinct clusters, representing healthy and injured mcPTs,
which provided a useful new readout for monitoring the pro-
gression of injury in mcPTs during multiple-day drug
exposures.

This journal is © The Royal Society of Chemistry 2023

Table 2 Key advantages of oxygen sensing compared to colorimetric-
based assays for toxicological assessment in high-throughput microflui-
dic organ-on-chip systems

Colorimetric-based
assay

Key performance
metrics

Oxygen
sensing

Data collection speed 32 min per plate® ~1-2 h per plate

On-chip Yes; label-free & Noj; requires extraction

measurements non-invasive of culture medium and
multiple liquid
handling steps

Enables perfusion Yes No

during data collection

Chemical reagents No Yes

required

¢ An additional 30-45 minutes was required for a P96-O, plate to reach
temperature equilibrium prior to oxygen measurements.

Conclusions

For the first time, we demonstrated a technique to monitor
oxygen consumption during continuous perfusion in
96 mcPTs within 32 minutes, which enabled rapid and non-
invasive assessment of drug-induced nephrotoxicity. Oxygen
consumption measurements detected time and dose-depen-
dent injury responses to cisplatin, a nephrotoxic drug, during
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a clinically relevant 5-day exposure duration. The IC,, of cispla-
tin decreased as a function of exposure time in the mcPT,
which agreed with findings in animal studies and in other
in vitro models that cisplatin toxicity is dose and time depen-
dent. Furthermore, the 5-day IC,, in the mcPT was below clini-
cally reported blood concentrations of cisplatin during 5-day
infusions,*® supporting incidences of cisplatin-induced kidney
injury in the clinic. Also, oxygen consumption readouts in the
mcPT provided more robust and expected dose-response data
than conventional colorimetric-based cytotoxicity readouts at
later timepoints of cisplatin exposure. Our results demon-
strated the utility of monitoring steady state oxygen levels in a
high-throughput organ-on-chip platform for non-invasive and
rapid assessment of oxygen consumption and nephrotoxicity
in a human co-culture PT model. The presented technique will
provide a valuable tool in drug development for evaluating
injury in microfluidic kidney models for toxicological screen-
ing and investigation of potential therapies.

Experimental
Cell culture

Primary human renal proximal tubule epithelial -cells
(hRPTECs) were purchased from ScienCell Research
Laboratories (Lot: 5340) and expanded through passage 5 prior
to seeding in P96-O, plates. hRPTECs were cultured in culture
medium consisting of 50:50 DMEM/F12 (Gibco, USA) sup-
plemented with 0.5% fetal bovine serum (Life Technologies,
USA), 10 ng mL™' recombinant human epidermal growth
factor (Thermo Fisher, USA), 5 pg mL™" insulin (Sigma-
Aldrich, USA), 6.5 ng mL™"' 3,3',5-triiodo-1-thyronine sodium
salt (Sigma-Aldrich, USA), 10 pg mL™' human transferrin
(Sigma-Aldrich, USA), and 1% penicillin-streptomycin (Thermo
Fisher, USA). Primary human dermal microvascular endothelial
cells (hMVECS) were purchased from Lonza (CC-2543) and
expanded through passage 6. hMVECs were cultured in a commer-
cial medium kit (CC-3156, Lonza, USA) consisting of EBM™-2
Basal Medium (CC-3156) and EGM™-2 MV microvascular endo-
thelial cell growth medium supplements (CC-4146). hRPTECs
were cultured in a T-150 flask (Thermo Fisher, USA) with 30 mL of
hRPTEC culture medium for 2 days prior to seeding in P96-O,.
hMVECs were cultured in a T-150 flask coated with 1 pg ecm™>
human plasma fibronectin with 30 mL of hMVEC -culture
medium for 2 days prior to seeding in P96-O,.

Preparation of the P96-O, and micropump array

The fabrication of the P96-O, culture plates and micropump
array was described previously in detail.>*' Briefly, P96-O,
plates contained 96 optical-based oxygen-sensitive sensor
spots (0.75 mm in diameter and 50 pm thick) that were cut
from a sheet of photosensitive oxygen sensor foil (item No.
OXFOIL-TN, Pyroscience, Germany). Each P96-O, plate con-
tained an 11 pm thick polycarbonate track-etched porous
membrane with a pore diameter of 1 pm (Sterlitech, WA, USA).
P96-0, plates and the micropump array were sterilized with
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ethylene oxide exposure for 24 hours, followed by a minimum
of 48 hours of degassing. P96-O, plates were treated with
oxygen plasma for 60 seconds to increase the hydrophilicity of
the microchannel surfaces. Microchannels of the P96-O, were
filled with 70% ethanol and subsequently rinsed 3 times with
phosphate-buffered saline (PBS).

Cell seeding in P96-0,

Prior to seeding cells in P96-O,, each microchannel was filled
with a solution of 60 pg mL™" of collagen IV from human pla-
centa (Cat #: CC076, Sigma Aldrich, USA) in PBS and the plate
was placed on a rocker for 1 hour at room temperature. Co-cul-
tures of hMVECs and hRPTECs and monocultures of hRPTECs
were cultured in specified regions of the P96-O, plate, as
shown in the plate map in Fig. S2.7 hMVECs were seeded in
the top microchannel two days prior to seeding of hRPTECs in
the bottom microchannel. 30 pL of a 1 million per mL cell sus-
pension was delivered to the inlet of each top microchannel
via a gravity seeding method previously described.® For
seeding of hRPTECs, 30 pL of a 1 million per mL cell suspen-
sion was delivered to the inlet of each bottom microchannel
and the plate was subsequently flipped face-down and incu-
bated at 37 °C for 1 hour to allow cells to adhere to the porous
membrane. Devices with suboptimal cell densities below
approximately 500 cells per mm? (25% of the expected density)
were identified as outliers following cell seeding via phase con-
trast imaging. Suboptimal densities likely occurred due to
error sources in the cell seeding process including low seeding
densities and introduction of bubbles that interfere with
adhesion. 14 devices were identified as outliers and excluded
from all data presented in this manuscript. Following 1 hour,
the plate was flipped face-up, culture medium in each micro-
channel was refreshed, and flow was initiated at 1 pL min™*
(0.01 dyne per cm?) for 1 day. Flow was increased to 70 pL
min~" (0.73 dyne per cm?) on day 2 for the remainder of the
experiment and the culture medium in each microchannel was
refreshed daily.

Oxygen consumption measurements

Oxygen measurements were acquired with a commercial
optical oxygen meter, optical fiber, and software (FireStingO,,
Pyroscience, Germany). P96-O, was placed in a standard con-
focal microscope with an incubation chamber (LSM, 780) and
the fiber optic was secured parfocally onto the objective turret
using a custom fixture, described in a previous work.*' The
microscope’s 10x objective and programmable stage was used to
visually locate each sensor spot to ensure that the distance
between the fiber optic and each sensor spot was consistent
across all 96 devices. The fiber optic positions for all 96 devices
were manually assigned and saved using the microscope’s soft-
ware. A 2-point calibration of the oxygen sensors was performed
using the FiresStingO, software. Microchannels were filled with
water and 30 g L™ of sodium sulfite in water to obtain the high
and low setpoint values corresponding to 100% air saturated
and 0% air saturated solutions, respectively. Measurement of
steady state oxygen in a P96-O, plate was accomplished via auto-
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mated and sequential positioning of the fiber optic beneath
each device with a dwell time of approximately 12 seconds per
device as the FireStingO, acquired oxygen measurements at a
sampling rate of 1 Hz. A custom-built algorithm in MATLAB was
used to convert the raw data containing oxygen measurements
acquired at 1 Hz for an entire P96-O, plate into average readouts
for each device in P96-O,. Oxygen measurements in each device
were the average of 10-12 samples acquired at 1 Hz. Oxygen con-
sumption was estimated as the difference between steady state
oxygen measurements in devices filled with air saturated culture
medium and devices containing culture medium and tissue.

Cisplatin treatment

cis-Diammineplatinum(u) dichloride (cisplatin) was purchased
from Sigma, Aldrich (P4394-25MG) and dissolved in 0.9%
sodium chloride in water to form a 2380 pM stock solution.
The stock solution was diluted in culture medium to produce
working concentrations of 0.5, 1, 3, 5, 10, 25, 100, and 200 pM.
The vehicle group contained 8.4% sodium chloride solution,
which was equivalent to the concentration of sodium chloride
solution used in the highest cisplatin dose. Cisplatin doses
were delivered via the inlets of the top and bottom microchan-
nels of specified devices, shown in the plate map in Fig. S6.1
Oxygen was measured in the bottom microchannel of each
device at 24 h timepoints for the 9 doses of cisplatin ranging
from 0-200 puM. Culture medium with the proper cisplatin
dose was refreshed in each device every 24 hours following
oxygen measurements.

Lactate dehydrogenase (LDH) assay

The CyQUANT™ LDH Cytotoxicity Assay (Thermo Fisher, USA),
a standard colorimetric-based assay for assessing cellular cyto-
toxicity, was used for quantifying extracellular lactate dehydro-
genase (LDH) in the culture medium. 30 pL of culture medium
was extracted from the inlet and outlet of each bottom micro-
channel following oxygen measurements on day 7, 8, 9, 10, 11
(t =24, 48, 72, 96, 120 h following initial cisplatin exposure) and
transferred to a 96 well plate. Samples were subsequently trans-
ferred in duplicates to two 96 well plates. 15 pL of the
CyQUANT™ LDH Cytotoxicity Assay reaction mixture was added
to each medium sample for 30 minutes at room temperature.
Following 30 minutes, 15 pL of the CyQUANT™ LDH
Cytotoxicity Assay stop solution was added and plates were cen-
trifuged to remove any bubbles present in the wells. Absorbance
was measured at 490 nm and 680 nm in each well with a stan-
dard microplate reader. LDH content for each device was quan-
tified from the absorbance readings, as shown in eqn (2) below,
in which 7 represents the technical replicate number.

2
LDH = Z (abs490 - absﬁgo)cells - (abs490 - absﬁ"m)mediumonly
=1
(2)

Culture medium was refreshed following LDH measure-
ments at 24 h timepoints. Cumulative LDH, the amount of
LDH released in the culture medium over multiple timepoints,
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was computed by summing LDH at each timepoint with LDH
from all previous timepoints.

Immunofluorescent staining and imaging

On day 11, hRPTECs and hMVECs were fixed with 4% para-
formaldehyde (Thermo Fisher) in PBS for 10 minutes followed by
three rinses with PBS. Microchannels were filled with 0.1%
Triton-X (Thermo Fisher, USA) with PBS for 5 minutes to permea-
bilize the cells. Microchannels were blocked with 3% normal goat
serum (NGS) in PBS for 1 h on a rocker at room temperature.
Mouse primary ZO-1 antibodies (Abcam, USA) were diluted
1:200 in NGG and incubated in each microchannel for 24 h at
4 °C. Microchannels were rinsed 3 times with PBS. Goat anti-
mouse secondary antibodies (IgG H&L Alexa Fluor 488, Thermo
Fisher, USA) were diluted 1: 250 in NGS. For labelling nuclei and
filamentous actin, Hoechst 33342 and Phalloidin-iFluor 633 were
diluted 1:500 and 1:1000, respectively, in NGS. Microchannels
were filled with NGS containing secondary antibodies, nuclei,
and filamentous actin labels for 3 h at room temperature on a
rocker. Microchannels were rinsed 3 times with PBS prior to
imaging. Images were acquired with a scanning confocal micro-
scope (Zeiss, LSM710) using a 40x water immersion objective and
lasers with excitations wavelengths of 405, 488, and 637 nm.

hRPTEC nuclei count quantification

Two 40x images of nuclei for 317 x 317 pm regions of interest
were captured on the membrane on the left and right side of
the light absorbing sensor spot. Stardist,’” an open-source
image processing pipeline in python, was used for segmenta-
tion and counting of nuclei in each image. Nuclei counts were
divided by the surface area of the region of interest to compute
nuclei density on the left and right side of the sensor. The
nuclei densities on the left and right side of the sensor were
averaged to yield an averaged nuclei density for a single device.

Mathematical modelling of dose response curves

The dose response curves of cisplatin were computed using
the standard Hill equation,*® shown in eqn (3) below, where x
is the concentration, y, is the minimum response, y., is the
maximum response, H is the Hill coefficient and x5, is the con-
centration resulting in 50% of a maximal response.

Yoo =)
Yhill = Yo + 73@;001{ (3)
1+ ()

Eqn (3) was fitted to the experimental data via minimiz-
ation of the least residual squares to compute predicted dose
response curves at each timepoint. The IC,,, concentration
resulting in 20% of maximal response, was computed based
on eqn (4), where F is the percent response.

C F\F
ICF=—) xx 4
100 — F 0 (4)

All computational analysis related to fitting dose-response
curves based on the Hill equation was performed using
custom-made pipelines in python with the SciPy module.>
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Gaussian mixture model-based clustering

Unsupervised clustering was performed based on probabilistic
Gaussian mixture models and implemented using the Sklearn.
mixture module in sci-kit learn.®® Clusters were assumed to
contain datapoints following a Gaussian distribution. The
expectation-maximization algorithm® was implemented to
return parameters for Gaussian distributions that resulted in
the highest probability of containing the datapoints. For visu-
alization purposes, the optimized Gaussian distributions were
projected to two-dimensional space and represented as
ellipses.

Statistical analysis

Data are presented as mean + standard deviation of measure-
ments. All n values represent the number of individual devices
per condition. Kruskal-Wallis & Dunn’s post-hoc tests were
used to calculate significant differences between different
groups. All statistical tests were performed in python using
Scipy®® and Sci-kit learn.®°
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