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Abstract

Microphysiological systems are an emerging area of in vitro drug development, and their independent evaluation is important for
wide adoption and use. The primary goal of this study was to test reproducibility and robustness of a renal proximal tubule
microphysiological system, OrganoPlate 3-lane 40, as an in vitro model for drug transport and toxicity studies. This microfluidic
model was compared with static multiwell cultures and tested using several human renal proximal tubule epithelial cell (RPTEC)
types. The model was characterized in terms of the functional transport for various tubule-specific proteins, epithelial permeability
of small molecules (cisplatin, tenofovir, and perfluorooctanoic acid) versus large molecules (fluorescent dextrans, 60-150kDa), and
gene expression response to a nephrotoxic xenobiotic. The advantages offered by OrganoPlate 3-lane 40 as compared with multiwell
cultures are the presence of media flow, albeit intermittent, and increased throughput compared with other microfluidic models.
However, OrganoPlate 3-lane 40 model appeared to offer only limited (eg, MRP-mediated transport) advantages in terms of either
gene expression or functional transport when compared with the multiwell plate culture conditions. Although OrganoPlate 3-lane 40
can be used to study cellular uptake and direct toxic effects of small molecules, it may have limited utility for drug transport studies.
Overall, this study offers refined experimental protocols and comprehensive comparative data on the function of RPETCs in
traditional multiwell culture and microfluidic OrganoPlate 3-lane 40, information that will be invaluable for the prospective

end-users of in vitro models of the human proximal tubule.
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The kidney is a critical organ for homeostasis as it regulates elec-
trolyte and fluid balance, whole body pH and blood pressure, as
well as excretion, secretion, and reabsorption of water-soluble
molecules (Imenez Silva and Mohebbi, 2022; Masereeuw and
Russel, 2001). It is a complex organ where 3 anatomical regions,
the cortex, medulla, and papilla, are traversed by the functional
units—nephrons and collecting ducts (Fritsche et al., 2021). More
than 2 dozen cell types are present in the kidney; the majority are
highly differentiated epithelial cells that vary in the expression of
transporters (Al-Awqgati and Oliver, 2002; Balzer et al, 2022).
Although glomerular filtration is deemed to be largely a passive
process, the proximal and distal tubular segments of nephrons
are responsible for much of the active transport processes in the
kidney (Zhuo and Li, 2013). Of the tubular parts of the nephron,
the proximal segment plays a more prominent role because it is
responsible for reabsorbing approximately 65% of the glomerular
filtrate, including approximately 80% of filtered bicarbonate

which is critical for maintaining whole body pH, and most filtered
amino acids, glucose, solutes, and low molecular weight proteins
(Zhuo and Li, 2013).

Kidneys play a key role in transport of drugs and other xenobi-
otics; adverse effects are common phenomena and kidney toxic-
ity accounts for a considerable proportion of adverse drug
reactions (Perazella, 2009), especially in older adults (Naughton,
2008). Because of the differences in transporter expression in var-
ious parts of the tubule, compounds may have site-specific
effects along the nephron (Yin and Wang, 2016). Tubular injury
elicits immunological response associated with cell infiltration
and release of inflammatory cytokines that can facilitate repair
or promote fibrogenesis (Bernhardt et al., 2017). Even though dif-
ferent cells in the kidney have some potential to recover from
injury by tubular cell proliferation and hypertrophy (Lazzeri et al.,
2018), the regenerative capacity of the kidney is far less than the
liver (lismaa et al., 2018).
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Nephrotoxicity is an important safety consideration in both
development of new drugs (Naughton, 2008) and elucidation of
the mechanisms of kidney-specific toxicants (Cichocki et al.,
2016). Kidney toxicity is difficult to monitor in vivo in both human
and preclinical studies (Bonventre et al.,, 2010; Clark and Steger-
Hartmann, 2018). Most in vitro models for nephrotoxicity that use
immortalized cell lines are deemed to be poorly predictive
because they fail to replicate multicellular nature, morphology
and function (eg, drug transport) of kidney tubules and therefore
fail to detect injury responses to drugs that would be nephrotoxic
in vivo (Soo et al., 2018). Another challenge is the difficulty of repli-
cating different functional sections of the nephron, with its com-
plex architecture, capillaries, differences in oxygen tensions and
shear stress (Fritsche et al., 2021). Thus, a reduction of the neph-
ron to its most toxicologically relevant components has generally
resulted in the focus on the proximal convoluted tubule. Indeed,
recent advances in engineering more physiological cell culture
conditions for renal proximal tubule cells include a range of kid-
ney organ-on-a-chip technologies that include fluid flow and
shear stress, as well as facilitating delivery of oxygen and
nutrients (Gijzen et al., 2021; Musah et al., 2017; Novak et al., 2020;
Vormann et al,, 2018). These models have also been demon-
strated to hold promise for drug testing (Cong et al., 2020;
Czerniecki et al., 2018; Wilmer et al., 2016).

Although novel kidney-focused microphysiological systems
will likely revolutionize studies of kidney disease and toxicity,
they need to be qualified for specific use cases and standardized
for widespread adoption in safety testing of drugs/chemicals and
drug transport studies (Phillips et al., 2020). Independent evalua-
tion of microphysiological systems is one path to establish confi-
dence of the end-users (Rusyn et al.,, 2022). Here, we evaluated
reproducibility and robustness of the OrganoPlate 3-lane 40
device that has been used in a number of kidney-related studies
(Gijzen et al., 2021; Naik et al, 2021; Suter-Dick et al, 2018;
Vormann et al.,, 2018, 2021, 2022). We evaluated several renal
proximal tubule epithelial cell (RPTEC) sources, physiological and
toxicity readouts, and compared findings with traditional static
multi-well cultures.

Materials and methods
Cell culture and viability determination

Human RPTECs (Table 1) were obtained from a variety of sources
to determine advantages and limitations of each cell type. These
included both primary and immortalized cells, including cells
that overexpressed certain transporter proteins. One source of
primary human RPTECs was from the University of Washington;
these cells were isolated and propagated (<3 passages) from
healthy kidney tissue as described previously (Ichimura et al.,
2008) and cryopreserved prior to shipment to Texas A&M
University. These cells were cultured in “PTEC media” (DMEM/
F12 media [Gibco, Waltham, Massachusetts], supplemented with

Table 1. Cell sources used in this study
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ITS-A [Sigma-Aldrich, St Louis, Missouri], 50nM hydrocortisone
[Sigma-Aldrich], and antibiotic-antimycotic ~ supplement
[ThermoFisher, Waltham, Massachusetts]). Other primary
RPTECs were purchased from Lonza (Basel, Switzerland) and
were from 2 donors (CC-2553, termed here “Lonza no. 1”: Lot. no.
18TL114340, and “Lonza no. 2”: Lot. no. 18TL117405). These
RPTECs were cultured in REGM Renal Epithelial Cell Growth
Medium (CC-3190, Lonza) supplemented with the “BulletKit” (CC-
4127, Lonza) containing fetal bovine serum (FBS) (0.5%), human
transferrin (10 mg/ml), hydrocortisone (0.5 mg/ml), insulin (5mg/
ml), triiodothyronine (5 x 10~**M), epinephrine (0.5mg/ml), epi-
dermal growth factor (10 mg/ml), and antibiotics (100 U/ml peni-
cillin and 100mg/ml streptomycin). Primary RPTECs were
shipped from the vendor at passage 2 and were briefly expanded
prior to testing (an additional 1-2 passages).

Four additional lines of RPTECs were TERT1-immortalized
cells (parent line, and OAT1-, OCT2-, OAT3-overexpressing lines);
these cells were obtained from ATCC (Manassas, Virginia;
Table 1). These cells were cultured in DMEM: F12 (ATCC 30-2006)
supplemented with the hTERT Immortalized RPTEC Growth Kit
(ATCC ACS-4007), and a final concentration of 0.1mg/ml G418
(Geneticin G418 Sulfate, Gibco). Lastly, human umbilical vein
endothelial cells (HUVECs) were purchased from Lonza (C2519A,
Lot. no. 629054) and were cultured in the “EGM Bulletkit” (CC-
3124, Lonza) containing proprietary concentrations of human
epidermal growth factor, hydrocortisone, GA-1000, bovine brain
extract, ascorbic acid, and 2% FBS. All cells were cultured in their
respective cell culture media and maintained at 37°C and 5% CO,
in Tissue Culture-treated 75 cm? flasks (CLS430641U, Corning).

For all tissue chip experiments, RPTECs and HUVECs were
seeded into OrganoPlate 3-lane 40 devices (4004-400-B; Mimetas
BV, Oegstgeest, The Netherlands). Briefly, 2ul of extracellular
matrix gel composed of 4 mg/ml collagen (Cultrex, R&D Systems,
Minneapolis, Minnesota), 100 mM HEPES (no. 15630-122; Thermo
Fisher), and 3.7 mg/ml NaHCOs; was injected into the middle lane
of all 40 chips on the plate, and allowed to polymerize for 15 min
at 37°C. After polymerization, 25 ul of Hanks’ balanced salt solu-
tion (HBSS; H6648, Sigma-Aldrich) was added to the gel inlet wells
to maintain hydration of the gel. HUVECs were detached from
flasks and seeded into the “bottom” perfusion lane inlets at a
density of 30 000 cells/chip in 2 ul (15 000 cells/ul). After cell load-
ing into the channels was visually confirmed under phase con-
trast microscopy, 50 ul of EGM media was added to the same inlet
wells, and the plates were placed in the incubator for 1h ata 70°
angle to allow for seeding onto the gel surface. After HUVEC
attachment was visually confirmed, RPTECs were loaded follow-
ing the same protocol in the “top” perfusion lane with a density of
30 000 cells/chip in the respective RPTEC growth media. After
RPTEC loading, the plate was incubated at a 70° angle for 4h,
then an additional 50 pl of EGM or RPTEC media was added to the
respective cell channel outlets, bringing the total volume to
100 pl/channel. Plates were incubated overnight, and flow was

Cell Name Vendor/Supplier Catalog No. Donor/Cell Details
“Fresh” RPTEC University of Washington N/A PTSF/unknown

Lonzano. 1 LONZA CC-2553 18TL114340/female, 59 years
Lonza no. 2 LONZA CC-2553 18TL117405/male, 57 years
TERT parent ATCC CRL-4031 70019364/male, unknown
TERT-OAT1 ATCC CRL-4031-OAT1 0305/male, unknown
TERT-OCT2 ATCC CRL-4031-OCT2 0307/male, unknown
TERT-OAT3 ATCC CRL-4031-OAT3 70016210/male, unknown
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Figure 1. Experimental timeline and tube formation. Cells were seeded on day 0, and experimental timelines varied depending on rates of cell growth
and invasion (A). Phase contrast images show RPTEC (fresh RPTEC [B]; Lonza no. 1 [N-340] [E]; Lonza no. 2 [N-405] [F]; TERT-parent line [G]; TERT-OAT1
[H]; TERT-OCT?2 [1}; and TERT-OAT?3 [J]) and HUVEC (B only) proliferation in the channel on the experimental days indicated in (A). Cell invasion into the
gel is indicated with red arrows. All RPTEC sources and HUVECs formed perfusable channels as shown in (C, D) with primary RPTECs. All images were

collected at 10x magnification, scale bars =100 um. (K) Basal KIM-1 (n=
period (n=3-4).

initiated the following morning by placing the plates onto the
OrganoFlow (Mimetas B.V.) interval rocking platform at +7° at an
8-min interval.

For comparison, RPTECs were seeded into either 96- or 384-
(3603, 3764; Corning Life Sciences) well tissue culture-treated
plates at a density of 100 000 cells/cm? and maintained over the
same period as their tissue chip counterparts. Due to differences
in RPTEC cell growth rate and invasion into the extracellular
matrix, phenotyping experiments were carried out on cells of

4) and (L) LDH in media collected from RPTEC channels reported over culture

different type on different days post-seeding (Figure 1A). Parent-
and TERT-OAT1 RPTECs were tested on day 3; TERT-OCT2 and
TERT-OAT3 cells, as well as “Lonza no. 1” were tested on day 4;
“Lonza no. 2” on day 6; and the freshly isolated primary RPTECs on
day 7.

Throughout the experiments, cell viability was monitored by
phase-contrast microscopy (formation of tubule and invasion
into the extracellular matrix, Figure 1B), as well as by measuring
kidney injury molecule-1 (KIM-1) and lactate dehydrogenase



(LDH) in the media collected from effluent channels using
enzyme-linked immunosorbent assay (ELISA; KIM-1, DSKM100;
R&D Systems) or biochemical (LDH, ab102526; Abcam) assays fol-
lowing manufacturer’s protocols. LDH was tested in media from
both the RPTEC and HUVEC channels, and KIM-1 from the RPTEC
channel only.

Live and fixed cell imaging

Live cell staining was performed to visualize the RPTEC and
HUVEC tubules and confirm that they were growing as a perfus-
able tube. All media was removed from top and bottom channel
inlets/outlets (chip) or wells (static plate) and replaced with
media treated with a cocktail of CalceinAM (1:1000, C3100MP;
Invitrogen, Carlsbad, California), propidium iodide (1:1000, P4864-
10ML; Sigma-Aldrich), and Hoechst (1:2000, H3570; Invitrogen) in
cell culture media. Cells were incubated for 30 min at 37°C, then
z-stack imaging was performed. Stacks were reconstructed using
ImageJ (Schneider et al, 2012) and the ClearVolume plug-in
(https://clearvolume.github.io/) to confirm that tubules were per-
fusable, and that cells had seeded on all internal surfaces of the
channels.

For fixed cell immunocytochemistry, media was replaced with
4% paraformaldehyde (10% formalin, J61899; Alfa Aesar,
Haverhill, Massachusetts) and the OrganoPlate 3-lane 40 devices
were placed at an 45° angle to allow for fluid exchange in the
microfluidic channels. Plates were incubated at room tempera-
ture for 10min before washing with phosphate-buffered saline
(PBS; Gibco). Cells were permeabilized with 0.25% Triton X-100
(BP151-100; Fisher Scientific, Waltham, Massachusetts) in PBS for
10 min, then blocked with 2% bovine serum albumin (BSA) in PBS
for 1 h at room temperature. Primary antibodies against ZO-1
(33-9100; Invitrogen), and transporters OAT-1 (orb11177; Biorbyt,
Cambridge, UK), OCT-2 (ab179808, Abcam), or OAT-3 (orb136646;
Biorbyt) were added to the RPTEC channel, and anti-VE-Cadherin
(ab33168; Abcam, Cambridge, UK), was added to the HUVEC
channel. All primary antibody solutions were added at 1:200 dilu-
tion in a 2% BSA solution, and incubated for 2 h at 37°C. After
incubation, cells were washed 3 times with PBS, and incubated
for 2 h at 37°Cin the dark with a cocktail of secondary antibodies
Goat anti-Mouse IgG (Alexa Fluor 488, A-11001; Life
Technologies) and Donkey Anti-Rabbit IgG (Alexa Fluor 647;
ab150075; Abcam). Cells were rinsed 3x with PBS, and on the
final rinse Hoechst 33342 (ab228551; Abcam) was added at 1:2000
and incubated 20min at 37°C prior to imaging with an LSM 780
NLO Multiphoton Microscope (ZEISS, Oberkochen, Germany).

OAT-1 and OCT-2 transporter function assay

Cells were washed twice by replacing media with prewarmed
HBSS. On the second wash, HBSS with vehicle (0.1% DMSO;
D8418, Sigma-Aldrich) or inhibitor (OAT-1: 100uM probenecid
[P8761, Sigma-Aldrich] for 10min; OCT-2: 100uM cimetidine
[C4522, Sigma-Aldrich] for 20min) was incubated at 37°C. After
preincubation with the inhibitor, all liquid was removed from
wells and cells were incubated with 3 uM OAT-1 substrate 6-car-
boxyfluorescein (6-CF, 21233; Cayman Chemical Company, Ann
Arbor, Michigan) or 5uM OCT-2 substrate N,N,N-trimethyl-2[(7-
nitro-1,2,3- benzoxadiazol-4-yl)amino] ethanaminium iodide
(EAM-1, D-100; Macrocyclics, Plano, Texas) in HBSS for 20 min at
37°C. Uptake was halted by washing cells with cold HBSS, then
plates were quickly imaged with an ImageXpress Micro Confocal
High-Content Imaging System (Molecular Devices, San Jose,
California) on the fluorescein isothiocyanate channel (FITC) (495/
519nm) for subsequent image analysis. Additionally, cells were
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lysed with M-Per mammalian protein extraction reagent (50 pl/
well, 78503; Thermo Fisher) for 5 min at room temperature and
immediately read on a fluorescent plate reader (iD3, Molecular
Devices) at 490ex/530em to measure intracellular concentration
of 6-CF or EAM-1.

Calcein-AM (P-glucoprotein) efflux inhibition

Media in all perfusion channels or static wells was replaced with
1pM calcein-AM (C3100MP; Invitrogen) in Krebs-Henseleit (KHH)
buffer (K3753-10L; Sigma-Aldrich supplemented with 10mM
HEPES, 15630-122; Thermo Fisher) in the presence of 10 uM cyclo-
sporin A (30024-25MG; Sigma-Aldrich), or 0.1% DMSO. All chips
and wells were incubated in the dark for 60min at 37°C whereby
OrganoPlate 3-lane 40 devices were placed on the plate rockers
under the same conditions. After incubation, cells were briefly
washed in cold KHH, and immediately imaged on the
ImageXpress Micro Confocal with the FITC for subsequent image
analysis. Additionally, cells were lysed with M-Per mammalian
protein extraction reagent (50 pl/well) for 5 min at room tempera-
ture and immediately read on a fluorescent plate reader at
490ex/530em to measure intracellular concentration of Calcein-
AM.

CMFDA (5-chloromethylfluorescein diacetate, MRP2, and
MRP4 substrate) efflux inhibition

Media in all perfusion channels or static wells was replaced with
1.25uM CMFDA (C7025, Invitrogen) in KHH buffer and treated
with  30uM  5-(3-(2-(7-chloroquinolin-2-yl)ethenyl)phenyl)-8-
dimethylcarbamyl-4,6-dithiaoctanoic acid sodium salt hydrate
(MK571; M7571-5MG; Sigma-Aldrich), or 0.1% DMSO. All chips
and wells were incubated in the dark for 30min at 37°C
(OrganoPlate 3-lane 40 devices were placed on the plate rockers
under the same conditions). After incubation, cells were briefly
washed in cold KHH, and immediately imaged on the
ImageXpress Micro Confocal with the FITC for subsequent image
analysis. Additionally, cells were lysed with M-Per mammalian
protein extraction reagent (50 pl/well) for 5 min at room tempera-
ture and immediately read on a fluorescent plate reader at
490ex/530em to measure intracellular concentration of CMFDA.

6-NBDG (6-deoxy-6-[(7-nitro-2,1,3-benzoxadiazol-4-
yl)amino]-p-glucose, SGLT2 substrate) influx inhibition
Media in the RPTEC channel of OrganoPlate 3-lane 40 devices and
in all wells of multiwell plates was replaced with OptiHBSS (1/3
Opti-MEM, 11058021; Gibco, and 2/3 HBSS) containing 500 uM 6-
NBDG (N23106; Invitrogen) and 500 uM of SGLT?2 inhibitor phlor-
idzin (P3449-1G; Sigma-Aldrich) or vehicle (0.1% DMSO). Medium
in the HUVEC channel was replaced with OptiHBSS =+ inhibitor
only. All chips and wells were incubated in the dark for 30 min at
37°C (OrganoPlate 3-lane 40 devices were placed on the plate
rockers). After incubation, cells were washed twice with cold
OptiHBSS, and immediately imaged on the ImageXpress Micro
Confocal with the FITC for subsequent image analysis.
Additionally, cells were lysed with M-Per mammalian protein
extraction reagent (50 pl/well) for 5min at room temperature and
immediately read on a fluorescent plate reader at 490ex/530em
to measure intracellular concentration of 6-NBDG.

Evaluation of the gel lane permeability in

OrganoPlate 3-lane 40 devices

To evaluate the barrier of the collagen gel extracellular matrix to
passive diffusion between the 2 fluidic channels, “blank chips,”
which contained extracellular matrix but no cells, were treated
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with FITC-dextran (70 or 150kDa; FD70S or FD150S, Sigma-
Aldrich) through the top channel (0.05mg/ml in PBS). Untreated
PBS was added to the bottom channel, plates were placed back
on the rocker, and effluent was collected (25 ul) from reservoirs
after 110 min and 15h. Effluent was tested using a plate reader at
490ex/530em to determine the percentage of FITC-dextran that
had crossed the extracellular matrix into the recipient channel
(equation 1).

% Equilibrated (Fluorescence)
_ (Fluorescence in recipient channel)
~ (Fluorescence in donor + recipient channels)

(1)

* 100%

To determine the additional barrier that RPTECs and HUVECs
provide once seeded into the fluidic channels, FITC-BSA (66 kDA,
0.5mg/ml in EGM media) was added to the bottom “donor” chan-
nels of blank “cell-free” chips, or to chips that had been seeded
with TERT-RPTECs (parent, OAT1, OCT2, OAT3) in the top chan-
nel and HUVECs in the bottom channel as described earlier.
RPTEC media was added to the top ‘“recipient” channel, then
plates were placed back on the rocker and incubated at 37°C for
1h. Effluent was tested using a plate reader at 490ex/530em to
determine the percentage of FITC-dextran that had crossed from
the HUVEC (donor) to RPTEC (recipient) channel in blank or cell-
seeded chips (equation 1).

Chemical treatments

To evaluate transepithelial transport and biological effects of cis-
platin (10 uM, 1134357; CASRN 15663-27-1; Sigma-Aldrich), teno-
fovir (100 pM, SML1795; CASRN 147127-20-6; Sigma-Aldrich), and
perfluorooctanoic acid (PFOA, 1uM; A5717, CASRN 335-67-1; TCI
America), media in donor channels were replaced with chemical
exposure media (in EGM when treated through the HUVEC chan-
nel, or cell-specific RPTEC media when treated through the
RPTEC channel) in an ending DMSO vehicle of 0.1%. Untreated
media was added to the opposite, recipient channel. Compounds
were either added through the HUVEC channel or RPTEC channel
to determine whether there would be any directionality in trans-
port through the tubules (ie, uptake vs secretion in the RPTEC
channel). Media (with or without test compounds) from both
donor and recipient channels was collected and replaced on days
1,2, 3,5, and 7 postinitiation of treatment on day 0 (day 4 or 6 of
cell culture post seeding for “Lonza no. 1" and “Lonza no. 27,
respectively).

Analytical chemistry methods

C'*-Caffeine standard was purchased from Supelco (C-082-1ML;
Bellefonte, Pennsylvania), and used as an internal standard for
tenofovir. C'*-PFOA was purchased from Wellington Lab (MPFOA,
Guelph, Ontario, Canada), and used as an internal standard for
PFOA. Bismuth was purchased from Sigma-Aldrich (GF61155682)
and used as an internal standard for cisplatin.

For chemical analysis of tenofovir and PFOA, samples were
extracted using liquid/liquid extraction with protein precipita-
tion. Briefly, 50 ul of media sample was added to 100 ul of chilled
acetonitrile (A998-4, Fisher Scientific) containing internal stand-
ard (0.1uM), then vortexed before centrifuging and transferring
supernatant to new 1.5 ml microcentrifuge tube. The supernatant
was then evaporated to dryness using a Savant SpeedVac
(SPD1010, Thermo Fisher) and reconstituted with 50 ul of mobile
phase A (see below). Samples were then transferred to autosam-
pler vials containing 200 pl fused inserts (A998-4, Ibis Scientific,
Las Vegas, Nevada) and stored at —20° C until analysis.

Analyses were performed on a triple quadrupole mass spec-
trometer (Agilent 6470, Santa Clara, California). For tenofovir, the
instrument was operating in positive ion mode using an electro-
spray ionization source. For PFOA, analyses were performed
using negative ion mode using an electrospray ionization source.
Capillary voltage, sheath gas temperature, and sheath gas pres-
sure were set to 4500V, 300°C and 50 psi, respectively. Samples
(8wl for tenofovir and 20l for PFOA) were auto-injected onto a
ZORBAX SSHD Eclipse Plus C18 column (3.0 x 50mm, 1.8 um,
959757-302, Agilent) with a guard column (2.1x5mm, 1.8 um,
821725-901, Agilent) using a 1290 Infinity II LC (Agilent). The col-
umn temperature was set to 40°C and flow rate to 0.4 ml/min. For
tenofovir, initial conditions for sample injection were 90% mobile
phase A (water with 0.1% [v/v] formic acid) and 10% mobile phase
B (acetonitrile with 0.1% [v/v] formic acid) for 3min before
increasing to 80% mobile phase B until minute 4. Conditions then
returned to 90% mobile phase A and 10% mobile phase B for the
remainder of the run. For analysis of PFOA, initial chromato-
graphic conditions were 90% mobile phase A (HPLC-grade water
containing 5mM ammonium acetate) and 10% mobile phase B
(95% MeOH with 5mM ammonium acetate). At 2 min, mobile
phase B increases to 30% until minute 14 when this increases to
95%. At 14.5min, this was changed to 100% mobile phase B before
returning to 10% at 15.5 min. This condition remained for the rest
of the method which ended at 17 min.

Cisplatin (Pt) analyses were performed on 100 pl effluent sam-
ples of media from the RPTEC and HUVEC channels of
OrganoPlate 3-lane 40 devices. The samples were digested by
adding 2.4ml of 1% nitric acid (Omnitrace Ultra Nitric acid)
spiked with 10ng/ml bismuth internal standard. The samples
were shaken with loose covering to allow any gases to escape.
Then the samples were allowed to stand overnight to ensure
complete digestion. Cisplatin calibration standards were freshly
prepared daily from certified standards in cell culture media to
adjust for any matrix effects. Calibration concentrations ranged
from 0 to 100 uM, and blanks containing media only (100 pl) and
acid (2.4 ml) were analyzed with each sample batch. To avoid car-
ryover, 2% nitric acid was used as a wash between sample analy-
ses. Continuing calibration standard checks were performed after
every 15 samples followed by a blank analysis. Samples and cali-
bration standards were analyzed on an inductively coupled
plasma-mass spectrophotometer Nexlon 300 (Perkin Elmer,
Waltham, Massachusetts). Concentrations were determined as
Pt’®®, the most abundant isotope, to provide the best sensitivity
and were based on a linear calibration curve (r* > 0.99). Sample
concentrations were then determined based on the calibration
curve considering the sample dilution factor (1:25). The method’s
detection limit in these experiments was 0.013 pM.

Recovery from OrganoPlate 3-lane 40 devices is reported as “%
Recovered” (equation 2) which combined the media collected
from the donor and recipient channels and compared with the
original working solution of each compound. However, this did
not include compound that remained in the gel, due to difficulty
in removing the polymerized matrix from the plates.

% Recovered

_ (Moles in donor + recipient channels) + 100%

" (Moles in orginal working solution of compound ¢
g g p

2)

Transport or diffusion of compound between donor and recipient
channels was reported as “% Equilibrated,” normalized to



24h collection periods. Equilibration was calculated using equa-
tion 3.

% Equilibrated (Chemicals)
_ (Moles in recipient channel)

" (Total moles recovered from donor and recipient channels)
x 100%

3)

Due to difficulty in removing the polymerized gel matrix from
OrganoPlate 3-lane 40 devices, the % Equilibration does not con-
sider any compound that may have been retained in the gel (mid-
dle lane of the device).

Gene expression library preparation and sequencing

Cell lysates were prepared from OrganoPlate 3-lane 40 devices
through injection of 30ul lysis buffer into the RPTEC channel.
Following 10min of incubation at room temperature, the cell
lysate was flushed out by addition of 15 pl of Enhanced 2x Lysis
Buffer (201250, BioSpyder Technologies, Carlsbad, California). For
384-well plates, media was aspirated and 10 ul of lysis buffer was
added directly onto cells. After 10min at room temperature the
lysates were collected from each and stored at —80°C until fur-
ther processing. The Templated Oligonucleotide Sequencing
Assay (TempO-Seq, BioSpyder Technologies) was used as the
RNA sequencing technology. Detailed protocols for TempO-seq
are provided by the manufacturer and were previously reported
detailed elsewhere (Grimm et al, 2016; House et al, 2022).
TempO-seq libraries were prepared using the S1500+ targeted
transcriptome panel (Mav et al.,, 2018) consisting of 2982 tran-
scripts according to the manufacturer’s instructions. Briefly,
hybridization of the mRNA content of cell lysates was achieved
by incubation of 2 pl of the lysate with 2 pl hybridization mix as
follows: 10min at 70°C, cooling ramp from 70°C to 45°C for
49min, and 1min at 45°C. Excess oligonucleotides were then
digested in a nuclease catalyzed reaction for 90min at 37°C.
Next, hybridization products were incubated with DNA ligase for
60min at 37°C. Nuclease and ligase were then denatured using a
heat denaturation step (80°C for 30 min). A total of 10pl of each
ligation product were then mixed with an equal volume of PCR
amplification mix and amplified in a LightCycler 96 (Roche, Basel,
Switzerland) using the manufacturer recommended settings.
Amplicon samples (5pul) were then pooled and purified using a
commercial PCR clean-up kit (Clontech, Mountain View,
California). Pooled libraries were sequenced in 75 single-end read
mode dual index run with custom primers using NextSeq 550
sequencing (Illumina, San Diego, California).

Transcriptomics data analysis

The gene count matrices were generated from single-end reads
with 4 lanes per sample with approximately 75 base pairs (bp).
After the sequencing was complete, the raw data are converted
to fastq files using the BCL Convert software ([llumina). The reads
from the four lanes for each sample were combined to generate a
single fastq file. The TERT1-immortalized RPTEC fastq files were
preprocessed using fastp (version 0.20.0) (Chen et al., 2018). With
the exception of adapter trimming, the fastp default parameters
were used along with trimming the reads to 50 bp. The files were
used as input to the TempO-seq analysis pipeline (House et al.,
2017) with the human S1500+ probe manifest file to generate a
gene count matrix. TempO-seq PCR primers contained unique,
oligonucleotide sequence-encoded sample barcodes, allowing
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unambiguous computational sample identification after pooled
sequencing. Data were filtered based on the following quality
control criteria. For transcripts with more than one probe in the
TempO-seq assay, their counts were summed to the gene level.
Transcripts with fewer than 25 mean counts across the entire
sample space (n=44 for OrganoPlate 3-lane 40, and n=22 for
384-well plates) were removed as nonexpressed except for the
genes listed in Supplementary Table 1 that were retained for fur-
ther analyses. For further analyses, a total of 1497 transcripts
were evaluated. Principal component analysis (PCA) was con-
ducted using R package prcomp on all samples using raw counts
to identify any outliers. Because no outliers were identified
(Supplementary Figure 1), no sample was excluded from further
analyses.

The Bioconductor’s DESeq2 package (Love et al., 2014) was uti-
lized to perform differential expression analysis and generate the
complete normalized count matrix for all experimental condi-
tions. The result function of DESeq2 specifying the contrast group
was used to derive the lists of significant differentially expressed
genes (DEGs) for each comparison (either untreated cells of dif-
ferent type or cell culture modality, or chemical treatment versus
vehicle-treated). To identify DEGs, false discovery g-values <0.01
and absolute log 2-fold-change values >2.5 were considered as
cut-offs. The normalized counts from DESeq2 were used for clus-
tering and visualization using R package ggplot2 to draw the cor-
relation dot plots and pheatmap to draw the heat maps. To assess
the differential-expression test on chemical treatment effects,
the treated samples were compared with the corresponding
untreated control samples in each cell line, and log 2 fold
changes were corrected using DESeq?2’s IfcShrink function (type =
“apeglm”).

For pathway analyses, we used R xgr package (Fang et al., 2016)
version 1.1.8 using all pathways and GO biological process as
gene sets (ontology = “MsigdbC5BP” and ontology =
“MsigdbC2CPall”). The gene set background included all interro-
gated genes retained after low-count removal (1497 transcripts,
see above for selection).

To compare transcriptional profiles obtained in this study to
those reported by the GTEx Consortium across many human tis-
sues (GTEx Consortium, 2015; 2017a), rank-based correlation
analysis was performed by comparing the mean expression levels
for individual genes from each experimental condition in this
study with the mean expression levels of each tissue/cell type
obtained from the GTEx Portal (GTEx Consortium, 2017b).

Statistical analysis

Data analysis was performed using GraphPad Prism (version
9.2.0, San Diego, California). All error bars shown represent the
standard deviation and sample numbers are indicated in the fig-
ure legends. Data were analyzed using t-tests or 2-way ANOVA
with post hoc testing as indicated in the figure legends. Power
analyses for sample size needed to reach statistical significance
with 80% statistical power were estimated using (1) the 2-sided
paired t-tests, and (2) 2-sided 2 sample t-tests with different var-
iances, for paired and independent samples, respectively.
MATLAB, SAS, and PASS software packages were used to esti-
mate the effect size and calculate the required sample size
(Machin et al., 2011; Zar, 1984).

Results

The primary goal of this study was to test reproducibility and
robustness of OrganoPlate 3-lane 40 devices as an in vitro model
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for drug transport and toxicity studies in kidney. Because pre-
vious studies of reproducibility of kidney (Maass et al, 2019;
Sakolish et al., 2018) and other organ-specific microphysiological
systems (Kato et al., 2022; Liu et al., 2020; Sakolish et al., 2021a,b)
showed that cell origin introduces the greatest challenge to repli-
cating previously published studies, we aimed to test a diverse
range of RPTEC cell types. Figure 1A shows a general timeline for
the experimental design. We followed published protocols
(Gijzen et al., 2021) for the initial (day 0) assembly of OrganoPlate
3-lane 40 devices with plate rocking to circulate the media initi-
ated on day 1. Because different RPTEC types had widely varying
cell proliferation rates, the devices were ready for use on days 3-
7, depending on the cell type. General criteria for deeming each
plate assay-ready was the establishment of a tubule barrier
against the gel lane without significant invasion of cells into the
gel due to overgrowth as determined by phase-contrast micro-
scopy.

Figure 1B shows a representative example of the phase-
contrast view on day 7 into one of the chips on the OrganoPlate 3-
lane 40 that was seeded with primary (“fresh”) RPTEC (top chan-
nel) and HUVEC (bottom channel). RPTEC exhibited a mixture of
elongated and cuboidal morphology with the entire channel filled
with cells that did not invade into the gel (middle channel) and
formed complete tubules (Figure 1C). HUVEC exhibited expected
cuboidal morphology with the channel filled with a continuous
monolayer and formed a complete tubule (Figure 1D). The overall
success rate in loading cells into both channels and them forming
complete tubules was >95%. Representative examples of other
RPTEC sources seeded into OrganoPlate 3-lane 40 are shown in
Figures 1E and 1F. Although all RPTEC sources formed tubules,
their morphology and behavior in the device varied greatly.
Commercially obtained primary RPTECs from 2 human donors
(Lonza no. 1 [N-340] and Lonza no. 2 [N-405]) had faster prolifera-
tion rates and formed a confluent tubule by days 4 and 6, respec-
tively (Figs. 1E and 1F). Even though they exhibited elongated
shapes in the direction of media movement, these cells began
invading the gel matrix (middle lane, red arrows). TERT-
immortalized RPTEC lines (Figs. 1G-J), both parental and
transporter-overexpressing (OAT1, OCT2, and OAT3) lines, did
not show elongated morphology regions in the channel or invade
the gel; however, they proliferated the fastest necessitating the
use of the devices on days 3 (parent and OAT1-overexpressing
lines) or 4 (OCT2- and OAT3-overexpressing lines).

Many kidney-specific biomarkers have been proposed for
studies in vivo and in vitro (Bonventre et al., 2010; Vaidya et al.,
2008). However, over the course of the experiment in OrganoPlate
3-lane 40, only phase-contrast imaging and cell culture media
(replaced every other day in small volumes of 100 pl) can be used
to assess each device’s condition. In media, we evaluated 2 bio-
markers—LDH and KIM-1 (Figs. 1K and 1L). Notably, we observed
almost 2 orders of magnitude difference in KIM-1 amounts in cell
culture media between primary (Lonza no. 1 and no. 2) RPTECs
and TERT-immortalized cells under basal culture conditions
(Figure 1K), an important consideration for the use of this bio-
marker in studies in vitro. At the same time, LDH levels were low
throughout the experiment in primary RPTECs from Lonza
(Figure 1L), and freshly isolated RPTECs (data not shown). TERT-
OCT?2 cells exhibited a gradual increase in both KIM-1 and LDH
past 4days in culture, whereas TERT-OAT1 cells showed a robust
time-dependent increase only in LDH levels.

Next, we examined RPTEC and HUVEC cell morphology and
expression of transporters in TERT-immortalized RPTEC lines.
Figure 2A shows a representative image of immunofluorescent

staining for cell junction markers, ZO-1 for RPTEC (TERT-immor-
talized parent cell line is shown) and VE-cadherin for HUVEC.
HUVEC formed cuboidal-shape monolayers with well-developed
tight junctions in all experiments. TERT-immortalized RPTECs
generally did not adopt elongated shapes in the direction of flow,
even though they had well-developed cell junctions (Figure 2B).
Expression of OAT1, OCT2, and OAT3 was detectable in the nuclei
in the TERT-overexpressing parent cell line, yet these proteins
were expressed more diffusely throughout the cells (presumably
on the nuclear membrane) when each transporter overexpressed
(Figure 2C).

In addition, we evaluated barrier integrity of the RPTEC chan-
nel. This endpoint is frequently reported in studies with
OrganoPlate 3-lane 40 by using fluorescent substrates of various
molecular weight (Naik et al., 2021; Vormann et al., 2018, 2021).
Typical experiments involve very short-term (up to 15min) stud-
ies that use imaging-based readouts and report apparent perme-
ability from RPTEC channel into the gel channel. In this study, we
used 3 different fluorescent molecules (66, 70, and 150kDa) and
evaluated the amount of the probe that crossed the gel barrier
and was detectable in the opposite lane (Figs. 2D and 2E). We also
evaluated extended periods, 60 or 110min and 15h, to determine
the integrity of the barrier in studies where drug transport, not
cytotoxicity, may be the outcome of interest. In cell-free devices,
where only the middle lane was filled with gel, less than 1% of
the fluorescent molecules (regardless of their size) crossed the gel
barrier in 60 or 110 min; more dye diffused over 15h but the total
amount was still only about 2%. When RPTEC and HUVEC cells
were present in the experiment (Figure 2E), they provided addi-
tional barrier to fluorescent dye transfer between cell channels
(across the gel); however, the difference between no-cell control
and devices with cells of either type was only approximately 30%.

Previous transcriptomic studies in OrganoPlate 3-lane 40
probed expression of either selected mRNAs in cells (Naik et al.,
2021; Vormann et al., 2021), or micro-RNAs in cell culture media
(Suter-Dick et al.,, 2018) after treatment with nephrotoxic com-
pounds or genetic manipulation. In this study, we focused on
comparing gene expression profiles in untreated RPTEC of differ-
ent origin and cultured in either OrganoPlate 3-lane 40 or in 384-
well plates (Figs. 3 and 4). We used a targeted human gene set
(S1500+, approximately 3000 transcripts) (Mav et al., 2018) and
TempO-Seq method for high-throughput in vitro transcriptomic
studies (Bushel et al., 2018; Harrill et al., 2021; House et al., 2022;
Limonciel et al., 2018). First, we compared gene expression pro-
files of the RPTEC sources used in this study to human tissue-
specific gene expression profiles (GTEx Consortium, 2013, 2017a).
Figure 3A shows that in OrganoPlate 3-lane 40, gene expression
profiles of primary RPTECs (Lonza no. 1 [N-340] and Lonza no. 2
[N-405]) were most correlated with those of human kidney cortex
and medulla; conversely, TERT-immortalized RPTEC lines were
most correlated with cultured cell lines (e.g., fibroblasts). Very
similar patterns were observed in 384-well plate-cultured cells; in
fact, correlations between platforms for each cell type probed in
both conditions were highly significant with Pearson R? values
ranging from 0.84 to 0.94 (Supplementary Figure 2).

In PCA (Figure 3B) where all gene expression profiles were ana-
lyzed simultaneously (across all cell types and culture condi-
tions), the greatest separation was evident between primary
RPTEC and TERT-immortalized cells (PC1). The second most
impactful separation was afforded by the distinction between
OrganoPlate 3-lane 40 and 384-well plate-cultured TERT-immor-
talized cells (PC2). In PC3, the separation was most pronounced
between TERT-OAT1 cells and other TERT-immortalized cells,
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Figure 2. Immunocytochemistry on TERT-RPTEC lines in OrganoPlate 3-lane 40 devices. RPTECs and HUVECs form tight junctions (VE-cadherin in
HUVEC, and ZO-1 in both channels) between cell-cell contacts as indicated in (A) and (B). Additionally, the TERT-RPTEC transporter-specific lines
express OAT-1, -3, or OCT-2 in increased levels compared with the parental line (C). Images were collected at 10x (A) or 40x (B, C). Thick scale
bar=100 um, and thin scale bar =50 pm. (D) FITC-Dextran (70 or 150kDa, n =4) permeability in blank (cell-free) chips (n=4), and (E) FITC-BSA
permeability in blank as well as chips seeded with TERT1-RPTECs and HUVECs (n =4-6). FITC-BSA was added to the RPTEC channel (donor) and
measured in the HUVEC channel (recipient). Equilibration across the gel layer from donor to recipient channels is reported. Asterisks (*) denote
statistical differences (p < .05) between time points (in D, t-test) or “no cells” conditions and devices with cells (in E, 1-way ANOVA). See Supplementary

Table 6 for the power analysis of the data in panel (E).

regardless of the culture condition. When PC2 and PC3 were com-
pared, clear separation for TERT-immortalized cells was evident
between OrganoPlate 3-lane 40 and 384-well plate cultures, and
with OAT1-overexpressing cells.

When gene-specific expression patterns were compared
within each culture condition (Figs. 4A and 4B and
Supplementary Table 3), independent samples clustered within
their group—first by the biological replicates of the same condi-
tion, then by cell type, including separation of the TERT-

immortalized cells from primary cells. Interestingly, expression
of HAVCR1/KIM1 in cells (Supplementary Figure 3) was highly
concordant with protein levels detected in cell culture media
(Figure 1K). Specifically, HAVCR1/KIM1 expression levels were
over an order of magnitude greater in primary RPTEC (Lonza no.
1 and no. 2) than in TERT-immortalized lines. Among the latter,
expression was highest in TERT-OCT2 line and lowest in TERT-
OAT1 line, and no difference was observed between culture con-
ditions (OrganoPlate 3-lane 40 or 384-well plate). When
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Figure 3. Transcriptomic data-based similarity analysis. A, Rank-based (Spearman) correlation between transcriptional profiles of different RPTECs
cultured in OrganoPlate 3-lane 40 (triangles) or 384-well plates (circles) and different human tissues or cells (from GTEx Consortium, see Materials and
methods). Colors (see inset) identify different RPTECs. B, Principal component analysis (PCA) on normalized gene expression data (see Materials and
methods for description) from untreated cells cultured in different conditions as detailed in (A). All binary comparisons of the top 3 PCs are shown in
the scatter plots with fraction of variance explained by each PC indicated in the axis label. Colors and symbols (see inset) identify different RPTECs and

culture conditions.

xenobiotic metabolism and transporter genes were selected
(Figs. 4C and 4D and Supplementary Table 4) and samples were
arranged by cell source, an overall concordance in expression
was observed both among cell sources and between culture con-
ditions. The notable exceptions were cell source-specific overex-
pression of OAT1 (SLC22A6), OCT2 (SLC22A2), and OAT3
(SLC22A8) in corresponding TERT-immortalized cells. Except for
transfected lines, expression of these genes was generally low in
primary cells and virtually absent in TERT-immortalized parent
line.

On the pathway level (Table 2), all RPTECs showed robust
expression of glucuronosyl transferases, transporters regulating
water movement, and epithelial cell proliferation markers.
However, notable differences were observed among cell types.
Primary RPTECs (Lonza no. 1 and no. 2) demonstrated higher, as
compared with all TERT-immortalized cells, expression of path-
ways important for RPTEC physiological function—organonitro-
gen compound catabolism and regulation of ion transport, as

well as epithelium development genes. TERT-OAT1 and -OAT3
cells exhibited increased, as compared with TERT parent cells,
expression of drug metabolism, ion transport, and cell
morphogenesis-related transcripts.

To investigate transporter activity in the TERT1-OAT1 and -
OCT?2 overexpressing cells, 6-CF and EAM-1 were used as marker
substrates for OAT1 (Hagos and Wolff, 2010) and OCT?2 (Franke
et al., 2010), respectively (Figure 5). These 2 transporters are
expressed on the basal surface of proximal tubular cells and are
responsible for basolateral uptake of organic anions and cations
(Ullrich, 1999). Cells were exposed to 6-CF in the presence or
absence of OAT inhibitor probenecid (Wu et al., 2017). Similarly,
EAM-1 was tested in the presence or absence of OCT2 inhibitor
cimetidine (Zhang et al., 1998). Significant increases in 6-CF accu-
mulation (OAT1-mediated) were observed in the TERT-OAT1 cells
compared with the parental line cultured in both OrganoPlate 3-
lane 40 (6.4-fold) and 96-well plates (18-fold). Probenecid (100 pM)
decreased intracellular accumulation of 6-CF by 50% in TERT1-
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Figure 4. Gene expression profiles of RPTECs cultured in different conditions. Heatmaps visualize relative expression for each transcript/sample using
log 10(count + 1) as input data matrix. Data shown are from OrganoPlate 3-lane 40 (A and C) and 384-well plate (B and D) experiments are shown. In
panels (A) and (B), samples (columns) and transcripts (rows) were clustered (Euclidean distance and complete linkage). In panels (C) and (D), samples
(columns) were arranged by RPTEC type, and genes (rows) are listed alphabetically. Cells are identified with different colors as shown in the inset.
Expression values for the genes shown are included in Supplementary Tables 3 (A) and 4 (B).

OAT1 cells in OrganoPlate 3-lane 40 but did not affect transport
in the TERT parental line, or in cells grown in 96-well plates
(Figs. 5A and 5C). In experiments with EAM-1, we observed an
increase in the uptake in TERT-OCT2 overexpressing cells com-
pared with the parental line (1.84-fold in OrganoPlate 3-lane 40
and 4.9-fold in 96-well plates); however, addition of competitive
inhibitor cimetidine (100puM) had no effect in either condition

(Figs. 5B and 5D). It is worth noting that the smaller transporter
overexpression-mediated effect for both substrates observed in
OrganoPlate 3-lane 40 was likely due to higher background fluo-
rescence, because both substrates were accumulating in the gel
lane potentially interfering with accurate quantitation. Although
we attempted to limit the background by quantifying only the
cell seeded region of the images, excluding the gel barrier in the


https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfad080#supplementary-data

62 | Reproducibility and robustness of a renal proximal tubule microphysiological system

Table 2. Significantly affected pathways derived from transcriptomic profiles shown in Figure 4

Pathways (Total No. of Genes in a Pathway)

Significantly Affected Genes in a Pathway Dadj

High expression in all cell types

KEGG: Drug metabolism cytochrome P450 (14) MAOA, UGT1A10, UGT1A6, UGT1AS8, UGT2B7 <.001
GO: Regulation of body fluid levels (77) C3, F3,ITPR1, MAPK3, NME1, PRKAR1A, SAA1, SERPINE1, <.001
SLC22A2, VEGFA
Reactome: Signaling by GPCR (50) C3, CXCL1, CXCL8, MAPK3, PRKARIA, SAA1 <.01
GO: Positive regulation of epithelial cell proliferation (30) F3,GLUL, ID1, NME1, VEGFA <.01
Higher expression in primary RPTEC (Lonza no. 1 and no. 2) as Compared with all TERT Lines
GO: Organonitrogen compound catabolic process (45) BCAT1, CDA, CYP3AS, LUM, MAOB <.05
GO: Regulation of ion transport (62) CA2,F2,KCNQ3, MAOB, STC1 <.05
GO: Epithelium development (115) CA2, GSTM3, SATB1, SNAI2, STC1, ZEB2 <.05
TERT-OAT1 versus TERT parent line
KEGG: Drug metabolism of other enzymes (14) CDA, CYP3A5, UGT1A10, UGT1A6, UGT1A8 <.001
GO: Ion transport (122) CA2, CA9, FKBP1A, KCNK1, LCN2, LTF, SLC10A2, SLC22A6, <.05
SLC2A3, SLCO2B1
GO: Regulation of carbohydrate metabolic process (31) IGFBP3, IGFBP4, UGT1A10, UGT1A6, UGT1AS8 <.05
TERT-OAT3 versus TERT parent line
GO: Extracellular structure organization (48) COL12A1, DCN, LUM, MFAPS, MMP1, SERPINE1 <.01
GO: Epithelium development1 (115) CDH2, GATA®6, MET, SATB1, SNAI2, ZEB2 <.05
GO: Regulation of response to stress (258) C3, DCN, F3, IL1R1, LTF, MAPK3, MET, SERPINE1, SNAI2, ZEB2 <.05

KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, gene ontology.

center of the chip, and using the same fluorescent solution in the
experiments with the TERT1 line and the transporter-
overexpressing lines, it was difficult to ensure accurate image
analysis in OrganoPlate 3-lane 40.

To overcome challenges with high background fluorescence
and subsequent variability in image-bases analysis, we per-
formed additional experiments with P-gp, MRP, and SGLT2 sub-
strates using cell lysates. Previous studies have demonstrated
significant improvements in both expression and function of sol-
ute carrier (SLC) and ATP-binding cassette (ABC) transporters
when RPTEC were cultured under fluidic conditions ranging from
0.2 (Jang et al., 2013) to 0.5 dyne/cm? (Ross et al., 2021). The media
flow in the OrganoPlate 3-lane 40 is induced by rocking the plates
on the platform; it was estimated (Vormann et al., 2018) that the
average shear stress in this model is approximately 0.13 dyne/
cm?. However, shear is highly intermittent, reaching as high as
approximately 1.7 dyne/cm? for a few seconds, then quickly
decaying over the next 1-2 min to nearly static condition for the
remainder of the 8-min interval; this cycle continues by inverting
the plate in the opposite direction. To determine whether the
intermittent shear stress in the OrganoPlate 3-lane 40 influences
transporter function, RPTEC (primary RPTEC and various TERT1-
RPTEC lines: parent, OAT1, OCT2, and OAT3) were treated with
CalceinAM (P-gp substrate), CMFDA (MRP), or 6-NBDG (SGLT2) in
the absence or presence of transporter-specific inhibitors (10 M
cyclosporine A, 30 uM MK571, or 500 uM phlorizin, respectively).
Substrates for efflux transporters, CalceinAM and CMFDA, enter
cells passively and are converted to the fluorescent dyes (Forster
et al., 2008). If active efflux transporters are present, a decrease in
intracellular fluorescence that is inhibitable would indicate func-
tional transporters.

Inhibitable P-gp efflux was observed in TERT1-OAT1 RPTECs
in both the OrganoPlate 3-lane 40 and the 384-well plates at simi-
lar levels (2.6- and 2.1-fold, respectively, Figure 6A). P-gp inhibi-
tion was also observed in TERT1-OCT?2 cells; however, only when
cells were grown in the OrganoPlate 3-lane 40 (1.4-fold increase
in intracellular Calcein). Inhibitable MRP efflux activity was
observed in all RPTEC tested in OrganoPlate 3-lane 40 (Lonza: 1.7-
, TERT-parent: 2.9-, -OAT1: 1.7-, -OCT2: 2.8-, and -OAT3: 2.2-fold,
Figure 6B). In 384-well plates, MRP efflux activity was observed
only in TERT-parent (1.6-fold), -OCT2 (1.3-fold), and -OAT3 (3.1-

fold). SGLT-2 influx transporter function was tested with 6-
NBDG, a fluorescent glucose analog (Jung et al., 2011). It has been
shown previously (Vormann et al., 2018) that SA7K clone RPTEC
grown in the OrganoPlate 3-lane 40 were sensitive to SGLT-2
inhibition after treatment with phlorizin, resulting in a 40%
reduction in intracellular fluorescence; however, in all cell types
used in these studies, no effect on the uptake of 6-NBDG was
observed after treatment with inhibitor in either growth condi-
tion (OrganoPlate 3-lane 40 or 384-well plates, Figure 6C).

The last set of experiments aimed to test renal transport and
nephrotoxicity of several model compounds with different modes
of action and renal clearance properties. Of the compendium of
cell models tested herein, for these experiments we used Lonza
no. 1 and no. 2 cells that were most functional and human
kidney-like in their gene expression (see result above). We
selected cisplatin (10 pM), tenofovir (100 uM), and PFOA (1 uM) for
these experiments and they were delivered through either the
tubular (RPTEC) or the vascular (HUVEC) channel of OrganoPlate
3-lane 40. These compounds were selected because they have dif-
ferent fates in the proximal tubule. Renal clearance for cisplatin
and tenofovir exceed glomerular filtration rate, as they are
actively secreted in the proximal tubule by OATs (tenofovir; Bam
et al, 2014), OCTs (cisplatin; Franke et al., 2010); and MRPs
(Harrach and Ciarimboli, 2015). PFOA, however, is actively reup-
taken in the proximal tubule, accumulating in the cells as well as
being secreted into blood resulting in a very long half-life in
humans (U.S. EPA, 2016).

Before transport kinetics were studied, we determined
whether test compounds were binding to the devices, trapped in
the gel lane (“cell-free” condition) or accumulating in the cells (in
each channel). Compound dosing was performed every 24-48h
for 7days. Recovery (compared with stock solutions) from the
devices on days 1, 2, 3, 5, and 7 was measured in the media from
donor and recipient channels only; it was not possible to remove
the gel from the devices to estimate the fraction that may be
trapped. Generally, recovery from both channels combined
(Figure 7A) was not significantly different regardless of the pres-
ence (filled circles) of absence (open circles) of cells, or the loca-
tion of compound addition (HUVEC- vs RPTEC-seeded channel).
Only tenofovir, the lowest n-octanol/water partition coefficient
(Log Kow) compound of those tested, showed some retention in
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Figure 5. Evaluation of OAT-1 and OCT-2 transporter activity in 2D and
3D TERT-RPTEC cultures. TERT-parent, -OAT1, and OCT-2 RPTECs were
cultured in a 96-well plate (C, D), or in the 3-lane chip (A, B) then exposed
to 6-CF (OAT-1 substrate) or EAM-1 (OCT-2 substrate) in the absence or
presence of inhibitors (probenecid and cimetidine, respectively). 6-CF
accumulation in -OAT1 cells was significantly higher in both 2D and 3D
than other cell lines, however, probenecid did not significantly inhibit
this uptake. Similar trends were observed in EAM-1 uptake, with OCT-2
overexpressing cells showing the highest level of uptake, however
cimetidine did not significantly decrease EAM-1 uptake (n=2-3in A and
B;n=81in C;n=4in D). Asterisks (" and ***) denote statistical differences
(p<.05 and p < .0001, respectively) between cell types within each group
using 2-way ANOVA followed by Sidék’s multiple comparisons test. See
Supplementary Table 6 for the power analysis.

the device without cells; on average approximately 25% of the
starting amount was not recovered, most likely being trapped in
the gel barrier. When cells were present, and provided a barrier to
the diffusion into gel, little loss was observed for all 3 compounds
tested, indicating that they did not reach the gel or that intracel-
lular accumulation was unlikely.
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Figure 6. Evaluation of P-gp, MRP, and SGLT?2 transporter activity in 2D
(384-well plate) and 3D (OrganoPlate 3-lane 40 plate). Fluorescence in
cell lysates is normalized to vehicle controls for each cell line. A, P-gp
efflux is measured though treatment with CalceinAM, and can be
inhibited by treatment with Cyclosporin A, resulting in higher
fluorescent CalceinAM present in lysates. B, MRP efflux is measured
through treatment with CMFDA and inhibited by MK571 resulting in
higher fluorescent CMFDA in lysates. C, SGLT2 influx is measured
through treatment with 6-NBDG and can be inhibited through treatment
with phloridzin. Influx inhibition results in a decrease in intracellular
fluorescence, however, significant changes were not observed in either
growth condition (2D or 3D) with any of the cell lines indicating that this
transporter was likely not active in these cells (n=3 for all conditions in
OrganoPlate 3-lane 40 devices, and n=3-10 in 384-well plates). Asterisks
(*) denote statistical differences (p < .05, unpaired t-test, 2-tailed)
between = inhibitor conditions within each cell type and platform within
each group. See Supplementary Table 6 for the power analysis.

In addition, compound appearance in the opposite (recipient)
channel was quantified and “% Equilibrated over 24h” plotted
(Figure 7B). A value of 50% equilibration would indicate equal
concentrations in donor and recipient channels. In “no cell” devi-
ces (open circles) we detected only 10%-30% equilibration
between channels. When cells were present, cisplatin and tenofo-
vir were expected to demonstrate higher “secretion” (higher
transport rates when added into HUVEC and measured in RPTEC
channel); however, equilibration was nearly identical in both
cell-seeded directions indicating that cells were not actively
transporting in either direction. In contrast, PFOA should be
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Figure 7. Transepithelial transport small molecule compounds through the 3-lane plate. To investigate the permeability of small molecule compounds,
chips seeded with RPTECs (Lonza no. 2) and HUVECs were treated with cisplatin, tenofovir, or PFOA through either channel (as indicated in figure). (A)
The recovery (total compound recovered from both channels compared with stock solutions) and (B) the percent appearance in the recipient channel
compared with donor channel indicate that these compounds are not accumulating in the gel layer (recovery near 100% from chips), and that the cells
are providing some additional, but minimal barrier to permeability (n =4 for all conditions).

reuptaken (higher transport rates when added into RPTEC and
measured in HUVEC channel). We did observe an increase, albeit
only approximately 5% overall, in transport commensurate with
reuptake from the apical side of the RPTECs. It is important to
note however, that true “equilibration” was never reached in this
chip due to the gel channel providing significant barrier to trans-
port (see also Figs. 2D and 2E).

Even though the compound concentrations selected here
were meant to be subcytotoxic for RPTECs (Vormann et al., 2018,
2021), we determined potential toxic effects on different types of
RPTEC by testing media for KIM-1 and LDH and cells for gene
expression changes (Figure 8). KIM-1 was only tested in the
effluent from the RPTEC channel because it is an injury marker
that is specific to proximal tubule cells (Han et al., 2002). LDH is
a ubiquitous enzyme in all mammalian cells and is released
upon loss of integrity of the plasma membrane (Kumar et al.,
2018); it was tested in both the RPTEC and HUVEC channels.
Tenofovir (squares) and PFOA (triangles) in tested concentra-
tions had no effect on either KIM-1 or LDH (Figure 8A). However,
cisplatin (filled circles) did result in a significant time-dependent
loss of KIM-1 when added directly to the RPTEC channel in both
RPTEC donors. Although increases in KIM-1 are typically a bio-
marker of kidney injury in vivo (Han et al,, 2002), decreases in

KIM-1 release are observed in vitro because cytotoxicity results
in lower cell numbers and thus an overall decrease in KIM-1 in
cell culture media (Sakolish et al, 2018). No effect on KIM-1
release was observed when cisplatin was added to the HUVEC
channel, commensurate with the observation that only a frac-
tion of the drug could traverse the gel barrier (Figure 7).
Similarly, LDH activity was only significantly increased when
cisplatin was added directly to the RPTEC channel. LDH activity
in the HUVEC channel was much more variable; no significant
effect was observed.

In addition, gene expression was compared between vehicle-
or cisplatin-treated RPTECs from both donors at the end of the
experiments (day 7 of treatment, Figure 8B, Supplementary
Table 5). Gene expression effects of cisplatin were highly con-
cordant among biological replicates within each donor and
between RPTEC donors. Most affected genes were down-
regulated and the primary significant pathways that were lower
in cisplatin-treated cells were cytoskeletal organization, organic
anion transport, and cell proliferation (Table 3). Concomitantly,
cell response to stress pathways, specifically DNA damage
response, involving genes in DNA strand break repair and p53-
activation, were upregulated as would be expected for cisplatin
in vivo (Oliver et al., 2010).
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Figure 8. Injury marker release and gene expression changes after treatment with small molecule compounds in OrganoPlate 3-lane 40. A, Cisplatin,
tenofovir, or PFOA was added to either the RPTEC or HUVEC channel for transport studies and KIM-1 (RPTEC channel only) and LDH (both fluidic
channels) were measured in effluent samples to study nephrotoxicity. Results are reported as percentage of control (vehicle, 0.1% DMSO), Asterisks (*)
indicate significance p < .05 as determined by 2-way ANOVA comparing each group against the control (n=4 for all conditions). See Supplementary
Table 6 for the power analysis of the LDH data in panel (A). B, Gene expression profiles of RPTECs exposed to cisplatin. Heatmaps were plotted using
shrunken log-2-fold-change comparing cisplatin treatment and the vehicle control samples in each cell line using DESeq?2 as input data matrix.
Samples (columns) were ordered by cell type and transcripts (rows) were clustered (Euclidean distance and complete linkage). Expression values for the
genes shown and a complete list of shown genes are included in Supplementary Table 5.

Discussion

One common barrier to adoption of new test methods by the
end-users is the need to standardize the protocols and demon-
strate a method’s utility in specific investigative or regulatory
contexts (Ewart and Roth, 2021; Hargrove-Grimes et al., 2021;
Rusyn et al., 2022). It is also not uncommon that developers of
new test methods, especially in thise as complex as microphysio-
logical systems, provide incomplete information to determine the
potential utility of their models for drug and chemical safety
evaluation. These shortcomings and paths to address them have

been recently described for several toxicologically relevant
organs (Fabre et al., 2020). For example, a microphysiological sys-
tem that can faithfully recapitulate the kidney proximal tubule
microenvironment in which cells exhibit proper polarity and
form perfusable structures would also be of great utility in drug
safety evaluation. Accordingly, a collaboration of prospective
end-users of kidney microphysiological models proposed several
contexts where a new in vitro kidney model can demonstrate util-
ity to both drug developers and regulators (Phillips et al., 2020).
These include the overall technical feasibility and reproducibility,
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Table 3. Significantly affected pathways derived from transcriptomic profiles shown in Figure 8B

Pathways (Total No. of Genes in a Pathway) Significantly Affected Genes in a Pathway Padj
Cisplatin treatment-associated decreased expression
GO: Cytoskeleton organization (107) ANLN, APOE, AQP1, BIRCS5, CDK1, EVL, FGF7, GAPDH, KIF14, KIF20A, KIF2C, <.05

MYBL2, NEK2, PRC1, SPAG4, SPAGS5, TPM1

GO: Organic anion transport (48)
GO: Microtubule cytoskeleton organization (53)
GO: Regulation of cell proliferation (201)

APOE, AQP1, CA9, FABP1, LDLR, SLC22A6, SLC22A7, SLC27A2,SLC2A3, SLC7A5  <.05
BIRCS5, CDK1, GAPDH, KIF14, KIF20A, KIF2C, MYBL2, NEK2, PRC1, SPAG5 <.05
ADM, APOE, AQP1, BIRCS5, CDC20, CDK1, ERBB3, F2, F3, FABP1, FGF7, FN1, <.05

HMOX1, IGFBP3, KIF14, LTF, NDRG1, PRC1, PTGS1, SEMA5A, SHCBP1,

TPM1, VCAM1
Cisplatin treatment-associated increased expression
GO: Cellular response to DNA damage stimulus (117) MDM2, PCNA, RRM2B, TIGAR, TRIAP1, XPC <.05
GO: Cellular response to stress (273) CCL2, FAS, MDM2, PCNA, PPM1D, RRM2B, TIGAR, TRIAP1, XPC <.05

GO, gene ontology.

as well as kidney-specific features that determine the suitability
of an in vitro model for application in drug safety evaluations—
kidney phenotype, kidney function, and response to xenobiotics
(Phillips et al., 2020). The OrganoPlate 3-lane 40 has been pro-
posed as a medium-throughput platform for studies of barrier
tissues, including kidney proximal tubule (Gijzen et al., 2021; Naik
et al, 2021; Suter-Dick et al., 2018; Vormann et al., 2018, 2021,
2022). Accordingly, this study included experiments that details
both advantages and challenges of OrganoPlate 3-lane 40 in the
context of studies of the kidney proximal tubule.

First, we focused on the technical aspects of the OrganoPlate
3-lane 40 and its performance with a range of commercially
available RPTEC types. Previous publications that used this model
for studies of human kidney were coauthored by the manufac-
turer of these devices. Because it is likely that most future users
would apply these in their own laboratories and follow standard
protocols, we conducted an independent evaluation of the mod-
el’s robustness and reproducibility. Not only did we aim to emu-
late the published methods, but we also compared several RPTEC
cell lines to determine the applicability of the standard protocol
to different cells. We also provide full access to the data and
refined protocols (see Supplementary Table 2).

We observed the formation of perfusable tubules with all
RPTEC lines tested, as well as with HUVECs in the channel oppo-
site the gel lane with a reasonably high success rate (approxi-
mately 95% of chips showed successful gel and cell loading).
However, significant cell invasion into the gel lane was observed
past 3-7days of culture depending on the cell source, demon-
strating the need to optimize in-house protocols (eg, study dura-
tion) based on the types of cells to be used. This observation,
although it may appear to some as somewhat trivial, is nonethe-
less important for future users because it provides information
on the constrains of the range of potential contexts of use, access
to the images and other data from our studies, as well as other
evidence that typically is not available from vendors.

The major benefits of the OrganoPlate 3-lane 40 model are the
standardized layout (similar to that of a standard multiwell
plate), as well as the optically transparent plate bottom allowing
for automated imaging and 3D tubule reconstruction. The rock-
ing plate perfusion platform also allows for the simultaneous
running of multiple OrganoPlates 3-lane 40 with a reasonably
low footprint; the model does not require pumps to drive media
flow. We confirmed formation of tight junctions in both the
RPTEC and HUVEC channels, indicating that cells were proliferat-
ing and filling out the tubules after cell loading. Still, RPTECs
remained largely cuboidal in their shape; few cells adopted a
spindle-like morphology that is more typical to how cells are
positioned in a continuously perfused tubule in vivo, or in the

microphysiological models of the proximal tubule under constant
flow (Sakolish et al., 2018). Indeed, questions remain as to how
“physiologic” the media flow/shear stress resulting from the plate
rocking method in this model is; media flow is intermittent with
large swings in sheer stress from 0 to 1.7 dyne/cm? over 8-min
plate inversion cycles as reported for this 3-lane model (Vormann
etal., 2018).

Second, we focused on the determination of whether there are
differences in kidney phenotype/functionality that are afforded
by OrganoPlate 3-lane 40 as compared with a multiwell 2D cell
culture. No previous publication offered a comparison between
OrganoPlate 3-lane 40 and standard multiwell culture conditions
with RPTEC. This information, frequently lacking in tissue chip
development publications or reports from the vendors, is critical
for determining the utility and context of use for these models
because they typically offer lower throughput and higher cost.
Here, we tested the same cells side by side in OrganoPlate 3-lane
40 and multi-well plates and analyzed several relevant pheno-
types. We observed that differences between cell types used in
these experiments are often greater than the differences between
culture conditions. This pertains to both biomarkers (eg, secre-
tion of KIM-1 or leakage of LDH) and other molecular features.
For example, when transporter function and gene expression
were compared between RPTECs grown in the OrganoPlate 3-lane
40 or in 2D cultures (96 or 384 well plates), we found largely simi-
lar transporter performance of RPTEC in both configurations. In
fact, for OAT-1, OCT-2, P-gp, and SGLT2, the data were more
interpretable from 2D studies. This was likely due to higher fluo-
rescent background in 3D cultures due to technical challenges in
removing the fluorescent substrate from gel and thoroughly
washing perfusion channels. One exception, however, was for
MRP activity that was observed in all 5 RPTEC cell types when
tested in microfluidic OrganoPlate 3-lane 40. MRP activity was
only detectable in the TERT1-parent and OAT3-overexpressing
lines cultured in static 2D conditions. Indeed, others have previ-
ously reported that shear stress can modulate SLC and ABC
transporters in vitro (Jang et al, 2013; Ross et al., 2021) which
would be an advantage of the OrganoPlate 3-lane 40 over 2D cul-
tures. However, transport across RPTECs (ie, between blood and
tubule lumen) is difficult to ascertain from studies in
OrganoPlate 3-lane 40 due to several technical challenges as dis-
cussed next.

Gene expression comparisons between static and microfluidic
conditions are also lacking for OrganoPlate 3-lane 40 devices;
they are available for an OrganoPlate 2-lane 96 version that was
tested with ciPTEC-OATT1 cells (Vriend et al., 2018). In that study,
transporter expression was compared between cells cultured in
2D and in the microfluidic device; similar or significantly lower
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transporter expression levels were found under microfluidic cul-
ture conditions. The authors reasoned that because many cells
seeded into the device are not in a microfluidic section of the
device but would be lysed for gene expression studies, such com-
parisons should be regarded as qualitative in nature. In the
results reported herein, transcriptomics data for a larger com-
pendium of genes was queried and we benchmarked gene expres-
sion in both in vitro configurations to human kidney data from
dozens of donors, as well as between RPTECs. Although we did
observe that the transcriptional profile of the primary RPTECs
tested herein was most concordant with that of the human kid-
ney data, we found little evidence of the microfluidic condition
making these cells more physiologically relevant. In fact, the
main difference between RPTECs tested herein was that TERT-
immortalized lines were most similar to other in vitro-cultured
human cells (like fibroblasts) rather than to the human kidney;
again, minimal benefit to the transcriptome was afforded by the
culture in OrganoPlate 3-lane 40. Both gene- and pathway-level
analyses confirmed that RPTECs of different origin (or transporter
overexpression state) have important differences in the metabo-
lism functionality, but that the culture condition afforded by
either model had little distinguishing power.

Third, in relation to kidney function of clearing/reabsorbing
small molecules and for investigations of drug transport, we also
note an important difference of our study from previous publica-
tions. OrganoPlate 3-lane 40 is dependent on establishing a gel
barrier between the tubule and vasculature compartments. This
configuration allows for creation of distinct perfusable channels
that can be accessed independently. However, the thickness of
the barrier between 2 perfusable compartments (approximately
350 um) is far greater than that in the nephron. This would also
likely impede transport of the molecules between channels.
Previous studies in OrganoPlate 3-lane 40 (Naik et al, 2021;
Schutgens et al., 2019; Vormann et al., 2018, 2021) demonstrated
transport (or lack thereof because of the tight cell barrier) of fairly
large molecules (4.4-155kDa) from the RPTEC compartment into
the gel lane. However, little information is available on the trans-
port of small molecules, or the ability of any molecule added to
one channel to transverse across the gel lane. Only short term
(<20min) image-based measurements under static conditions
were performed, focusing on the small volumes of the perfusion
channels. We found that the gel lane, not the cells, is the greatest
barrier to drug transport. Cells do provide additional benefit, but
it is relatively small compared with the overall lack of transport.
Attempts to change the composition of the gel lane were found to
be futile (data not shown) because they introduced additional
technical/biological challenges and did not result in measurable
improvements to drug transport. Specifically, by stiffening the
gel, one may decrease the success in loading it properly and fur-
ther impede drug permeability. If the opposite approach is taken,
cells may invade into the gel more aggressively thus creating
microchannels to facilitate media/drug penetration, a phenom-
enon that is not replicating normal biology and a factor that will
increase variability among devices on the same plate.

Studies of barrier tissue formation are largely impractical in
standard multi-well plates; Transwells are needed to test barrier
function. In this respect, OrganoPlate 3-lane 40 is a suitable alter-
native to Transwell-based model for testing barrier permeability
(typically by using fluorescent substrates) and for studies of
intake/efflux into the cells through the apical membrane.
However, studies of the basolateral transport in this model are
difficult. This conclusion is based on our observations that both
with and without cells, transport/equilibration of both larger and
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small molecules was impeded by the diffusion into the gel lane.
Although tissue chip developers often are concerned about non-
specific drug binding to the devices themselves (van Meer et al.,
2017), we found this to be a relatively minor issue for
OrganoPlate 3-lane 40 as compared with the compound “sink”
afforded by the gel substrate. This was demonstrated using both
analytical measurements and by studies of drug toxicity (eg, cis-
platin administration through the HUVEC channel exhibiting
some effect in the RPTEC channel). The amount of media in each
channel (100 ul) is far greater than the amount of the gel (2 pl) so
that almost full amount of each compound injected was recov-
ered from the channel in which it was delivered. It is also note-
worthy that little difference in transport was observed for
cisplatin and tenofovir when they were delivered to either side,
indicating that cells did not provide selective transport through
either apical or basal membrane; however, this result may be cell
type-dependent. Only with PFOA we observed selective transport,
commensurate with in vivo human kidney reabsorption (U.S. EPA,
2016); still, quantifying the rate of transport and conducting com-
parative studies of other perfluorinated compounds in this model
may be difficult due to relatively small percentage of the com-
pound that could traverse the gel layer. Because the gel is largely
impossible to extract from the OrganoPlate 3-lane 40, an impor-
tant component of the overall mass balance is missing. In addi-
tion, the ability of RPTECs to facilitate uptake of the compounds
from the gel via basolateral transporters may be also limited;
thus, it may only be possible to model active reuptake directly
from media.

In conclusion, this study provides several important practical
considerations for using OrganoPlate 3-lane 40 to model the renal
proximal tubule in vitro. The devices are readily available and can
be seeded with various RPTEC lines. There are many publications
as well as established protocols for how these devices are to be
assembled and maintained. This model offers microfluidic flow
yet does not require additional pumps and therefore is reason-
ably high throughput. We offer additional experimental protocols
and data on a wide range of RPTEC lines that can be used as a
reference when establishing this model in a new laboratory. At
the same time, this model appears to offer only limited (MRP
transporters) advantages in terms of either gene expression or
transporter function compared with the multiwell plate culture
conditions. It can be used to study cellular uptake and direct (ie,
when added to the channel with RPTECs) toxic effects of small
molecules; however, it is not a model that can be used for studies
of pharmaco-/toxico-kinetics because drug transport between
blood and tubule compartments is affected by the gel barrier.
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