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Abstract: Progress in understanding kidney disease mechanisms and the development of targeted
therapeutics have been limited by the lack of functional in vitro models that can closely recapitulate
human physiological responses. Organ Chip (or organ-on-a-chip) microfluidic devices provide
unique opportunities to overcome some of these challenges given their ability to model the structure
and function of tissues and organs in vitro. Previously established organ chip models typically consist
of heterogenous cell populations sourced from multiple donors, limiting their applications in patient-
specific disease modeling and personalized medicine. In this study, we engineered a personalized
glomerulus chip system reconstituted from human induced pluripotent stem (iPS) cell-derived
vascular endothelial cells (ECs) and podocytes from a single patient. Our stem cell-derived kidney
glomerulus chip successfully mimics the structure and some essential functions of the glomerular
filtration barrier. We further modeled glomerular injury in our tissue chips by administering a
clinically relevant dose of the chemotherapy drug Adriamycin. The drug disrupts the structural
integrity of the endothelium and the podocyte tissue layers, leading to significant albuminuria as
observed in patients with glomerulopathies. We anticipate that the personalized glomerulus chip
model established in this report could help advance future studies of kidney disease mechanisms
and the discovery of personalized therapies. Given the remarkable ability of human iPS cells to
differentiate into almost any cell type, this work also provides a blueprint for the establishment of
more personalized organ chip and ‘body-on-a-chip’ models in the future.

Keywords: human induced pluripotent stem cells; podocytes; endothelial cells; kidney glomerulus;
disease models; organ-on-a-chip; glomerulus chip; stem cell technologies; microfluidics; personalized
medicine

1. Introduction

More than 15% of U.S. adults have chronic kidney disease (CKD), and many people are
unaware that they have the disease due to the lack of early diagnostic tools or methods [1].
CKD progresses into end-stage kidney disease, which is estimated to increase in the US by
11–18% by 2030, partly due to an increased prevalence of diabetes and hypertension—the
leading causes of CKD [2–4]. For patients suffering from CKD, the quality of life (including
physical and mental health) is greatly decreased [5]. Despite technological improvements,
dialysis and transplantation are still the only treatment options for kidney dysfunction.
Dialysis requires an average of four-hour treatment sessions three times a week, and
kidney transplantation has a waitlist with a median wait time of 3.6 years to receive the first
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kidney [2]. Scientists and clinicians hope to provide additional treatment options, including
the ability to regenerate or repair damaged kidney tissues. To achieve these goals and
reduce the burden of CKD, researchers are dedicating efforts to the discovery of signaling
pathways and molecular targets to help develop novel therapies. The development of
robust research platforms and functional in vitro models could greatly benefit from the
ability to recapitulate patient-specific biological responses as needed for personalized
medicine and related applications [6]. There is also a need to develop in vitro models that
are ethical and employ noninvasive technologies to more closely reflect a patient’s response
to treatment at the kidney’s cell, tissue, and organ levels. This advancement could help
improve patient outcomes by providing a robust preclinical platform for patient-specific
disease modeling and mechanistic studies, nephrotoxicity testing, drug screening, and
efficacy testing toward the discovery of novel and targeted therapeutics.

As the kidney’s glomerular filtration rate is the most common measure of kidney
function, the glomerulus is a critical target for therapeutic development (National Kidney
Foundation). The glomerulus is the workhorse of the kidney, filtering about 200 L of
blood per day. Each glomerulus consists of a cluster of capillaries lined by fenestrated
endothelium. A specialized epithelial cell type named podocyte encases these capillaries.
Podocytes have foot processes which interdigitate to form a molecular sieve, called the
slit diaphragm. Blood gets filtered through the glomerular filtration barrier, which is
composed of fenestrated endothelium, glomerular basement membrane (GBM), and the
slit diaphragm of the podocytes. Many kidney diseases, including podocytopathies and
glomerulopathies, are characterized by podocyte foot process effacement, actin cytoskeletal
remodeling, or detachment of podocytes from the GBM [7]. Such cellular and tissue defects
contribute significantly to the progression of kidney disease, to proteinuria, and eventual
organ failure.

Although animal models are widely used to study human kidney biology and for pre-
clinical drug development, such models often yield results that are not directly applicable
to humans due to species-specific differences in biochemical, physiological, developmental,
and anatomical characteristics. Furthermore, normal adult or embryonic human tissues
are usually unavailable in sufficient amounts for research, and many mouse models [8–10]
do not reliably reproduce human phenotypes or biological responses. As a result, it was
found that 89.5 % of preclinical drugs that passed animal testing failed during in-human tri-
als [11]. Additionally, heterogeneity in disease phenotypes and varied response to drugs in
different patients emphasize the need for more personalized disease modeling approaches.
Miniaturized multicellular static culture models (i.e., kidney organoids, transwells, and
conventional 2D systems) are useful for understanding nephrogenesis, but these stochas-
tic models often represent the developmental state of first- or second-trimester kidneys,
thus lacking the structure and functional characteristics of the specialized kidneys (e.g.,
vascularization), as well as mechanical factors that promote maturation and in vivo-like
phenotypes [12–14].

To address these challenges, organ-on-a-chip technologies have been developed to
modulate multitissue organization and structure with dynamic control of biochemical cues,
vascular perfusion, cellular crosstalk, and mechanical forces to help recapitulate in vivo-
like features and functions. For example, cytoskeletal rearrangement and junctional injury
in both podocytes and endothelium due to hypertension in a mouse-specific glomerulus
chip have been demonstrated [15]. In another study, a proximal tubule chip was employed
for high-throughput drug screening while controlling fluid flow and temperature for long-
term primary human cell culture [16]. Overall, kidney chips (e.g., glomerulus and proximal
tubule) have begun to unveil mechanisms of mechanical- and drug-induced injury in a
controlled microenvironment. However, limited supply and invasive sourcing of cells,
along with ethical concerns regarding the use of lab animals or human adult primary and
embryonic stem cells, limits the potential of the organs-on-chips to mimic in vivo tissue
development, physiology, and function. Advancements in human induced pluripotent
stem (iPS) cell technologies and the derivation of human mature kidney podocytes have
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provided novel opportunities to study human kidney diseases without needing to use
ethically controversial tissues [17–20]. Human iPS cell-derived podocytes also allow for
studying tissue function and disease processes that are representative of the donor patient’s
genetic background.

To date, a human kidney glomerulus chip that consists of genetically matched podocytes
and endothelium (thus where both the podocytes and endothelium are derived from the
same patient or stem cell line) has not been reported. Such personalized or genetically
matched tissue model could advance personalized medicine in the field of nephrology and
beyond. By using primary-sourced cells, human kidney glomerulus chips are limited by
their difficulty to propagate and/or maintain molecular and genetic characteristics after
multiple passages [21–23]. To address these issues and further advance organ-on-a-chip
technologies and kidney disease outcomes, we present the first glomerulus chip that in-
terfaces epithelial and endothelium tissue layers derived from a single patient’s human
iPS cell line. Thus, we engineered a personalized glomerulus chip, which can provide
opportunities for patient-specific disease modeling, nephrotoxicity testing, and related
personalized medicine applications. By reconstituting multiple glomerular cell and tissue
types from a single human iPS cell source, the personalized glomerulus chip provides the
aforementioned advantages in uniquely modeling the molecular and genetic profile of a
given individual. In addition, this work provides the first demonstration that vascular
endothelial cells derived from human iPS cells can be interfaced to model the structure and
function of the kidney’s glomerular filtration barrier in vitro.

In this study, we initially differentiated both vascular endothelial cells and interme-
diate mesoderm cells (nephron progenitor cells) from the same human iPS cell line. We
then incorporated these two cell types in interfacing fluidic channels separated by a porous
membrane, where the intermediate mesoderm cells were subsequently induced to differ-
entiate or specialize into podocytes within the urinary compartment of the microfluidic
chips, while the endothelial cells were propagated in the vascular channel. Together, these
human iPS cells generated a personalized patient-specific glomerulus chip. The structural
and cellular maturity of the chip (e.g., formation of tissue layers and podocin-positive
foot processes) were confirmed through expression of immunofluorescent markers. The
functionality of the chip (e.g., secretion of VEGF-165 or VEGF-A and selective molecular
filtration across the glomerular filtration barrier) was also investigated. Given our ability
to reconstitute the kidney’s glomerular filtration barrier, we also employed the engineered
system to model drug-induced injury and disease phenotype. The drug-treated glomerulus
chip showed a drastic increase in albumin clearance, indicating loss of barrier function.
This device is advantageous in modeling salient features of an individual’s glomerular
filtration barrier function, disease phenotype, and response to drugs.

2. Materials and Methods
2.1. Human iPS Cell Culture

DU-11 (Duke clone #11) human iPS cell line was obtained from Dr. Nenad Bursac’s
lab at Duke University under appropriate material transfer agreements and approved by
all involved institutional review boards. DU-11 cells were maintained under feeder free
conditions in polystyrene tissue-culture-treated plates (Corning, cat. no. 353046) coated
with hESC-grade Matrigel (BD Bioscience; 354277). Cells were fed daily with mTeSR1 (Stem
Cell Technologies; 85850) medium. These cells were passaged every 4–5 days (upon 70–80%
confluency) by treatment with StemPro Accutase (Thermo/Life Technologies; A1110501).
DU-11 cells have been tested for and found to be free of mycoplasma contamination (using
Mycoplasma PCR Detection Kit from abm, G238). Chromosomal analysis confirmed that
these cells were karyotypically normal.

2.2. Intermediate Mesoderm Cell Differentiation

DU-11 cells (70–80% confluent) were incubated with enzyme free cell dissociation
buffer (Gibco, 13150-016) for 15 min. The dissociated cells were scraped off the well and
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centrifuged at 201× g in Advanced DMEM/F12 (Gibco; 12634010) for 5 min. The cells were
seeded on Laminin-511-E8 (Iwai North America, cat. no. N-892012) coated plates with
mesoderm induction media as reported earlier. [19,20,24] After 2 days of differentiation,
the mesoderm cells were further differentiated into intermediate mesoderm (IM) cells in
IM induction media for 14 days.

2.3. Vascular Endothelial Cell (viEC) Differentiation

viEC were differentiated from iPSCs via previously established protocol (Atchinson
et al., 2020). On day 0, iPSCs were harvested with Accutase and reseeded on Matrigel-
coated six-well plate at a cell density of 47,000 cells/cm2. On day 1, mTeSR1 media was re-
placed with N2B27 media, which contains neurobasal media (Invitrogen) and DMEM/F12
glutamax (Invitrogen) in 1:1 ratio with N2 (100×) (Invitrogen) and B27 (-) Vitamin A (In-
vitrogen). The media was then supplemented with 8 µM CHIR-99021 (Reprocell, Inc.,
Beltsville, MD, USA), and 25 ng/mL hBMP4 (VWR International LLC, Radnor, PA, USA).
Cells were cultured in N2B27 media without media changing for 3 days to achieve lateral
mesoderm induction.

On Day 4, N2B27 media was replaced with endothelial induction media which con-
tained StemPro-34 SFM media (Invitrogen) supplemented with Glutamax (Invitrogen) and
Pen-Strep (Gibco Cell Culture) in 100:1:1 ratio, and supplemented with 2 µM forskolin
(Abcam Inc., Cambridge, UK) and 200 ng/mL VEGF165 (Invitrogen). Media was changed
daily from Day 4 to Day 6 and conditioned media was collected on Day 5 to Day 7. viEC
were then dissociated on Day 7 with Accutase, and sorted to harvest CD144+ (VE-Cadherin)
and CD31+ (PECAM-1) cells, as described below.

2.4. viEC Magnet-Activated Cell Sorting

Cells collected on Day 7 of the vascular endothelial differentiation were individualized
and completely dissociated (incubated at 37 ◦C for 5–7 min) with Accutase. Cells were col-
lected and neutralized with cold StemPro-34 media in 1:1 ratio and centrifuged at 1000 rpm
for 5 min. After washing with 10 mL of MACS buffer, which consists of DPBS (Duke
University Cell Culture Facility, Durham, NC, USA) with 0.5% BSA (Sigma Aldrich, Saint
Louis, MO, USA), and 2 mM EDTA (Invitrogen), cells were resuspended in MACS buffer
at the density of 80 µL/10 million cells, followed by 20 µL/10 million cells conjugation
with FcR blocking reagent, CD31 Microbeads, and CD144 Microbeads (Miltenyi Biotec,
Inc., Bergisch Gladbach, Germany). The cell suspension was incubated for 15 min on ice
in the dark. After ice-incubation, cells were washed with MACS buffer and sorted on
QuadroMACS™ Separator via the magnetic-mediated approach. Sorted cells were ex-
panded in conditioned media diluted at 1:1 ratio with StemPro-34 SFM and supplemented
with 2 µg/mL heparin (STEMCELL Technologies, Vancouver, BC, Canada). Media was
replaced every other day until conditioned media was depleted. For continued expansion
after passage 1, viEC maintenance media was prepared as StemPro-34, supplemented with
10% HI-FBS (Invitrogen), 2 µg/mL heparin, and 50 ng/mL VEGF165.

2.5. Glomerulus Chip Device Functionalization and Cell Seeding

Organ-chip devices were purchased from Emulate. Inc. (Boston, MA, USA). The
chips were activated/sterilized in a plasma etcher (Emitech K-1050X) by treatment with
oxygen plasma (100 W, 0.8 mbar, 30 s). The activated chips were immediately coated with
50 µg/mL of laminin-511 solution (BioLamina, Sundbyberg, Sweden; LN511-0502) in PBS
with calcium and magnesium in their urinary and microvascular channels (separated by a
porous PDMS membrane) and incubated overnight at 37 ◦C.

The channels of the chips were then flushed with Advanced DMEM/F12 (Gibco,
MA, USA; 12634010). Differentiated viECs (9 × 104) were seeded in the microvascular
channel of the chips and incubated by inversion. After 3 h, the channel was flushed with
viEC maintenance media to remove the non-adherent cells, and incubated overnight at
37 ◦C. Next, the differentiated IM cells (8 × 104) were seeded in the urinary channel. After
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3 h, both fluidic channels were flushed with their respective media (Urinary channel—IM
induction medium and microvascular channel—viEC maintenance medium) and incubated
overnight at 37 ◦C.

2.6. Personalized Glomerulus Chip Culture Maintenance

The urinary and the microvascular channel reservoirs of the Emulate Pod were filled
with podocyte induction media and viEC maintenance media, respectively. The Pods
were primed for 2 min to ensure fluid flow in the inlet and the outlet of the fluid circuit.
Both channels of the chips were flushed with their respective media (Urinary channel—
IM induction media and microvascular channel—viEC maintenance media) and then
connected to the Pods while maintaining fluid–fluid contact to avoid bubble formation. The
Pods were placed inside an automated vacuum regulator (Orb) that also directs fluid flow
and controls stretch–relaxation cycles. The chip channels were continuously perfused with
the respective cell culture medium at a volumetric flow rate of 60 µL/h which correlates
with a shear stress of 0.0007 dyn/cm2 for the urinary channel and 0.017 dyn/cm2 for the
microvascular channel, along with cyclic strain (10% at 0.4 Hz) through the two vacuum
channels parallel to the fluidic compartments of the chip [19,20]. The stretch and relaxation
cycle of the porous membrane mimics the mechanical strain exerted by renal blood flow
and pressure in vivo. After 5 days of podocyte differentiation, the podocyte induction
media was replaced with CultureBoost-R (Cell Systems SF-4Z0-500-R) and the resulting
glomerulus chip was maintained for an additional 7 d.

2.7. Functional Analysis of the Glomerular Filtration Barrier

Spent medium (CultureBoost-R) was collected from the top (urinary channel) outlet
reservoir of the glomerulus chips after completion of the podocyte differentiation. The level
of cell secreted VEGF-A was quantified using the human VEGF-A ELISA kit (Thermo Fisher
Scientific; Waltham, MA, USA, BMS277-2) per the manufacture’s protocol. A parametric
two-tailed Student’s t-test was used to calculate significant differences between two groups.
All error bars represent standard deviation of the mean, unless otherwise noted. For all
statistical analyses, the GraphPad Prism 9 software package was used.

2.8. Immunostaining and Microscopy

The bright field images were captured using an EVOS M7000 microscope. For immunos-
taining, the cells were fixed, permeabilized, and blocked using our earlier method [19,20].
The primary antibodies used included Nephrin (ARP, MA, USA; GP-N2), Podocin (Ab-
cam, MA, USA; ab50339), VE-cadherin (Santa Cruz, Dallas, TX, USA; SC-9989), PECAM
(R&D Systems, Minneapolis, MA, USA; AF-806), Alexa Fluor 594 Phalloidin (Invitrogen,
Waltham, MA, USA, A12381), and Collagen IV (eBioscience, Waltham, MA, USA, 14-9871-
82). Immunostained chips were imaged with a Leica SP8 Upright Confocal Microscope,
using a 25×/0.95 HCXIRAPO water dipping lens with 2.4 mm DIC objective. Images were
processed using Fiji software version 2.1.0/1.53c. Analysis of the DU-11 podocyte arboriza-
tions at the podocyte-endothelial cell interface in the glomerulus chips was analyzed using
the 3D viewer plugin of Fiji software (version 2.1.0/1.53c).

2.9. Modeling Drug-Induced Nephrotoxicity

After podocyte induction, the chips were maintained in CultureBoost-R (Cell Systems
SF-4Z0-500-R) for at least 5 days under fluid flow and mechanical strain before introduction
of Adriamycin (LC Laboratories, Woburn, MA, USA; D-4000). viEC maintenance media
was supplemented with clinically relevant doses [19,24] of Adriamycin (0.5 µg/mL) and
perfused through the microvascular channel for 48 h. Next, the viEC maintenance media
was supplemented with 100 µg/mL albumin conjugated to Alexa Fluor 555 (Thermo Fisher
Scientific; A34786) and perfused through the microvascular channel.

To study the extent of the disruption of the glomerular filtration barrier, urinary
clearance of albumin was evaluated in the glomerulus chip. Media was collected from
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the top outlet reservoir, and fluorescence intensity was measured using a SpectraMax
Fluorescent Plate reader (SpectraMax i3x, Molecular Devices). The amount of Albumin fil-
tered from the microvascular to the urinary channel was analyzed using an equation
for renal clearance: ([U] × UV)/[P]) where [U] is urinary concentration of albumin,
UV = volume of media collected from the urinary channel outlet reservoir, and [P] = dosing
concentration in the microvascular channel (100 µg/mL). A parametric two-tailed Stu-
dent’s t-test was used for calculating significant differences between two groups. All error
bars represent standard deviation of the mean, unless otherwise noted. For all statistical
analyses, the GraphPad Prism 9 software package was used.

3. Results
3.1. Derivation of Intermediate Mesoderm and Vascular Endothelial Cells from Human iPS Cells

Previously established kidney glomerulus chip devices employed podocytes and
endothelial cells derived from different sources and individuals, and thus these organ-
on-a-chip devices contained tissue layers with unmatched genetic backgrounds. Some
of the sources of cells for these glomerulus chip devices include animal or non-human
sources [15,25], primary human podocytes [26], primary human glomerular endothe-
lium [20], amniotic fluid-derived podocytes [26], and human iPS cell-derived podocytes [19].
While the use of animal cells is limited in physiological translation into humans, even the
use of primary, immortalized, or amniotic fluid-derived cells are limited in their multipo-
tency and/or availability. We used previously established methods for the derivation of
podocytes and endothelial cells [19,20,27–29].

DU-11 human iPS cells produced from a single donor were used to derive human
intermediate mesoderm (IM) and vascular endothelial cells (viECs) (Figure 1a). For the
derivation of IM cells, we first induced the formation of mesoderm cells using a medium
containing Activin A and the Wnt agonist CHIR99021. We further induced posteriorization
of the mesoderm cells using Bone Morphogenetic protein-7 (BMP7) and Wnt agonist
CHIR99021. BMP7 signals through the SMAD1/5 axis which helps the formation of IM cells
(mesenchymal Nephron progenitor cells), whereas CHIR99021 primes their mesenchymal
to epithelial transition (MET) [19,20,26].

The protocol of Atchison et al. (2020) was used to differentiate the same DU-11 human
iPS cell line into viECs in 7 days [28] (Figure 1a). Briefly, human iPS cells were differentiated
into lateral mesoderm lineage by using N2B27 media supplemented with Wnt agonist
CHIR 99021 and BMP4. Vascular endothelial cells were then induced from the lateral
mesoderm cells by treatment with STEMPro-34 SFM medium supplemented with VEGF-
A (angiogenesis inducer) and Forskolin (cyclic AMP booster). Cells were sorted based
on expression of platelet endothelial cell adhesion (PECAM-1, CD31) and/or vascular
endothelial cadherin (VE-Cadherin, CD144).
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Figure 1. Schematic of the experimental strategy for engineering a personalized glomerulus chip. 
(a) Derivation of intermediate mesoderm and vascular induced endothelial cells from human in-
duced pluripotent stem cells derived from a single individual. Images on the right are representative 
bright field images of intermediate mesoderm (top) and vascular induced endothelial cells (bottom). 
Scale bar 275 µm. Inset scale bar: 90 µm; (b) Anatomy of the glomerulus chip. Lower left panel, 
cross-sectional view of the chip. Right panel, channel anatomy of the chip; and (c) Incorporation of 
iPS cell-derived intermediate mesoderm and endothelial cells into the urinary and the microcapil-
lary channel of the chip, respectively and subsequent differentiation of mature human podocytes 
from intermediate mesoderm cells. Upper right panel, cross-sectional view of the cell-embedded 

Figure 1. Schematic of the experimental strategy for engineering a personalized glomerulus chip. (a) Derivation of
intermediate mesoderm and vascular induced endothelial cells from human induced pluripotent stem cells derived from a
single individual. Images on the right are representative bright field images of intermediate mesoderm (top) and vascular
induced endothelial cells (bottom). Scale bar 275 µm. Inset scale bar: 90 µm; (b) Anatomy of the glomerulus chip. Lower left
panel, cross-sectional view of the chip. Right panel, channel anatomy of the chip; and (c) Incorporation of iPS cell-derived
intermediate mesoderm and endothelial cells into the urinary and the microcapillary channel of the chip, respectively and
subsequent differentiation of mature human podocytes from intermediate mesoderm cells. Upper right panel, cross-sectional
view of the cell-embedded glomerulus chip. Lower right panel, cross-sectional view of the cell-embedded glomerulus chip
under stretch.
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3.2. Design and Development of the Personalized Glomerulus Chip

For the development of the personalized glomerulus chip, we utilized polydimethyl-
siloxane (PDMS) microfluidic chips from Emulate, Inc. (Boston, MA, USA). The chip
includes two parallel fluidic channels positioned on top of each other to recapitulate the
body’s dynamic tissue–tissue interface. The top (urinary) and the bottom (capillary) chan-
nels are separated by a 50 µm thick flexible PDMS membrane. The membrane consists
of hexagonally packed pores with approximately 7 µm diameter which are spaced 40 µm
apart from each other. We functionalized the PDMS chip with Laminin-511 as the extracel-
lular matrix protein on both channels to allow two interfacing cell types to anchor onto
the porous membrane. Upon cell seeding in the respective channels, the level of shear
stress generated by the fluid flow was determined by the flow rate (60 µL/h) and chip
dimensions. The capillary channel experienced higher shear stress owing to its smaller
dimensions (shear stress = 0.017 dyn cm−2, 1000 µm × 200 µm (w*h)) compared to the
urinary channel (shear stress = 0.0007 dyn cm−2, (1000 µm × 1000 µm (w*h)) [27]. On
each side of the two fluidic channels were hollow vacuum chambers that enabled cyclic
stretching and relaxation cycles, thereby mimicking the pressure generated by pulsatile
blood flow in the kidneys (Figure 1b).

From a structural standpoint, the glomerulus is a tuft of capillaries that are encased
by terminally differentiated epithelial cells called podocytes, and the lumen is lined by
endothelial cells. We seeded our differentiated viECs in the capillary channel to mimic the
endothelial circuit of the glomerulus. To form the epithelial layer, we first seeded IM cells
in the urinary channel, then differentiated them into podocytes within the glomerulus chip
device using podocyte induction medium (Figure 1c). This podocyte induction medium
has been shown to generate podocytes with mature and functional phenotypes [19,20]. One
limitation of using human iPS cells is the lack of functional maturation in their derivative
cells. However, it has been shown that small molecules can enhance the expression of
mature endothelial and epithelial phenotype and function [19,20,28,29]. Our tissue model
developed specialized phenotypes and expressed markers of mature cell types in presence
of the soluble growth factors, cell secreted soluble morphogens, fluid flow, and mechanical
stimulation, as previously demonstrated by Ingber and colleagues [19,20].

3.3. Differentiated Human iPS Cell-Derived Podocytes and Vascular Endothelium Emulate the
Structure of the Kidney Glomerulus

Brightfield images of the capillary and urinary channels of the organ chip revealed
uniform cell monolayers formed by the iPS cell-derived podocytes and endothelial cells
in their respective channels (Figure 2a). The endothelial cell layer in the capillary chan-
nel expressed VE-Cadherin and PECAM-1 that were predominantly localized to the cell
junctions (Figure 2b, Endothelium). To determine the maturation state of the podocytes,
we immunostained the urinary channel with the podocyte-specific markers, nephrin, and
podocin. These proteins were used to characterize the podocytes and their foot processes.
Confocal microscopy analysis revealed patterned cellular distribution and alignment of the
podocytes in the direction of fluid flow. The resulting podocytes also expressed key lineage
specific markers associated with the mature phenotype. The podocytes formed a barrier
with an arborized network, which is synonymous with the glomerular filtration barrier
(Figure 2b, Epithelium).
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sentative confocal microscopy images of the podocytes and endothelial cells stained for Podocin (yellow), Nephrin (red), 
VE Cadherin (magenta), and PECAM-1 (cyan), respectively. Scale bar 100 µm; (c) Three-dimensional reconstruction of the 
epithelial to endothelial tissue–tissue interaction formed by Podocin positive (yellow) podocytes and VE Cadherin positive 
(magenta) endothelial cells; and Nephrin positive (red) podocytes and PECAM-1 positive (cyan) endothelial cells at the 
interface; arrow indicates cellular crosstalk through physical proximity; (d) Representative confocal microscopy images of 
collagen IV positive (magenta) glomerular epithelia in the urinary channel and endothelium in the capillary channel. Scale 
bar 100 µm; (e) Quantification of the VEGF-165 secretion by the mature podocytes. Background indicates culture medium 
not exposed to podocytes. n = 3. * p = 0.0169 and (f) Quantification of percent inulin and albumin clearance from the urinary 
channel of the glomerulus chip. n = 4. **** p = 0.0001. 

Figure 2. Human iPS cell derived glomerular epithelial (podocytes) and endothelial cells express mature cell markers
and form foot processes extending from podocytes to endothelial cells, indicating intercellular cross talk. (a) Bright field
images of the glomerular epithelia in the urinary channel and endothelium in the capillary channel. Scale bar 100 µm;
(b) Representative confocal microscopy images of the podocytes and endothelial cells stained for Podocin (yellow), Nephrin
(red), VE Cadherin (magenta), and PECAM-1 (cyan), respectively. Scale bar 100 µm; (c) Three-dimensional reconstruction
of the epithelial to endothelial tissue–tissue interaction formed by Podocin positive (yellow) podocytes and VE Cadherin
positive (magenta) endothelial cells; and Nephrin positive (red) podocytes and PECAM-1 positive (cyan) endothelial cells at
the interface; arrow indicates cellular crosstalk through physical proximity; (d) Representative confocal microscopy images
of collagen IV positive (magenta) glomerular epithelia in the urinary channel and endothelium in the capillary channel.
Scale bar 100 µm; (e) Quantification of the VEGF-165 secretion by the mature podocytes. Background indicates culture
medium not exposed to podocytes. n = 3. * p = 0.0169 and (f) Quantification of percent inulin and albumin clearance from
the urinary channel of the glomerulus chip. n = 4. **** p = 0.0001.
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In an intact and functional kidney, podocytes develop foot processes that form in-
terdigitations with adjacent podocytes to form the glomerular filtration sieve or network.
To examine whether such structure could form in our engineered device, we captured
a confocal z-series of our glomerulus chips. As shown by the 3D reconstruction of the
confocal microscopy images, human iPS cell-derived epithelium and endothelium formed
confluent monolayers on their respective sides of the porous PDMS membrane. Addi-
tionally, podocytes in the urinary channel were found to extend their cellular processes
through the PDMS membrane pores and towards the direction of the endothelial cells in
the capillary channel—a process reminiscent of intercellular crosstalk through physical
proximity. Interestingly, we observed that podocin expression was largely localized to the
cell bodies of the podocytes, as would be expected for specialized podocytes (Figure 2c).
In addition to epithelium and endothelium, the glomerular filtration barrier is also com-
prised of the glomerular basement membrane (GBM), which separates the two cell types.
The GBM contributes to the size selectivity of the glomerular filtration barrier, as well as
providing significant structural integrity [30–32]. Amongst many proteins in the GBM,
type IV collagen is the most abundant (~50%) [33]. Mostly produced by podocytes (and
less so by endothelium), type IV collagen plays an essential role in the generation, or-
ganization, and maintenance of the GBM in addition to being an indicator of proper
cellular crosstalk [34,35]. Confocal microscopy analysis of our engineered glomerulus
chips revealed type IV collagen secretion by both epithelium (podocytes) and endothelium
(Figure 2d, Supplemental Figure S1A) with expression highest in the urinary channel or by
the podocytes. The sandwich-like layering of the three-component system (consisting of
epithelium (podocyte), basement membrane, and endothelium) recapitulates the structure
of the glomerular capillary wall or blood filtration barrier.

Given the phenotypic maturation of iPS cell-derived podocytes and endothelial cells
in the glomerulus chip, we next analyzed the functional characteristics of the podocytes.
During glomerulogenesis, VEGF-A is secreted by the metanephric mesenchyme to direct
the migration of endothelial cells towards the developing glomerulus [36]. Mature kidney
podocytes produce VEGF-A throughout their life span to help maintain homeostasis and
the function and phenotype of the capillary endothelial cells [37,38]. We quantified VEGF-A
secretion from the differentiated podocytes, and found significantly high levels of VEGF-
A (VEGF-165 isoform) secretion (p = 0.0169), with the most optimal secretion timepoint
occurring on day 23 (Figure 2e). Furthermore, we quantified the selective molecular
size filtration of the personalized glomerulus chip through inulin and albumin urinary
clearance. It was found that the small molecule, inulin, was excreted significantly more
than the large protein, albumin, as seen in vivo (p = 0.0001) (Figure 2f). Taken together,
the successful establishment of our personalized glomerulus chip indicates that single
donor iPS cell-derived podocyte and endothelium can serve as an in vitro model of normal
glomerular phenotype and function.

3.4. Personalized Glomerulus Chip Models Drug-Induced Nephropathy

The chemotherapy drug Adriamycin (ADR) has been used as a model of nephrotox-
icity in vivo and in vitro [24,39]. We examined whether the engineered patient-specific
glomerulus chip could model tissue toxicity and disease phenotype when treated with ADR.
The clinically relevant dose of ADR, 0.5 µg mL−1 [19] was continuously perfused through
the capillary channel of the chip, mimicking intravenous administration of the drug for up
to 48 h. Injury within the glomerulus chip was noted, as the endothelium in the capillary
channel were almost completely detached. In contrast, the podocytes that were interfaced
with the capillary channel showed more significant signs of injury (Figure 3a,b). These
results suggest that the podocytes were able to respond to the nephrotoxic drug, which
potentially caused the loss of cell structure integrity and network, resulting in subsequent
podocyte delamination and foot process effacement. The podocytes retracted their foot
processes from the pores of the PDMS membrane and were unable to re-establish the intact
cell structure necessary for selective molecular filtration across the glomerular capillary
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wall (Figure 3c, Supplemental Figure S2A). Prior to ADR treatment, podocyte cytoskeleton
(F-actin) aligned with the direction of fluid flow. As ADR was administered in the capillary
channel, podocyte actin cytoskeletal rearrangement was observed in the podocytes inter-
facing with the endothelial cells exposed to the drug (Supplemental Figure S2B). Podocyte
injury was also exacerbated by the increased vascular permeability whereby the cell culture
medium from the capillary channel migrated at a higher rate to the urinary compartment
due to loss of barrier function caused by ADR treatment. We observed the remodeling of
VE-Cadherin and PECAM-1 by loss of intercellular junctional localization in the endothelial
cells exposed to ADR (Figure 3e, Supplemental Figure S2C). An overlay of the glomerulus
chip barrier showing the respective cell types and their expression of lineage markers
reveal damage to both the endothelium and epithelium after ADR perfusion, and the cellu-
lar damage was visibly more significant in the endothelium within the capillary channel
(Figure 3f, Supplemental Figure S1D). It was also observed that the middle of the capillary
channel showed less endothelial detachment than the ends of the channel. Where the
endothelium was interfaced with podocytes in the chip, the podocytes were most injured.
Damage to the once confluent monolayer of vascular endothelial cells exposes podocytes to
the drug, and decreases size selectivity of the glomerular filtration barrier due to epithelial
delamination and effacement. To further examine the loss of size-selective filtration barrier,
we introduced 100 µg mL−1 of fluorescently labelled albumin to the capillary channel of
the chip after ADR perfusion. We observed a significant increase in the urinary clearance
of albumin compared to the control (p = 0.0001), successfully recapitulating drug-induced
albuminuria (Figure 3f).
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Figure 3. Personalized glomerulus chip recapitulates Adriamycin-induced kidney injury. (a) Brightfield images of the
glomerular epithelium in the urinary channel of the control/untreated. Scale bar: 275 µm; (b) Brightfield images of the
glomerular epithelium in the urinary channel of the treated glomerulus chip after 48 h of Adriamycin. Scale bar: 275 µm
and 650 µm. Dashed line indicates point where individual channels merge. Inset: Delaminated and effaced podocytes in the
urinary channel. Scale bar: 90 µm; (c) Representative confocal microscopy images of the untreated (left) and treated (right)
glomerulus chip Podocin positive (yellow) epithelium in the urinary channel. Scale bar 100 µm; (d) Representative confocal
microscopy images of the untreated (left) and treated (right) glomerulus chip VE-Cadherin positive (magenta) endothelium
in the capillary channel. Scale bar 100 µm; (e) Three-dimensional overlay of Podocin-positive epithelium and VE-Cadherin
positive endothelium of the untreated (left) and treated (right) glomerulus chip. Images represent basal to apical view. Scale
bar 100 µm; and (f) Quantification of percent albumin clearance from the urinary channel of the glomerulus chip 24 h post
Adriamycin treatment compared to the untreated chip. n = 4. **** p = 0.0001.
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4. Discussion
4.1. The Personalized Glomerulus Chip

Traditional tissue culture vessels have been useful in studies of basic biological pro-
cesses, but these culture systems often fail to accurately model tissue-specific functions or
predict in vivo relevance of drug candidates. Animal models have significantly contributed
to the field of drug development and toxicity analysis, but researchers have realized
the developmental and metabolic discordances between animal and human studies that
necessitates establishment of patient-specific platforms to more closely predict human
physiologicalresponses. In this study, we engineered a personalized human in vitro model
of the glomerulus, a microcapillary-like system lined by epithelial and endothelial cells
important for establishing the blood filtration barrier and selective molecular filtration
function of the kidney. Development of personalized in vitro models of human tissues
and organs could improve the 90% failure rate of clinical trials and minimize ethical con-
cerns surrounding the use of animal models. Emerging organs-on-chips technologies are
promising for pharmacokinetics/pharmacodynamic modeling [40]. Furthermore, these
microphysiological platforms are being used to discover novel therapeutic targets [41].
Incorporation of the human blood filtration system into multi organ-on-chip models is
essential for having an accurate account of the drug’s interaction. Deriving the glomerular
filtration barrier tissues from a single patient not only preserves the innate crosstalk be-
tween cell types, but also harnesses the proliferative power of human iPS cells to serve as
an unlimited supply of specialized cell types to model and predict the drug response of a
specific individual or patient.

The kidney plays an important role in fluid hemostasis and drug excretion. Drug-
induced nephrotoxicity impairs intraglomerular hemodynamics, which affects 20% of the
adult population in the United States [1,2]. Methods for assaying drug toxicity based on
simple cell culture assays containing immortalized podocytes fail to faithfully predict the
effects of drugs in humans. Given the ability to model some aspects of the glomerular
filtration barrier, we studied the effects of the chemotherapeutic drug, Adriamycin, in the
personalized glomerulus chip. We continuously perfused Adriamycin for up to 48 h in the
vascular channel of the glomerulus chip and observed massive endothelial cell death with
intercellular junctional remodeling and hypertrophy. As the dying vascular endothelial
cells continued to detach from the porous PDMS membrane, podocytes in the top channel
became increasingly exposed to the drug, thus undergoing cell injury, characterized by loss
of foot processes, retraction of cellular structures, and eventual cell detachment.

4.2. Model Limitations and Outlook

Our model provides a low-cost approach that can be used in the future to stratify the
subpopulation of patients who respond differently to drugs or present distinct mechanisms
of disease. These personalized glomerulus chips can be engineered as “you-on-a-chip”
systems, to study different disease states and drug responses, treatment comparisons,
and dosage optimizations for patients with debilitating kidney-related chronic conditions
such as hereditary podocytopathies, cardio-renal diseases, and immunological effects
of organ transplantation. Patients with rare genetic nephropathies could benefit from
these injury/disease-on-a-chip methods to help unveil developmental mechanisms and
identify novel treatment options. Additionally, acquired diseases, such as cardiorenal- and
kidney-brain axis neurological disorders are becoming more relevant with the increase
in epidemiologic data on CKD and related secondary disorders [42,43]. The increase
in venous pressure severely affects the mechanisms and outcomes of these extra-renal
complications, yet there is still limited knowledge on its affects in the human glomerulus’
structure and function. Elucidating the mechanobiology of venous pressure in a controlled
microenvironment is difficult to do in animal models such as mice, but is well-suited for the
personalized glomerulus chip, as flow rate, channel shear stress, and mechanical forces can
be dynamically regulated. Additionally, the transparency of the PDMS-based personalized
glomerulus chip makes it more relevant than animal models to study real-time tissue-drug
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interactions and dynamics of the glomerulus using fluorescence microscopy. In addition,
drug toxicity often has an immunological component. Hence, including immune cells in
these perfusable organ chips could aid in the assessment of the immune and inflammation
responses (i.e., cytokine storm) in response to biologics or viral infections. Furthermore, the
PDMS membrane (50 µm in thickness) used in this study is much thicker than the native
glomerular filtration barrier (approximately 315 nm) [19] and PDMS is non-biodegradable.
Thus, future work focusing on integrating thin biodegradable materials in the microfluidic
chip to serve as an alternative to the PDMS membrane could further advance the function
and physiological relevance of the patient-specific glomerulus chips. Successful derivation
of individualized organ chips with a single human iPS cell patient donor, as demonstrated
in this study, could help advance personalized medicine approaches and avoid mixed
results by ensuring a consistent genetic background that more accurately represents a
patient’s biological responses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/mi12080967/s1, Figure S1: Human iPS cell derived epithelium and endothelium secrete
glomerular basement membrane protein, collagen type IV; Figure S2: Human iPS cell-derived
epithelium (podocyte layer) and endothelium recapitulate Adriamycin-induced tissue damage and
actin cytoskeletal remodeling.
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5. Dąbrowska-Bender, M.; Dykowska, G.; Żuk, W.; Milewska, M.; Staniszewska, A. The Impact on Quality of Life of Dialysis
Patients with Renal Insufficiency. Patient Prefer. Adherence 2018, 12, 577–583. [CrossRef]

6. de Boer, I.H.; Alpers, C.E.; Azeloglu, E.U.; Balis, U.G.J.; Barasch, J.M.; Barisoni, L.; Blank, K.N.; Bomback, A.S.; Brown, K.; Dagher,
P.C.; et al. Rationale and Design of the Kidney Precision Medicine Project. Kidney Int. 2021, 99, 498–510. [CrossRef]

7. Nagata, M. Podocyte Injury and Its Consequences. Kidney Int. 2016, 89, 1221–1230. [CrossRef]
8. Gil, C.L.; Hooker, E.; Larrivée, B. Diabetic Kidney Disease, Endothelial Damage, and Podocyte-Endothelial Crosstalk. Kidney Med.

2021, 3, 105–115. [CrossRef]
9. Park, J.; Shrestha, R.; Qiu, C.; Kondo, A.; Huang, S.; Werth, M.; Li, M.; Barasch, J.; Suszták, K. Single-Cell Transcriptomics of the

Mouse Kidney Reveals Potential Cellular Targets of Kidney Disease. Science 2018, 360, 758–763. [CrossRef]
10. Wu, H.; Malone, A.F.; Donnelly, E.L.; Kirita, Y.; Uchimura, K.; Ramakrishnan, S.M.; Gaut, J.P.; Humphreys, B.D. Single-Cell

Transcriptomics of a Human Kidney Allograft Biopsy Specimen Defines a Diverse Inflammatory Response. J. Am. Soc. Nephrol.
JASN 2018, 29, 2069–2080. [CrossRef]

11. Pammolli, F.; Magazzini, L.; Riccaboni, M. The Productivity Crisis in Pharmaceutical R&D. Nat. Rev. Drug Discov. 2011, 10,
428–438. [CrossRef]

12. Wu, H.; Uchimura, K.; Donnelly, E.L.; Kirita, Y.; Morris, S.A.; Humphreys, B.D. Comparative Analysis and Refinement of Human
PSC-Derived Kidney Organoid Differentiation with Single-Cell Transcriptomics. Cell Stem Cell 2018, 23, 869–881.e8. [CrossRef]

13. Bhattacharya, R.; Bonner, M.G.; Musah, S. Harnessing Developmental Plasticity to Pattern Kidney Organoids. Cell Stem Cell 2021,
28, 587–589. [CrossRef]

14. Howden, S.E.; Wilson, S.B.; Groenewegen, E.; Starks, L.; Forbes, T.A.; Tan, K.S.; Vanslambrouck, J.M.; Holloway, E.M.; Chen,
Y.-H.; Jain, S.; et al. Plasticity of Distal Nephron Epithelia from Human Kidney Organoids Enables the Induction of Ureteric Tip
and Stalk. Cell Stem Cell 2021, 28, 671–684.e6. [CrossRef]

15. Zhou, M.; Zhang, X.; Wen, X.; Wu, T.; Wang, W.; Yang, M.; Wang, J.; Fang, M.; Lin, B.; Lin, H. Development of a Functional
Glomerulus at the Organ Level on a Chip to Mimic Hypertensive Nephropathy. Sci. Rep. 2016, 6, 31771. [CrossRef] [PubMed]

16. Yin, L.; Du, G.; Zhang, B.; Zhang, H.; Yin, R.; Zhang, W.; Yang, S.-M. Efficient Drug Screening and Nephrotoxicity Assessment on
Co-Culture Microfluidic Kidney Chip. Sci. Rep. 2020, 10, 6568. [CrossRef]

17. Yu, J.; Vodyanik, M.A.; Smuga-Otto, K.; Antosiewicz-Bourget, J.; Frane, J.L.; Tian, S.; Nie, J.; Jonsdottir, G.A.; Ruotti, V.; Stewart,
R.; et al. Induced Pluripotent Stem Cell Lines Derived from Human Somatic Cells. Science 2007, 318, 1917–1920. [CrossRef]

18. Okita, K.; Ichisaka, T.; Yamanaka, S. Generation of Germline-Competent Induced Pluripotent Stem Cells. Nature 2007, 448,
313–317. [CrossRef]

19. Musah, S.; Mammoto, A.; Ferrante, T.C.; Jeanty, S.S.F.; Hirano-Kobayashi, M.; Mammoto, T.; Roberts, K.; Chung, S.; Novak, R.;
Ingram, M.; et al. Mature Induced-Pluripotent-Stem-Cell-Derived Human Podocytes Reconstitute Kidney Glomerular-Capillary-
Wall Function on a Chip. Nat. Biomed. Eng. 2017, 1, 1–12. [CrossRef]

20. Musah, S.; Dimitrakakis, N.; Camacho, D.M.; Church, G.M.; Ingber, D.E. Directed Differentiation of Human Induced Pluripotent
Stem Cells into Mature Kidney Podocytes and Establishment of a Glomerulus Chip. Nat. Protoc. 2018, 13, 1662–1685. [CrossRef]

21. Kwist, K.; Bridges, W.C.; Burg, K.J.L. The Effect of Cell Passage Number on Osteogenic and Adipogenic Characteristics of D1
Cells. Cytotechnology 2016, 68, 1661–1667. [CrossRef]

22. Jin, W.; Penington, C.J.; McCue, S.W.; Simpson, M.J. A Computational Modelling Framework to Quantify the Effects of Passaging
Cell Lines. PLoS ONE 2017, 12, e0181941. [CrossRef] [PubMed]

23. Maurer, L.L.; Latham, J.D.; Landis, R.W.; Song, D.H.; Epstein, T.; Philbert, M.A. 1,3-Dinitrobenzene Neurotoxicity – Passage Effect
in Immortalized Astrocytes. Neurotoxicology 2016, 53, 74–84. [CrossRef]

24. Zhong, F.; Wang, W.; Lee, K.; He, J.C.; Chen, N. Role of C/EBP-α in Adriamycin-Induced Podocyte Injury. Sci. Rep. 2016, 6, 33520.
[CrossRef] [PubMed]

25. Wang, L.; Tao, T.; Su, W.; Yu, H.; Yu, Y.; Qin, J. A Disease Model of Diabetic Nephropathy in a Glomerulus-on-a-Chip Microdevice.
Lab Chip 2017, 17, 1749–1760. [CrossRef]

26. Petrosyan, A.; Cravedi, P.; Villani, V.; Angeletti, A.; Manrique, J.; Renieri, A.; De Filippo, R.E.; Perin, L.; Da Sacco, S. A
Glomerulus-on-a-Chip to Recapitulate the Human Glomerular Filtration Barrier. Nat. Commun. 2019, 10, 3656. [CrossRef]

27. Abutaleb, N.O.; Truskey, G.A. Human IPSCs Stretch to Improve Tissue-Engineered Vascular Grafts. Cell Stem Cell 2020, 26,
136–137. [CrossRef] [PubMed]

28. Atchison, L.; Abutaleb, N.O.; Snyder-Mounts, E.; Gete, Y.; Ladha, A.; Ribar, T.; Cao, K.; Truskey, G.A. IPSC-Derived Endothelial
Cells Affect Vascular Function in a Tissue-Engineered Blood Vessel Model of Hutchinson-Gilford Progeria Syndrome. Stem Cell
Rep. 2020, 14, 325–337. [CrossRef] [PubMed]

29. Patsch, C.; Challet-Meylan, L.; Thoma, E.C.; Urich, E.; Heckel, T.; O’Sullivan, J.F.; Grainger, S.J.; Kapp, F.G.; Sun, L.; Christensen,
K.; et al. Generation of Vascular Endothelial and Smooth Muscle Cells from Human Pluripotent Stem Cells. Nat. Cell Biol. 2015,
17, 994–1003. [CrossRef] [PubMed]

30. Abrahamson, D.R. Role of the Podocyte (and Glomerular Endothelium) in Building the GBM. Semin. Nephrol. 2012, 32, 342–349.
[CrossRef]

31. Byron, A.; Randles, M.J.; Humphries, J.D.; Mironov, A.; Hamidi, H.; Harris, S.; Mathieson, P.W.; Saleem, M.A.; Satchell, S.C.; Zent,
R.; et al. Glomerular Cell Cross-Talk Influences Composition and Assembly of Extracellular Matrix. J. Am. Soc. Nephrol. 2014, 25,
953–966. [CrossRef] [PubMed]

http://doi.org/10.2147/PPA.S156356
http://doi.org/10.1016/j.kint.2020.08.039
http://doi.org/10.1016/j.kint.2016.01.012
http://doi.org/10.1016/j.xkme.2020.10.005
http://doi.org/10.1126/science.aar2131
http://doi.org/10.1681/ASN.2018020125
http://doi.org/10.1038/nrd3405
http://doi.org/10.1016/j.stem.2018.10.010
http://doi.org/10.1016/j.stem.2021.03.009
http://doi.org/10.1016/j.stem.2020.12.001
http://doi.org/10.1038/srep31771
http://www.ncbi.nlm.nih.gov/pubmed/27558173
http://doi.org/10.1038/s41598-020-63096-3
http://doi.org/10.1126/science.1151526
http://doi.org/10.1038/nature05934
http://doi.org/10.1038/s41551-017-0069
http://doi.org/10.1038/s41596-018-0007-8
http://doi.org/10.1007/s10616-015-9883-8
http://doi.org/10.1371/journal.pone.0181941
http://www.ncbi.nlm.nih.gov/pubmed/28750084
http://doi.org/10.1016/j.neuro.2015.11.011
http://doi.org/10.1038/srep33520
http://www.ncbi.nlm.nih.gov/pubmed/27644413
http://doi.org/10.1039/C7LC00134G
http://doi.org/10.1038/s41467-019-11577-z
http://doi.org/10.1016/j.stem.2020.01.011
http://www.ncbi.nlm.nih.gov/pubmed/32032523
http://doi.org/10.1016/j.stemcr.2020.01.005
http://www.ncbi.nlm.nih.gov/pubmed/32032552
http://doi.org/10.1038/ncb3205
http://www.ncbi.nlm.nih.gov/pubmed/26214132
http://doi.org/10.1016/j.semnephrol.2012.06.005
http://doi.org/10.1681/ASN.2013070795
http://www.ncbi.nlm.nih.gov/pubmed/24436469


Micromachines 2021, 12, 967 16 of 16

32. Hobeika, L.; Barati, M.T.; Caster, D.J.; McLeish, K.R.; Merchant, M.L. Characterization of Glomerular Extracellular Matrix by
Proteomic Analysis of Laser-Captured Microdissected Glomeruli. Kidney Int. 2017, 91, 501–511. [CrossRef]

33. Suh, J.H.; Miner, J.H. The Glomerular Basement Membrane as a Barrier to Albumin. Nat. Rev. Nephrol. 2013, 9, 470–477. [CrossRef]
34. Sand, J.M.; Larsen, L.; Hogaboam, C.; Martinez, F.; Han, M.; Røssel Larsen, M.; Nawrocki, A.; Zheng, Q.; Asser Karsdal, M.;

Leeming, D.J. MMP Mediated Degradation of Type IV Collagen Alpha 1 and Alpha 3 Chains Reflects Basement Membrane
Remodeling in Experimental and Clinical Fibrosis—Validation of Two Novel Biomarker Assays. PLoS ONE 2013, 8, e84934.
[CrossRef]

35. Liu, P.; Xie, X.; Jin, J. Isotopic Nitrogen-15 Labeling of Mice Identified Long-Lived Proteins of the Renal Basement Membranes.
Sci. Rep. 2020, 10, 5317. [CrossRef]

36. Tufró, A. VEGF Spatially Directs Angiogenesis during Metanephric Development In Vitro. Dev. Biol. 2000, 227, 558–566.
[CrossRef]

37. Glass, N.R.; Takasako, M.; Er, P.X.; Titmarsh, D.M.; Hidalgo, A.; Wolvetang, E.J.; Little, M.H.; Cooper-White, J.J. Multivariate
Patterning of Human Pluripotent Cells under Perfusion Reveals Critical Roles of Induced Paracrine Factors in Kidney Organoid
Development. Sci. Adv. 2020, 6, eaaw2746. [CrossRef]

38. Brown, A.C.; Muthukrishnan, S.D.; Oxburgh, L. A Synthetic Niche for Nephron Progenitor Cells. Dev. Cell 2015, 34, 229–241.
[CrossRef] [PubMed]

39. Yi, M.; Zhang, L.; Liu, Y.; Livingston, M.J.; Chen, J.-K.; Nahman, N.S.; Liu, F.; Dong, Z. Autophagy Is Activated to Protect against
Podocyte Injury in Adriamycin-Induced Nephropathy. Am. J. Physiol.-Ren. Physiol. 2017, 313, F74–F84. [CrossRef]

40. Maschmeyer, I.; Lorenz, A.K.; Schimek, K.; Hasenberg, T.; Ramme, A.P.; Hübner, J.; Lindner, M.; Drewell, C.; Bauer, S.; Thomas,
A.; et al. A Four-Organ-Chip for Interconnected Long-Term Co-Culture of Human Intestine, Liver, Skin and Kidney Equivalents.
Lab Chip 2015, 15, 2688–2699. [CrossRef] [PubMed]

41. Schetz, M.; Dasta, J.; Goldstein, S.; Golper, T. Drug-Induced Acute Kidney Injury. Curr. Opin. Crit. Care 2005, 11, 555–565.
[CrossRef] [PubMed]

42. Cardiorenal Syndrome: Classification, Pathophysiology, Diagnosis, and Treatment Strategies: A Scientific Statement from the
American Heart Association | Circulation. Available online: https://www.ahajournals.org/doi/full/10.1161/CIR.000000000000
0664 (accessed on 2 June 2021).

43. Qu, Y.; An, F.; Luo, Y.; Lu, Y.; Liu, T.; Zhao, W.; Lin, B. A Nephron Model for Study of Drug-Induced Acute Kidney Injury and
Assessment of Drug-Induced Nephrotoxicity. Biomaterials 2018, 155, 41–53. [CrossRef]

http://doi.org/10.1016/j.kint.2016.09.044
http://doi.org/10.1038/nrneph.2013.109
http://doi.org/10.1371/journal.pone.0084934
http://doi.org/10.1038/s41598-020-62348-6
http://doi.org/10.1006/dbio.2000.9845
http://doi.org/10.1126/sciadv.aaw2746
http://doi.org/10.1016/j.devcel.2015.06.021
http://www.ncbi.nlm.nih.gov/pubmed/26190145
http://doi.org/10.1152/ajprenal.00114.2017
http://doi.org/10.1039/C5LC00392J
http://www.ncbi.nlm.nih.gov/pubmed/25996126
http://doi.org/10.1097/01.ccx.0000184300.68383.95
http://www.ncbi.nlm.nih.gov/pubmed/16292059
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000664
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000664
http://doi.org/10.1016/j.biomaterials.2017.11.010

	Introduction 
	Materials and Methods 
	Human iPS Cell Culture 
	Intermediate Mesoderm Cell Differentiation 
	Vascular Endothelial Cell (viEC) Differentiation 
	viEC Magnet-Activated Cell Sorting 
	Glomerulus Chip Device Functionalization and Cell Seeding 
	Personalized Glomerulus Chip Culture Maintenance 
	Functional Analysis of the Glomerular Filtration Barrier 
	Immunostaining and Microscopy 
	Modeling Drug-Induced Nephrotoxicity 

	Results 
	Derivation of Intermediate Mesoderm and Vascular Endothelial Cells from Human iPS Cells 
	Design and Development of the Personalized Glomerulus Chip 
	Differentiated Human iPS Cell-Derived Podocytes and Vascular Endothelium Emulate the Structure of the Kidney Glomerulus 
	Personalized Glomerulus Chip Models Drug-Induced Nephropathy 

	Discussion 
	The Personalized Glomerulus Chip 
	Model Limitations and Outlook 

	References

