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Abstract

The quest to replace animal models used in drug testing owing to their lack of accuracy in reflecting human physiology,
and the higher comparative cost and time involved in testing with such animal models has given rise to the organ-on-a-chip
technology. Organ-on-a-chip-based microphysiological systems are flexible and can be engineered to specifically mimic
desired organs and tissue types for the drug discovery and development process. Kidney-specific and non-specific drugs
either directly or indirectly affect the kidneys’ function by inducing kidney injury. It is quite challenging to integrate elec-
trochemical sensors in the microphysiological systems for continuous monitoring of micro-environment metabolism. We
present a theranostic proximal tubule-on-a-chip model for live monitoring of cellular growth pattern. The sensors monitored
real-time changes under disease condition and drug treatment based upon cell adhesion and culture medium pH. A glass-
based microfluidic chip was designed with integrated transparent electrodes for transepithelial electrical resistance (TEER)
monitoring. Additionally, an optical pH sensor and a microscope have been added in the platform for the real-time monitor-
ing of the tissue. This model has the potential to study the absorption and metabolism of the drug along with the capacity to
complete and optimize its toxicity assessment.
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1 Introduction

Recently emerging organ-on-a-chip (OOC)-based bio-micro-
fluidic technologies bear the potential to revolutionize drug
testing by minimizing, if not replacing, the usage of animal
models. The OOC technology has evolved from the earlier
attempts of cell culture integration with microfluidics to the
development of multiorgan-on-a-chip -based microphysio-
logical systems (MPSs) (Huh et al. 2010; Sontheimer-Phelps
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et al. 2019). From a biological perspective, OOC has
matured from cell line cultures to primary cell cultures, and
advanced to the development of spheroids and organoids
on a chip (Park et al. 2019). Recently, the pharmaceutical
industry has shown a decline in research and development
productivity due to an increased ratio of failures (Peck et al.
2015). On average, the success rate for drug development
has been reduced to 10% of all proposed drugs over the past
decade, which has incurred huge financial loss for pharma
companies. Owing to higher failure rate, the developmental
cost per single FDA approved drug has escalated to 2.6 bil-
lion US dollars (Smietana et al. 2016). A key target of OOC
technology is to eliminate the unsuccessful drug candidates
at the earliest possible stage to reduce the development time
and cost.

Commonly prevailing chronic diseases mainly, diabetes,
obesity, and hypertension put stress on the kidney’s func-
tion (Bidani et al. 2013). Over time, the kidney’s function
is impaired under the influence of diabetes and hyperten-
sion (McCallum et al. 2019). The continuous albuminu-
ria (Fig. 1a) develops cellular stress, leading to proximal
tubulopathy caused by the progression of inflammation
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(Gilbert 2017). In normal human physiology, shear stress
is an important feature particularly in proximity to station-
ary phases (Sung et al. 2013). Shear stress promotes physi-
ological changes in tissue through several diverse mecha-
nosensory mechanisms which is absent in 2D cell culture
(Kwak et al. 2014). Shear stress has also been shown to
affect cell attachment and pathological responses (Califano
and Reinhart-King 2010; Meghani et al. 2020). The OOC
model of renal nephrotoxicity is considered the most suitable
model to mimic kidney physiology for the purpose of drug
screening, yet the lack of real-time monitoring is one of the
biggest challenges in OOC technology (Kimura et al. 2018).

TEER measurement is a label-free technique to character-
ize qualitatively the barrier function of the cell monolayer by
measuring the resistance across the barrier using the elec-
trodes. The monitoring of tight junctions during the forma-
tion of the monolayer of epithelial cells to assess the paracel-
lular permeability can be performed by TEER measurement
(Ferrell et al. 2010). Previously, for TEER measurement in
a microfluidic chip, metal wires have been integrated above
and below the monolayers of the epithelial cells (Douville
et al. 2010; van der Helm et al. 2016), cell culture cham-
bers were fabricated between two large electrodes (Vogel
et al. 2011), or an electrode assembly on a glass is inserted
in a culture device (Yeste et al. 2016). Aforementioned
approaches have been found to have variance at large scale.
In spite of recent successful integration of gold electrodes
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and multi-electrode array with culture chamber construction
simultaneously for real-time TEER measurements to moni-
tor the epithelial barrier function (Henry et al. 2017; Maoz
et al. 2017), the challenge of live imaging persisted. Moreo-
ver, culture media pH is also an important factor to monitor
cell growth. Higher level of necrosis and apoptosis of cells in
correlation with aggravated cellular stress is associated with
decreased pH (Dascalu and Peer 1994). Recently developed
kidney OOC systems have implemented kidney proximal
tubular cell lines (Duan et al. 2008; Essig et al. 2001), pri-
mary proximal tubular cells (Ng et al. 2013), and collecting
duct cells (Jang and Suh 2010). With the integration of opti-
cal and electrochemical sensors, the cellular growth pattern
can be monitored in microfluidic chips to better understand
the organ physiology and drug efficacy (Huang and Mason
2013; Soomro et al. 2020; Xu et al. 2019; Zhang et al. 2017).

In the current study, we have designed a proximal tubule-
on-a-chip (PTOC) model representing a potential to mimic
glucose-induced cytotoxicity in the proximal tubule with
integrated sensors. The designed platform facilitates real-
time monitoring of TEER and pH values for the first time
in a PTOC model. Additionally, a movable microscope is
present in platform to continuously observe the cell growth.
Indium tin oxide (ITO) was used to print transparent elec-
trodes to facilitate the real-time imaging through integrated
microscope. Figure 1b shows a schematic representation of
our PTOC platform. Concurrently, the real-time monitoring
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via this platform is equally effective for drug efficacy assess-
ment. This kidney model has the potential to be used in the
analysis of the initial absorption, excretion, and the toxicol-
ogy of both kidney-specific drugs and other drugs that may
indirectly cause nephrotoxicity.

2 Materials and methods
2.1 Chip fabrication and platform design

A glass-based chip was designed. Two sodalime glasses of
56 mm length and 41 mm width with a thickness of 1.1 mm
were used to make a microfluidic chip. Silicon elastomer
(Musil medical grade silicon MED-6033) was printed
[900 pm width and 200 um height (h)] using a 3D inkjet
printer, figure S1 (Online Resource), to create the micro-
channel and cell culture chamber on the chip. The width of
microchannel was 3 mm and cell culture chamber dimen-
sions were 9 mm width and 20 mm length making 180 mm?
area.

To establish a TEER sensor on the glass chip, a square-
shaped ITO electrodes were printed in the center of the cell
culture chamber comprising of 4 mm length (500 nm thick-
ness). The ITO was printed on the glass using a screen-print-
ing technique. The area of one ITO-based TEER electrode
was 16 mm?. The impedance measurements were taken in
Ohms (Q mm?). A software based on LabVIEW was utilized
for monitoring the impedance change from the TEER sensor.
Both the glasses were fixed in the chip holder at a position
such that the ITO electrodes were placed across one another
to complete the circuit to measure electrical resistance. The
TEER sensor was calibrated for the characterization of the
frequency to monitor the impedance at a fixed frequency. A
fixed frequency was derived after evaluating the impedance
changes at a frequency range of 1-10,000. The impedance
calibration was carried out with Arduino microcontroller
by providing a 0.1-V AC potential. The TEER sensor was
characterized for different parameters which included media
flow, media flow with collagen coating in the cell culture
chamber without HK-2 cells, media flow with the collagen
coating in the cell culture chamber with HK-2 cell growth on
it. The media flow rate did not express a significant influence
over the impedance values. The frequency for the continu-
ous monitoring of impedance of the cell culture was opti-
mized at 58.7 Hz. The characterization graph for TEER fre-
quency selection has been provided in figure S2(a) (Online
Resource).

To observe the cell growth in real time through a trans-
parent ITO-based TEER sensor, a portable microscope
was developed. The microscope assembly comprised of
a SCMOS series USB2.0 eyepiece camera (ToupTek™),
a lens with 10X magnification power (Plan Achromatic

Objective, AmScope™), and a light source (white LED) as
shown in figure S3 (Online Resource). A blue wavelength
469 + 17.5 nm filter was used. ToupView (ToupTek ™)
camera control software was used for the high-speed visu-
alization of the images and for video processing.

Additionally, a sensor was established for continuous
cell culture media pH measurements. A white LED was
employed in a 3D-printed assembly with an optical fil-
ter and a photodiode. The pH measurement was based on
the principle of the change in light intensity as it passes
through the media. A transparent tube was embedded in
the pH sensor through which media were passed for pH
measurement. The sensor was designed to measure the
variations in the media color based upon the changes in
the red color of phenol due to acidification of the media
over time. The optical signal was quantified by an Arduino
microcontroller. The calibration of the pH sensor was
accomplished by characterizing the RPMI media (cell cul-
ture media used in the experiment) samples with a range of
pH from 6.0 to 8.0. The calibration curve of the pH sensor
has been presented in figure S2 (b) (Online Resource).
Media sample with pH 6.00-8.00 were used because the
optimum range for pH of human cell lines is 7.2-7.4 pH.
With the passage of time, the pH of the media was reduc-
ing due to production of CO, and secretion of acidic ions,
i.e., HCO;™, H, etc., (Bernhardt et al. 1988; Gross and
Hopfer 1999).

A peristaltic pump was attached to the chip to control
the continuous circulation of media. To mimic the shear
stress present in proximal tubule microenvironment, the
media flow rate upon the cell monolayer in the culture
chamber was calibrated. The whole setup of microfluidic
platform has been shown in Figure S4 (Online Resource).
The in vivo fluid shear stress in proximal tubule micro-
physiology has previously been characterized as 5 Dyne/
cm? (Essig and Friedlander 2003). The media flow rate
was regulated at 60 ul/min to maintain the 5 Dyne/cm?
shear stress upon the monolayer of proximal tubule cells.
The media shear stress induced in the microchannel of
the designed chip was calculated by the use of following
equation (Vormann et al. 2018);

_6uQ
T=—\
wh?

6, 9

Here, “u” signifies viscosity of the cell culture medium,
“Q” exhibits the flow rate of the media, “w” represents the
width and height of channel is characterized by “h”.

Right behind the media inlet on the chip, an optical pH
sensor was attached to the transparent media tube for the
real-time pH measurement. Connectors were fixed upon
the glass chip by the use of epoxy raisin for connecting the
tubes for culture media circulation. The circulation of cell
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Fig.2 The CAD schematic
representation of experimental
setup. In the inset, an exploded
view of the chip has been repre-
sented to show the microfluidic
channels in the chip

culture media was assisted by a peristaltic pump. Figure 2
represents the experimental setup of the platform assem-
bly. The experiment was performed in triplicate.

2.2 Cell culture

A human-derived kidney tissue cell line of immortalized
proximal tubule epithelial cells HK-2 (ATCC®, USA) and
human dermal fibroblast cell line CCD-986sk (Korean Cell
Line Bank, Republic of Korea) were used to create a co-
culture model of proximal tubule epithelial cells and fibro-
blasts. Both the cell lines were grown in RPMI-1640 with
10% fetal bovine serum (FBS) and 1% penicillin and strepto-
mycin, with 5% CO, at 37 °C inside the incubator. The cells
were cultured in a petri dish until 80-90% confluency was
achieved. The cell culture chamber was coated with collagen
type I (Sigma-Aldrich™) before cell seeding to facilitate the
adhesion of cells onto the ITO-coated glass. Kidney cells
(HK-2) and fibroblasts were equally mixed for seeding at an
amount of 1x 10° per ml. The bottom layer of the chip was
incubated for 4 h inside the incubator to permit the attach-
ment of the cells. Subsequently, the top layer was fixed upon
the bottom layer to complete the microfluidic chip. The chip
was attached to a peristaltic micropump on the platform to
begin the experiment.

Initially, cells were cultured in normal media (NM)
to develop a monolayer of fibroblasts and HK-2 cells for
5 days. Subsequently, a hyperglycemic renal nephrotoxic-
ity model was developed by inducing inflammation in the
cells by the usage of high glucose media (HG). It took
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3-5 days for the development of inflammation in the mon-
olayer. Next, drug containing media (DM) was circulated
for 5 days to assess the efficacy of the drug in reducing
the level of inflammation. Commercially available anti-
inflammatory drug metformin (Sigma-Aldrich) at a con-
centration of 5 mM was administered after creating a renal
nephrotoxicity model to monitor the cell growth pattern.

The media flow rate was maintained at 60 ul/min. The
use of fluid flow within the OOCs of the proximal tubular
cell line improves functionality, with studies demonstrat-
ing in vivo drug toxicity and pathophysiology. A high
glucose media was prepared, containing 25-mM glucose
using an anhydrous alpha-p-glucose. Drug containing
media were prepared using 10-mM metformin. Metformin
hydrochloride (1,1-dimethylbiguanide hydrochloride) was
purchased from Sigma-Aldrich®.

2.3 Cells’ viability assessment

The Live-Dead Viability/Cytotoxicity Assay Kit® (Inv-
itrogen™, USA) was used as per the provided protocol
to assess cell viability. Ethidium homodimer-I (Eth-D)
and calcein-AM dyes are used to assess the cell viabil-
ity; Calcein-A dye is retained by live cells and displays
a green fluorescence (ex/em~495 nm/~ 515 nm); while,
Eth-D penetrates into dead cells to exhibit a red fluores-
cence (ex/em ~495 nm/~ 635 nm). Images were captured
using a confocal microscope (Olympus FV1200).
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2.4 Enzyme-linked immunosorbent assay (ELISA)

The quantification of heat shock protein (HSP70) and kidney
injury molecule (KIM-1) was measured using the ELISA
assay. HSP70 (Invitrogen) ELISA and KIM-1 (abcam) were
performed according to the manufacturers protocol. Optical
density was measured using a 450-nm wavelength with a
multi-mode microplate reader (Spectra Max i3X).

3 Results and discussion

Kidney function impairment is accompanied by commonly
predominant chronic diseases including hypertension and
diabetes. High serum glucose induces cytotoxicity with the
passage of time due to the development of albuminuria in
the proximal tubule, which causes proximal tubulopathy
(Gilbert 2017).

The fabrication materials, including ITO for electrode
printing and silicone gel for channel printing, were com-
pletely biocompatible for cell culture conditions in microflu-
idic glass chip (Cabal et al. 2014; Moore et al. 2009; Russo
et al. 2016). Polydimethylsiloxane (PDMS) has become a
mainstream material for chip fabrication owing to its flex-
ibility, permeability and biocompatibility (Ochs et al. 2014).
Apart from the merits of PDMS, several disadvantages
make it an unsuitable material to analyze cellular metabo-
lism and drugs toxicity. Due to the porosity of PDMS, it
becomes permeable for gases and water vapors, and affects
the absorption and desorption of drugs (Takano et al. 2014).
Additionally, PDMS formation takes place by the crosslink-
ing of toxic oligomers which are released in the cell culture
media over the passage of time (Bunge et al. 2018). The
glass-based chip was preferred to make this proximal tubule
model to eliminate the chances of molecular absorption in
the microfluidic channels (Hirama et al. 2019).

3.1 Development of a monolayer of proximal
tubule and fibroblast co-culture

First, HK?2 and fibroblast cell lines were cultured in NM for
5 days to develop a complete monolayer which was con-
sidered equivalent to a proximal tubule tissue. In Fig. 3a,
the TEER graph shows an increasing pattern impedance in
comparison to control over time until the formation of a
complete monolayer of proximal tubule cell line. The imped-
ance value increased exponentially from day 2 until day 4.
Due to exponential increase in impedance, a linear graph
was obtained before a stability of impedance was achieved
on day 5. The exponential increase in the impedance of the
cell culture chamber depicts the rapid division of the cells.
Once the confluency was achieved, at an elapsed time of
100 h—120 h (day 5) from the beginning of the experiment,

static impedance values were observed. In Fig. 3d, the pH
graph exhibits an insignificant decrease of pH in NM as
compared to HG and DM.

3.2 Nephrotoxicity development by inducing
inflammation

Second, NM was replaced with serum-free high glucose
media to induce nephrotoxicity. The TEER graph in Fig. 3b
shows a decreasing pattern of impedance over time, indicat-
ing that tight junctions were decreased. Static impedance
values were observed on day 5 of the high glucose exposure
indicating that no further tight junctions were breaking apart.
The cells were assumed to have developed a nephrotoxic
state. The TEER values indicated that the tight junctions
decreased drastically from day 2 until day 4 of the high glu-
cose exposure, after which the impedance value stabilized.
Figure 3d shows a rapid decline in the pH of the HG media,
which represents higher acidity caused by hyperglycemic
cell injury during the treatment with high glucose media.

The development of a continuous acidic environment
may be linked with the inflammation of cells (Riemann et al.
2015). The magnitude of the pH decrease was noted as being
reduced due to the onset of nephrotoxicity leading to cell
injury. The impedance and pH change became insignificant
on day 5 of high glucose treatment, after which, the drug was
administered. As a final step, the drug was passed through
the chip to reduce cytotoxicity.

3.3 Drug administration

Figure 3c represents the impedance change in the chip
while the drug is administered. It can be clearly seen that
because of the drug, the tight junctions among the cells were
restored. Although the tight junctions were not restored to
the level seen during normal conditions, the restoration
was significant enough to demonstrate the difference in
cell growth. The TEER measurement revealed significantly
important data that can be used to interpret the pattern of
cell growth. Similarly, Fig. 3d represents a decline in the pH
of the media while undergoing treatment with the drug. The
decrease of media pH during drug treatment was noted to be
less than the pH decreased under the influence of high glu-
cose. A comparative difference in the pH between its value
in the presence of high glucose media and its value in the
presence of drug-containing media indicates that the admin-
istration of the drug reduced the level of inflammation in the
nephrotoxic kidney model. Images taken from the platform
integrated microscope are shown in Fig. 4b which represent
a monolayer after 5 days of normal cell growth, the cells in
the presence of high glucose for 5 days, and the cells after
5-day exposure to drug. Cell culture images were also taken
from an inverted light microscope to validate the results of
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the platform integrated microscope. Images were taken at
three intervals during each phase of the experiment. Fig-
ure 4a represents the formation of the monolayer in the first
phase of the experiment, then the development of inflam-
mation under the influence of high glucose, and the cellular
response to the administration of the drug.

3.4 Live/dead assay

Live/dead assay confocal microscopy images (calcien-AM
for live cells, and Eth-D for dead cells) have been depicted
in the Fig. 5. Images were analyzed by the use of ImageJ
(NIH, USA) software to calculate the percentage of cells.
The average viability count fell in a range above 80% in
NM. In case of HG exposure for 5 days, the viability reduced
to an average below 60%, and after treatment with DM for
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5 days, the viability range increased up to 70% of viability,
as illustrated in Fig. 3f.

3.5 KIM-1 and HSP70 assay

The comparative cytotoxicity of PTOC based upon the dif-
ferent media types was assessed by the HSP70 and KIM-1
concentration as represented in Fig. 6. A higher secretion
of HSP70 and KIM-1 was linked to inflammation, which
was considered a suitable model for kidney nephrotoxic-
ity for subsequent drug testing (Van Eden et al. 2007). The
HSP70 and KIM-1 release with NM culture was recorded
to be insignificant. A significant quantity of both the bio-
markers was recorded on day 3 and day 5 of HG administra-
tion. KIM-1 was found to be more significant in the media
ranging from 30 to 40 ng/ml as compared to HSP70 which
represent a 20-25 ng/ml.
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Fig.4 a The inverted micro-
scope images of the HK?2 cells
and Fibroblasts. NM represents
normal media until conflu-
ency is attained. HG represents
high-glucose media and DM
represents treatment with an
anti-inflammatory drug. (All
the images were taken at 100X
magnification.) b Microscopic
Images from platform integrated
microscope. Cells after 5 days
of incubation with NM, HG and
DM, respectively (scale bar is
100 pm)

(a) Light Microscopy

DM Day 3

(b) Platform Integrated Microscope

100 pm

NM Day §

In comparison with HG day 3, the day 5 value of both
biomarkers exhibited a 20% increase in their concentrations
indicating a higher cellular stress and necrosis. Once the
diseased condition was created after 5 days of high glucose
exposure, the DM was applied. The cellular stress was found
to be reduced at a rate of 50% within 3 days of DM exposure.
A steady subsequent value of the biomarkers was measured
on day 5 under drug administration. The ELISA assay fur-
ther validated the data collected using TEER and pH sensor.

The current PTOC model presents an outlook for the real-
time monitoring of cell growth. In Figure S5 and Figure
S6 (Online Resource), a spectrum of collective impedance
values and pH values represented throughout the experi-
ment is shown, respectively, which correlates with ELISA

HG Day § DM Day 5§

assay and live/dead results. The average impedance values
from the TEER sensor expressed a surge in resistance over
the course of the monolayer formation. The impedance val-
ues were found to be following the exact pattern of the cell
growth. A similar trend was observed in the collective spec-
tra of pH values over the duration of monolayer formation
in the experiment.

The PTOC model exhibited an increased level of cellular
toxicity leading to cell injury under HG culture. TEER and pH
sensors continuously monitored the inflammation over a period
of 5 days. The pattern of pH variation over time (Fig. 3d) indi-
cates that under the influence of HG most significant level of
pH decrease was measured, indicating extreme cell toxicity
due to the high-glucose media. Simultaneously, the HSP70
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Fig.5 Representative confocal microscopy images for live/dead assay
of proximal tubule-on-a-chip model
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Fig.6 The ELISA assay results of the HSP70 and KIM-1 biomarkers.
Serum samples were collected on day 3 and day 5 of cellular growth
with NM, HG and DM. All values are represented as mean+ SEM,
n=3 in each group. *, ** ***Represent statistical significance from
control in graph A and B, and statistical significance of KIM-1 over
HSP70 in Fig. 3f at p <0.05, p<0.01 and p <0.001, respectively
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and KIM-1 results expressed a rise in HSP70 concentration
indicating a higher level of inflammation.

Subsequently, for drug efficacy assessment, the anti-
inflammatory drug was administered to monitor the PTOC
response towards drug. The cell growth under DM repre-
sented a decline in pH which can be observed in the Fig. 3d.
Drug treatment reduced the cellular toxicity due to which
the decline of the pH was relatively less as compared to the
corresponding values in the presence of high glucose media.

Owing to the results of TEER and pH sensors validated
by HSP70 and KIM-1 ELISA assay and Live/dead assay
images, we infer that the TEER and pH sensors are equally
reliable. The current TEER monitoring system is advanta-
geous due to simultaneous imaging capability. The inte-
grated microscope captured real-time images correlated with
TEER results. The comparative reliability of the sensors
with respect to the conventional biological assays validates
the live monitoring offered by our OOC platform.

In recent past, a few proximal tubule microfluidic mod-
els have been developed with the capacity to mimic both
normal and diseased condition of the proximal tubule cells;
however, PDMS was implemented for fabrication material in
these chips (Jang et al. 2013; Sakolish et al. 2019; Vormann
et al. 2018; Vriend et al. 2020). Here, we present a unique
PTOC model with a glass-based chip for the first time with
integrated optical and electrochemical sensors. The glasses
chip is a perfect candidate for the electrode printing with-
out distorting the surface for cell culture. The results from
the current study demonstrated a successful execution of
the mimicking of proximal tubule with live monitoring by
sensors of the designed PTOC model. It has potential to
advance the field of bio-microfluidics for evaluating the real-
time changes in human tissue microphysiology. From the
correlation of TEER and pH sensor in the PTOC model, it
can be inferred that both these parameters are closely cor-
related with the cell growth pattern. Currently, the PTOC
model has been developed by the use of cell lines and rep-
resents only the proximal tubular part of the nephron. In
future, the OOC platform will be upgraded to incorporate
primary cells, a multichambered chip to represent more
than one part of the organ and more physiological sensors
to monitor the growth in a precise manner. The real-time
monitoring of the continuously changing media conditions
caused by cellular growth under the influence of different
toxic agents makes the PTOC model a suitable platform for
drug toxicity assessment.

4 Conclusion

Our work represents a robust method for the live monitoring
of PTOC model through a TEER sensor, and a pH sensor
along with real-time microscopy. The platform successfully
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monitored continuous TEER and pH values with the inte-
grated sensors exhibiting cell injury and drug efficacy. We
conclude that our PTOC model assesses the nephrotoxicity
and efficacy of potential drugs candidates at the initial stage
of drug development. The platform is cost effective owing
to its rapid disease development and monitoring capabilities
in limited timeframe and offers an improved correlation with
human clinical conditions. In the future, this platform can
be designed to have a better capacity to incorporate com-
plex multilayer chip models and can operate multiple chips
simultaneously to mimic the nephron physiology including
all four chambers.
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