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Abstract

Investigations into bioengineering kidneys have been extensively conducted owing to their potential for preclinical assays
and regenerative medicine. Various approaches and methods have been developed to improve the structure and function of
bioengineered kidneys. Assessments of functional properties confirm the adequacy of bioengineered kidneys for
multipurpose translational applications. This review is to summarize the studies performed in kidney bioengineering in the
past decade. We identified 84 original articles from PubMed and Mendeley with keywords of kidney organoid or kidney
tissue engineering. Those were categorized into 5 groups based on their approach: de-/recellularization of kidney,
reaggregation of kidney cells, kidney organoids, kidney in scaffolds, and kidney-on-a-chip. These models were
physiologically assessed by filtration, tubular reabsorption/secretion, hormone production, and nephrotoxicity. We found
that bioengineered kidney models have been developed from simple cell cultures to multicellular systems to recapitulate
kidney function and diseases. Meanwhile, only about 50% of these studies conducted functional assessments on their
kidney models. Factors including cell composition and organization are likely to alter the applicability of physiological
assessments in bioengineered kidneys. Combined with recent technologies, physiological assessments importantly
contribute to the improvement of the bioengineered kidney model toward repairing and refunctioning the damaged kidney.

Key words: bioengineered kidney; tissue engineering; kidney organoids; organ-on-a-chip; kidney function; systematic
review

Introduction

The kidney is an organ that plays a pivotal role in urine produc-
tion. It consists of elaborate filtration, reabsorption/secretion,
and collection units, making a reconstruction in vitro difficult.
However, in vitro kidney models such as kidney organoids have
already been bioengineered, including the successful recapitu-
lation of the complex tissue of a native kidney, and applied to
a wide range of renal preclinical investigations. Unlike conven-
tional monolayer models, they consist of 3D self-assembled tis-
sues in vitro that embody architectural and functional proper-
ties similar to in vivo kidneys.1,2 In this regard, renal progenitor

cells derived from pluripotent stem cells (PSCs) are commonly
employed by virtue of their ability to differentiate into kidney
epithelial cells in a self-organized fashion.3–6 Other models, sim-
ilar to organoids (organoid-like) but derived from adult cells,
possess less pluripotency7–11 or complexity,8,12–17 yet exhibit the
capacity to recapitulate kidney functions for various preclinical
purposes, including disease modeling and drug testing.

Physiological properties of a kidney include functions to fil-
trate and reabsorb/secrete substrates for urinary excretion from
the body. Endothelial cells composing renal tissues allow blood
filtration in glomeruli and secretion/reabsorption in tubules.18

Functional assessments that measure these physiological
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Figure 1. Screening Process on Selecting Reviewed Studies Using PRISMA Flow Diagram

characteristics in the native kidney have also been applied to
bioengineered kidney models to study toxins, diseases, and
regeneration.

Building kidney models does not only recapitulate the highly
complex tissue of a native kidney but also resemble its physiol-
ogy. However, many studies conducted in kidney models were
not able to perform the same tests that usually assess renal
function in vivo and are the standard in clinical studies. A
reason why some of these functional assessments like creati-
nine clearance do not work might be found in the morpholog-
ical discrepancy between the native kidney and kidney mod-
els. Thus, most assays applicable in bioengineered kidney tis-
sues have been developed to evaluate cellular functions (eg,
albumin uptake). Here, we review studies of kidney bioengi-
neering and summarize the current approaches of kidney tis-
sue models. We concurrently list and discuss the functional
assessments conducted on bioengineered kidneys, suggesting
implementations and improvements that could guide future
research in producing efficient biologically relevant kidney
models.

Materials and Methods

Articles were searched and collected from PubMed and Mende-
ley using the following keywords: (kidney organoid) OR (kid-
ney AND tissue engineering) NOT (review) with [MeSH Terms]
and [Publication Type]. Studies conducted within the past 11
years (January 1, 2010–March 30, 2021) were filtered. Using the

described keywords, 338 and 25 studies were found in PubMed
and Mendeley, respectively. We followed the preferred report-
ing items for systematic reviews and meta-analyses (prisma)
flow diagram (Figure 1) to identify studies eligible for this
review.19 After removing duplicates, a total of 306 articles were
included for further screening based on their relevance to kid-
ney research. We excluded 150 articles that are not related to
kidney research. Further, 115 articles were excluded based on
multiple reasons: nonorganoid/-like focused (68 articles), review
(36 articles), non-English (7 articles), commentary (3 articles),
and interview report (1 article). We excluded nonorganoid/-like
focused (68 articles) studies where the kidney models lacked all
of the following criteria: (1) capacity to be self-organized (2) in a
3D structure (3) with multiple cell types, (4) ability to recapitu-
late organ development, and (5) functionality corresponding to
native kidney.6 Finally, 84 articles were eligible for review. Eight
independent articles were added to complement the discussion
on both kidney models and functional assessments.

Results and Discussion

Types of Bioengineered Kidney Models

From the 84 collected studies, we identified 5 different types
of bioengineered kidney models based on the approaches: (1)
decellularization and recellularization of kidney, (2) reaggrega-
tion of kidney cells, (3) kidney organoid, (4) kidney in scaffolds,
and (5) kidney-on-a-chip (Figure 2). We summarized the culture
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Figure 2. Types of Bioengineered Kidney Models and Techniques to Obtain the Models. (A) Decellularization and recellularization of kidney, (B) reaggregation of kidney
cells using adult cells, (C) kidney organoid established from PSCs, (D) kidney in synthetic scaffolds, and (E) kidney-on-a-chip integrated with fluidic devices.

technique, cell sources, outcome (tissue characterization), and
applications in Table 1.

Decellularization and Recellularization of Kidney
Eleven studies employed decellularization and recellularization
of kidney to establish a kidney model in vitro. Here, inhabiting
cells were eliminated from the extracellular matrix (ECM) of a
native kidney leaving a scaffold that can be repopulated with
nonnative kidney cells. Notably, this retained the innate 3D orga-
nization of kidneys. Exploiting various species like rodents,7,20–22

porcine,23–26 sheep,27 and rhesus monkeys28,29 resulted in var-
ied sizes of decellularized scaffolds. Concomitantly, laborious-
ness of the de- and recellularization procedure increased with
the complexity of the organisms used. In general, decellulariza-
tion was accomplished by anionic detergents (eg, sodium dode-
cyl sulphate (SDS)7,20,21,23,24,26,28 and Triton X20,21,23,27) that were
perfused via the renal artery. Subsequently, primary embry-
onic renal cells and endothelial cells, kidney cell carcinomas,
or PSCs were seeded for recellularization. Repopulation was
accomplished with a recellularization rate of up to 90%, and
cells were viable for 21 days.24 After transplantation into a model
organism, immune responses of host cells appeared to be some-
what decreased over time,21,26 and host cells migrated into the
recellularized grafts.26

The specific composition of the provided native ECM is
assumed to play a pivotal role in supporting cell localization
and 3D architecture during these processes. In detail, endothe-
lial cells were found to specifically reside in the glomerular area
upon repopulation7,22 where particular types of collagen and
laminin are distributed.23 However, the laminin content of decel-
lularized scaffolds was generally decreased as opposed to colla-
gen and therefore appears to be more susceptible to corrosion
during kidney decellularization.30

In addition, growth factors (GFs) are preserved in decel-
lularized kidney scaffolds, most likely altering cell differen-
tiation.21,25,28,31 In particular, factors like insulin-like growth
factor binding protein 7, epithelial growth factor-7,28 hepa-
tocyte growth factor,21 and vascular endothelial growth fac-
tor (VEGF)21,25 were found in decellularized scaffolds, which
might have induced proliferation and differentiation of PSCs.
A recellularization using PSCs without any GF-supplementation
concomitantly demonstrated their differentiation into imma-
ture kidney cells in the decellularized scaffold.28 However, a
significant decrease in several GFs was observed during the
decellularization process, including fibroblast growth factor
(FGF),25 transforming growth factor beta (TGF-β), and inter-
leukin 8 (IL-8).21 Less abrasive detergents like sodium deoxy-
cholate during decellularization might retain higher levels
of GFs.25
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Despite the aforementioned limitations, the knowledge
obtained from studies employing decellularization and recellu-
larization of kidneys is useful for the establishment and opti-
mization of other 3D bioengineered kidney models.

Reaggregation of Kidney Cells
While the decellularized scaffolds might have supported 3D tis-
sue structures, 14 studies attempted to generate kidney tissues
via the cellular intrinsic capacity to self-assemble in 3D culture.
We distinguish these studies from kidney organoids because
adult kidney cells were used instead of stem cells. Primary cells,
cell lines obtained from healthy kidneys, or kidney cell carci-
noma were employed for reaggregation. We found 3 different
methods to reaggregate cells in vitro and summarized them
below:

Direct Aggregation (2 Studies)
Cells of single-cell suspension possess the ability to self-
assemble and to form spheroids if cultured on low adhesion
plates. Two studies took advantage of this characteristic.9,32

Minced whole kidney tissue obtained from donors were uti-
lized as the cell source in each case. However, these primary
aggregates (passage 1) could also be dissociated again and
secondary aggregates (passage 2) could be formed from the
primary aggregate-derived cells. Buzhor et al. found in this
regard that spheroids generated from higher passages dis-
played a more sphere-like morphology.32

Hanging Drop Method (2 Studies)
The hanging drop approach, which is a rather rare method
because of its challenging implementation, forms cellu-
lar aggregates as gravity acts on single cells suspended in
droplets hanging at the bottom side of culture plate covers.
Here, the concentration and amount of the primary cells per
spheroid could precisely be adjusted. A density of 8 × 103

cells/droplet appeared to be the optimal size to exhaust pro-
liferation capacity.11,33 In the present studies, solubilized
human and porcine renal tissue ECM were added to the cul-
ture media to provide all important factors that may support
renal cell function.

Aggregates in Gels (10 Studies)
In order to facilitate self-aggregation, a 3D environment
is preferentially provided in the form of gels to simulate
the native kidney ECM. In this regard, the most commonly
employed gels were Matrigel only,8,16,17,34 Matrigel mixed
with collagen,12,13 basement membrane extract,11 and hydro-
gels.34–36 Hydrogels used in these studies were poly(ethylene
glycol)34 based and hyaluronic acid34–36 based. Additionally,
one study generated cell aggregates in a hydrogel based
on kidney ECM-derived bioink.31 As bioprinted renal con-
structs not only exhibited structural and functional similar-
ities to the native kidney tissue but also enhanced cellular
maturation and tissue formation, it seems advantageous to
provide kidney-specific ECM. The use of the kidney ECM-
derived hydrogel, however, raised the potential problem of
fibrosis as confirmed by magnified TGF-β1 concentration.

Most studies suspended single cells,12,13,31,34 cell pel-
lets,8,10,16 or tissue fragments16,35,36 in the gel substrate/bioink
before the gelation process started. Only 2 studies cultured a
single-cell suspension17 or cell pellets8 on top of a Matrigel layer
in order to initiate the formation of 3D tissue. Cell sources were
rather various ranging from highly purified human renal proxi-
mal tubule epithelial cells17,34 over human primary renal cortical
cells/tissue fragments12,13,16,31,34,35 to cells derived from minced
human adult whole kidney tissue.8

Gels were also frequently utilized to generate kidney tubu-
lar structures in cell aggregates.8,12,13,16,17,31,34–36 In this regard,
tubular fragments extracted from native kidneys and incorpo-
rated within Matrigel formed so-called tubuloids containing pri-
mary kidney tubular epithelial cells representing proximal as
well as distal nephron segments.16 Another group systemati-
cally investigated the ability of different hydrogel properties to
regulate renal tubulogenesis with single cells suspended in a
tuneable 3D hydrogel model.34 Tubules of both studies exhibited
apicobasal polarity16,34 comparable to native kidney tubules.16

In contrast, mixed human kidney cells as well as primary renal
proximal tubular epithelial cells formed dome-like tubulocys-
tic configurations with central lumens, called tubulocysts. Based
on this, the authors assumed some sort of solute transport and
water influx occurring here.8

Kidney Organoid
Kidney organoids have already been generated from PSCs via
directed differentiation.37–43 The differentiation protocols mimic
the steps of in vivo kidney development to generate ureteric bud
(UB) and nephron progenitor cells (NPCs). While UBs are derived
from anterior intermediate mesoderm (IM), NPCs are deriva-
tives of posterior IM. By following anterior IM differentiation,
ureteric bud organoids have been generated from PAX2+ anterior
IM cells.43–46 In contrast, nephron differentiation was demon-
strated from different progenitor stages: mesenchyme, IM, and
NPCs.37,39–42 Further, segment-specific induction of glomerular
and tubular organoids was also reported.47–51 One study even
used amniotic fluid stem cells to generate nephron organoids.52

1. UB Organoids
Five studies described methods to generate UB organoids

from mouse and human PSCs. These studies first induced
cells of the primitive streak by activating WNT, BMP, and/or
FGF signals. Retinoic acid (RA) was commonly used after-
ward to induce PAX2+ anterior IM cells.43,46 Epithelialization
of anterior IM cells was facilitated by WNT and FGF signals.43

The protocols used 2D cultures to induce anterior IM cells,
which were subsequently aggregated on low attachment
plates to form 3D aggregates.43–46,53 Matrigel was used to
demonstrate the branching morphology of ureteric buds in
vitro.43,46,53 A coculture with mouse embryonic kidneys was
performed to facilitate UB network formation.43,45 Also PSC-
derived NPCs were cocultured with UB organoids, which led
to the formation of the typical inherent architecture consist-
ing of the peripheral progenitor niche and internally differ-
entiated nephrons interconnected by ureteric epithelium.43

2. Nephron Organoids
We found 34 studies that demonstrated segmented

nephron structures consisting of glomeruli, proximal
tubules, and distal tubules.35–40,48,50–75 Most studies fol-
lowed primitive streak differentiation to induce IM cells that
subsequently built segmented nephron structures.38–42 In
this regard, SIX2+ nephron progenitor cells were employed
as an indicator for the efficiency of the differentiation
into nephrons. Single-cell RNA-seq (scRNA-seq) further
confirmed the differentiation into nephron epithelial cells
as well as stromal cells and off-target populations.54,55

Also, batch-to-batch variation was assessed by scRNA-seq,
remaining as a major current challenge in kidney organoid
research.56 Furthermore, multiple reporter lines were devel-
oped for fate mapping in kidney organoid differentiation.57

Here, the duration of the exposure to the WNT activator
CHIR determined the NPC differentiation into proximal
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or distal nephrons.58 A longer CHIR treatment resulted
in more distal nephron compartments, while a shorter
treatment induced more proximal nephrons accompanied
by more endothelial cells.

Based on culture methods, we found 4 different
approaches to generate nephron organoids. Twenty-
five studies combined 2D and 3D culture designs during
the directed differentiation, while others used direct aggre-
gation (1 study), adhesion culture (3 studies), bioreactors
(3 studies), or bioprinting (2 studies). One study showed in
vivo differentiation from amniotic fluid stem cells. Here, we
summarize all 4 approaches and discuss their advantages
and disadvantages.
In Vivo Differentiation (1 Study)

One study used human amniotic fluid stem cells (hAF-
SCs) to generate nephron organoids.52 hAFSCs were
mixed with mESCs in a 1:1 ratio and implanted in
athymic rat renal capsule. Transplanted aggregates
developed nephron-like structures expressing podocyte
and tubular markers.

Embryoid Bodies (2 Studies)
3D aggregates were formed from pluripotent cells on low
adhesion 96-well plates and subsequently differentiated
into metanephric mesenchyme cells following a 5-step
differentiation protocol. Differentiated aggregates were
transferred onto a filter afterward and cocultured with
mouse embryonic spinal cords. This led to the formation
of segmented nephron structures displaying podocytes,
proximal tubules, and distal tubules. This study was
the first to demonstrate nephron differentiation from
mouse and human PSCs.37,53 However, the requirement
of spinal cords was not suited for drug screening in a
high-throughput manner.

Adhesion Culture (3 Studies)
In this group, cell differentiation was initiated in a 2D cul-
ture (monolayer) on culture plates coated with Geltrex,59

laminin 521,60 or gelatin.61 Cells developed multilay-
ered structures during differentiation, forming nephron
structures in thin 3D tissue. A priming step of naive ESCs
to epiblast stem cells appeared to help the differentiation
into kidney lineages.61 Adhesion culture is suited for cul-
ture automation to perform a high-throughput screening
(HTS).59 This screening experiment further found that
VEGF supplementation helped the endothelial differenti-
ation in nephron organoids. While the adhesion culture
approach enables automation and screening in a large
number, thin 3D tissue might generally not be suited
for bioengineering kidney tissues for renal replacement
therapies.

Adhesion and 3D Culture (26 Studies)
This approach is the most common one used to gen-
erate kidney organoids. Differentiation was initiated in
adhesion culture, and differentiated cells were later
switched to 3D culture in order to generate thick tis-
sues. Here, the differentiation efficiency appears to be
higher using adhesion culture than using the embry-
oid body approach. This might be due to the equal
distribution of GFs to the cells in monolayer cul-
tures. For 3D culture, various culture conditions were
employed to form nephron organoids, including the uti-
lization of thick ECM cultures,38,62–65 U/V-bottom low
attachment plates,39,42,50,55,66–71 and air–liquid inter-
phase cultures.40,41,55–58,67,71–77 Those approaches can be

utilized for drug screening in 96-well plates, yet the
medium change in suspension culture can be labori-
ous. A reprogramming approach with synthetic mRNAs
of transcription factors (TFs) differentiated hESCs into
SIX2+SALL1+ nephron progenitor cells with an effi-
ciency of up to 92% that also self-differentiated into
tubular cells without the additional use of GFs and
Matrigel.
The addition of gel to a PSCs suspension showed that the
altered ECM stiffness could change the organoid behav-
ior.67 A hydrogel-based ECM with 1 kPa stiffness is sim-
ilar to the ECM condition during early differentiation
of IM cells in vivo. This condition enhanced the mat-
uration of nephron organoids as shown by a 2–3 times
higher percentage of WT1+NPHS1+LTL+ cells than those
in 60 kPa stiffness. Little is known about the significance
of soft gel utilization compared with free-gel environ-
ments. Further investigations on the effects of gel com-
ponents, stiffness, and differentiation signals might pro-
vide a better understanding of mechanoresponsive sig-
nals during kidney development.

Bioreactor (3 Studies)
The use of a bioreactor may reduce the costs of GFs
such as FGF9.78–80 We found 2 studies that used spin-
ner flasks,78,80 and 1 study that utilized an orbital shaker
with 60 rpm rotation speed.79 The organoids generated
in bioreactors contained NPHS1+SYNPO+ podocyte-like
cells, displaying a decreased expression after treatment
with a nephrotoxicant. Interestingly, their composition
was dominated by kidney tubules and showed the devel-
opment of fibrosis. Shear stress might have mediated
cellular mechanoresponses that activated apical brush
border–related genes, gamma-glutamyl transpeptidase
(γ -GT), and sodium–hydrogen exchanger 3.81 Alterna-
tively, the mechanoresponses could also have acceler-
ated the epithelial-to-mesenchymal transition, a cause
of fibrosis.

Bioprinting (2 Studies)
Bioprinting is a recent approach to generate nephron
organoids. This technique utilizes a printing syringe to
deposit cell aggregates on culture surfaces. It gener-
ated cell aggregates at sizes from 5 × 103 to 100 × 103

cells/droplet that were placed on the air–liquid inter-
phase membrane.57,76 Bioprinting is suited to form
organoids in various 3D shapes.

3. Glomerular Organoids
Two studies were focused on glomerular organoid differ-

entiation. These protocols modified the nephron organoid
differentiation to enrich the podocyte population:
Adhesion and 3D Culture (2 Studies)

Two studies generated glomerular organoids by 2 differ-
ent approaches. The first study was to directly differen-
tiate NPCs into podocytes. ITGA8+PDGFRa− NPCs were
flow-sorted after differentiation by a previously estab-
lished protocol.51 The isolated NPCs were reaggregated
on a U-bottom low attachment plate before being trans-
ferred onto an air–liquid interphase culture. The addition
of IWR-1 (Wnt inhibitor) and SB-431542 (TGF-β inhibitor)
accelerated the differentiation into NPHS1+SYNPO+

podocytes with a 65%–95% efficiency. Although the purity
was relatively high, podocytes residing in glomerular
organoids displayed an inferior NPHS1+NPHS2+ expres-
sion compared with human adult podocytes.
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The second approach was to enzymatically dissoci-
ate nephron organoids and to capture glomerular struc-
tures with the help of a cell strainer.49 As many as 50–
150 glomerular structures were isolated from 1 nephron
organoid. Cells were then reaggregated on the low
attachment plate to form glomerular organoids con-
sisting of SYNPO+PODXL+ cells. Matrisome analyses
showed here maturing components of glomerular base-
ment membranes with Laminin 521 and collagen type IV.
The glomerular organoids were further used to model the
heterozygous mutation on exon 10 and 27 of NPHS1 gene,
which causes congenital nephrotic syndrome. Concomi-
tantly, glomerular organoids lost podocyte gene expres-
sion after 4 days of culture.

4. Tubular Organoids
We found 2 protocols that developed tubular organoids

and demonstrated their utility for kidney studies.47,48 Ini-
tially, hESCs were differentiated in 2D culture on culture
plates coated with collagen type I. Cells were subsequently
harvested and reaggregated on Matrigel to form tubu-
lar organoids. Sorting the differentiated cells for kidney-
specific cadherin (KSP+/CDH16+) cells enabled to enrich the
tubular cell proportion. In parallel, another study used direct
reprogramming from fibroblasts to tubular organoids, so
called tubuloids.47 In this regard, mouse fibroblasts were
reprogrammed into kidney tubules in Matrigel culture by
the overexpression of renal cell fate TFs. These tubuloids
showed apicobasal polarity and multiple tubular segments.

Kidney in Scaffolds
Given the essential role of 3D structures and protein matrix com-
positions, scaffolds are useful to create organized structures in
vitro. By designing different shapes of scaffolds, it is possible to
modify the 3D structures beyond spheroids. We found 9 studies
that engineered kidney tissues within various scaffolds:

Kidney Tubules in Casting Mold (2 Studies)
Molten agar82 and plastic83 can be used to generate cast-
ing molds. Molds fabricated from matrix proteins including
collagen and Matrigel82 or soft biomaterials such as poly-
dimethyl siloxane (PDMS)83 permit 3D self-organization and
development of kidney tissue. The collagen–Matrigel mold
supported the formation of tubule-like structures.82 It is the
high proportion of collagen type I and TGF-β contents in
Matrigel that highly likely alters the emergence of tubular
structures. A tubular-tree shape of PDMS structure with 700
μm width was successfully reorganized UB tree from vari-
ous types of cells including MDCK, iPSC, and human ADPKD-
derived cells.83 The UB tree had self-organized 3 h after
seeding and formed continuous tubular structures. These
structures expressed ureteric tip markers, including PAX2,
HOXB7, Claudin 7, and Ret. Nonetheless, the UB-tree tubes
had contracted to half of the mold size. The distribution of
Ret was obscured and dispersed within the whole structure
that appears contrary in comparison to UB organoids that
had concentrated Ret expression on the budding tip area.

Kidney Tubules in Hollow Fibers (3 Studies)
We found 2 studies approaching the reconstruction of kidney
tubules in hollow fibers using synthetic ECMs. The polyethy-
lene glycol (PEG)84 and polycaprolactone (PCL)85,86 based hol-
low fibers, that were made by dry-wet processing and electro-
spinning, respectively, were biocompatible with kidney tubu-
lar cells. Confluency was confirmed in the PEG hollow fibers
after 6 days and tubular brush border enzyme activities could

be shown to be accelerated along the increase of the fiber
curvature. Limited data showed the polarization and tubu-
lar formation inside the fiber. However, tubules in PCL hol-
low fibers exhibited anion–cations transporters (OAT1, OCT2)
expression on basolateral membranes86 and the capability of
secreting uremic toxins.85

Kidney Tissues in Porous Scaffold (4 Studies)
This scaffold exhibits a certain plasticity being used for
whole kidney tissues mimicking a native decellularized kid-
ney scaffold. The porous area can be achieved by “multi-
ple electrospinning,”87 the use of porogens such as sodium
chloride beads88 and ice microparticles,89 or controlled rate
freezing.90 A study using various sizes of PCL fibers gener-
ated by multiple electrospinning techniques revealed that
fibers with large diameter87 as well as porosity (∼95% with
100–200 μm pore diameter)87,89 helped kidney cell integra-
tion, regardless of the scaffold architecture87. The benefit of
large pores has also been seen in other biomaterials, includ-
ing polysaccharides29 and silk.88,90 A Matrigel supplemen-
tation supported the culture sustainability.88 These studies
also confirmed that porous scaffolds were compatible with
not only kidney tubular cell lines87–89 but also NPCs.90 A
lyophilized silk scaffold was further capable of culturing kid-
ney organoids derived from PSCs, which exhibited vascular-
ization after transplantation underneath a kidney capsule in
vivo.90

The use of tubular shaped scaffolds appears to be useful for
recreating renal tubular structures in vitro. While studies sug-
gested that scaffolds support the maturation of kidney cells,
analyses of the underlying mechanism are yet to be performed.

Kidney-on-a-Chip
Organ-on-a-chip models are developed to simulate the in vivo
physiological environment by using microfluidic devices. The
models typically have 2 channels separated by PDMS mem-
branes to culture epithelial cells and endothelial cells and
enable studies investigating their interaction. As kidney-on-a-
chip models, we found 5 studies that used typical 2-channel
chips to culture podocytes and tubular cells. One study cultured
the whole kidney organoids using a fluidic chip without separate
channels.

Glomerulus-on-a-Chip (1 Study)
A 2-channel microfluidic device was used to culture
podocytes derived from hPSCs.91 For this, hPSCs were first dif-
ferentiated into PAX2+WT1+ IM cells and subsequently trans-
ferred onto the chip. The IM cells were further directed into
NPHS1+ podocytes with a combination of GFs. The primary
culture of human glomerular endothelia was seeded on the
adjacent channel to simulate the glomerular filtration struc-
ture. This system did not have similarly complex capillary
loop structures like in vivo glomeruli, yet the 2-channel cul-
ture of podocytes and endothelia can be used to study the
filtration function of glomeruli in vitro.

Kidney Tubules-on-a-Chip (3 Studies)
Tubules are responsible for the reabsorption of essential
nutrients from the primitive urine back to the blood. To
simulate the related interaction of tubules and endothe-
lia, tubule-on-a-chip models were developed. For this, tubu-
lar structures were created by a bioprinter14,92 or a PDMS
mold.15 Tubular cells cultured in the columnar-shaped chan-
nel exhibited tubular phenotypes of microvilli and brush bor-
ders,14,15,92 as well as water channels,14 which appeared to
be enhanced by a medium perfusion of the lumen. Albumin
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Figure 3. Bioengineered Kidney Models Used for In Vitro Kidney Studies and Their Functional Assessments. (A) Percentage of bioengineered kidney models performing
functional assessments. (B) Percentage of functional assays performed in each type of bioengineered kidney models.

reabsorption was also observed.15,92 These models would be
useful to investigate mechanisms of tubular epithelialization
and maturation in 3D tubular structures under flow.

Kidney Organoid-on-a-Chip (1 Study)
One study used whole kidney organoids derived from hPSCs
to test fluidic effects on vascularization and nephron matu-
ration.93 Kidney organoids generated by previously reported
protocols39,42 were transferred onto millifluidic chips and
subjected to superfusion of culture media. Vascular forma-
tion was enhanced by a high-flow condition, and capillary
loop-like structures were observed in ∼60% of the organoid
glomeruli. Further, cellular polarity of LTL+ proximal tubules
was enhanced, represented by an increased expression of
transporter genes. Although the chip model did not allow
for the application of a physiological level of shear stress,
the study demonstrated the potential of kidney organoids
to develop more matured kidney tissue with vasculature in
vitro.

Functional Assessments on Bioengineered Kidney
Models

To restore the kidney function with bioengineered kidneys, it is
necessary to establish adequate methods to evaluate the func-
tion of bioengineered kidneys in vitro and in animal models.
While all collected studies performed morphological assess-
ments on their kidney models, only 42% of the studies con-
ducted kidney functional assessments. In this regard, reaggrega-
tion of kidney cells shows the highest percentage (71%) in testing
functionality (Figure 3A). From all physiological assays reported,
water-sodium uptake and injury response were the most fre-
quent functional assessments conducted (>30%) (Figure 3B).
Here, we summarize all tests for assessing the following kidney
functions: glomerular filtration, tubular reabsorption/secretion,
hormone production, and nephrotoxicity (Table 2).

Filtration
Dextran Filtration

Glomerular filtration can be tested using various sizes of dex-
tran that is conjugated with fluorescent dyes to evaluate its

selectability.52,58,72 Dextran tests conducted on the filtration
barrier in recellularized kidneys52 and transplanted nephron
organoids58,72 showed a filtration permeability to dextran
weighing up to 70 kDa, while no permeability occurred to
dextran ≥155 kDa.52

Creatinine Content
The kidney is the main route for eliminating creatinine, a pro-
tein product released by contracted muscles. Creatinine has a
low molecular weight (113 Da), is freely filtered by glomeruli,
and secreted by proximal tubules. Creatinine content in the
urine decreases significantly in patients with chronic kidney
disease and kidney failure.94 While the assessment of crea-
tinine content is a standard biomarker for a functional kid-
ney in vivo, it can also determine the functionality of bioengi-
neered kidney tissues as reported by 2 studies.20,72 Creatinine
was detected in the tubular fluid in kidney organoids trans-
planted to the omentum. The creatinine levels were, how-
ever, reportedly only half those found in normal urine. This
finding suggests that the functional level of bioengineered
kidneys still needs to be improved in order to maintain nor-
mal homeostasis.72 In parallel, it could be observed that also
recellularized kidneys produce urine with a lower creatinine
and urea content than filtrates from the native kidney.20 Yet,
this result needs further validation considering that decellu-
larized kidney scaffolds without residing cells exhibit a low
concentration of creatinine and urea.

Given that creatinine is filtered from the blood, this assay is
most suitable to test kidney tissues that are exposed to serum or
with access to the vessels. Thus, this assay is applicable to test
the biological function of transplanted bioengineered kidneys.

Tubular Reabsorption/Secretion
Water Reabsorption and Sodium Uptake

Water transport in the kidney tubules relies on aquaporin
activities. Aquaporin 1 (AQP1) is expressed on the apical and
basolateral side of proximal tubules,9,14,48,50,92 while aqua-
porin 2 (AQP2) is expressed in connecting tubules and col-
lecting ducts.9,48,60,75 A quantitative assessment of water
reabsorption is quite common in the in vivo kidney by
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measuring urine osmolality, yet scarcely performed in bio-
engineered kidney tissue. The lack of tubular organiza-
tion in bioengineered kidneys, however, makes the appli-
cation of this assay difficult as water is required to pass
through the tubule’s lumen. But in the majority of the
cases, electrolyte uptake can, indeed, estimate the water
reabsorption since osmolarity regulation is achieved by bal-
ancing the intake and excretion of sodium in the water.
Kidney tubules actively reabsorb sodium of which ∼70%
occurs within the proximal tubules.95 Many studies evalu-
ated the expression of sodium transporters14,20,24,34,45,60,75,92

such as Na+/K+–ATPases,14,20,34,60,92 Na+–Cl− (SCL12A3),60,75

and Na+–Pi (SLC34A3) cotransporters.17 Some studies fur-
ther evaluated sodium intracellular uptake using sodium
dye that can visualize sodium uptake in kidney tubules.24,60

The sodium uptake can be inhibited by an Na+/K+–ATPase
inhibitor, ouabain; statistical analyses on the fluorescent
intensity between ouabain-treated and nontreated may
therefore further determine the significance of the uptake.24

Organic Compounds Uptake
Functional kidney tubules can demonstrate transepithe-
lial transport that employs transporters on the basolat-
eral and apical side. Organic anion transporter (OAT) and
organic cation transporter (OCT) are the major transporters
expressed on the basolateral side of proximal tubules, piv-
otal for organic compound transport. OAT1 (SLC22A6) activ-
ity can be monitored by adding 6-carboxy fluorescein (6-CF)
diacetate, an organic anion substrate, to the culture media.
OAT1 hydrolyzes 6-CF diacetate into 6-CF that later is trans-
ported intracellularly. Its activity can be inhibited with an
OAT1 inhibitor named probenecid, which reduces the accu-
mulation of 6-CF within the cell.86,88,96 OCT2 (SLC22A2) activ-
ity can be evaluated by using 4-(4-(dimethylamino)-styryl)-
N-methylpyridinium iodide (ASP), a substrate of OCT2. Sim-
ilar to 6-CF, the fluorescein product of hydrolyzed ASP is
also detectable intracellularly. Tetrapentylammonium blocks
the OCT2-mediated transport, which can be used to vali-
date the ASP intracellular uptake.86 In order to evaluate the
transepithelial transport via influx and efflux in tubules,
fluorescent rhodamine 123 can be used. Following basolat-
eral influx, this fluorescent dye is transported through the
apical membrane by p-glycoprotein (P-gp). PSC-833, a P-gp
inhibitor, reduces the rhodamine efflux toward proximal
tubular lumens, which results in fluorescence accumulation
on the apical cell membrane.16

Glucose Uptake
In the kidney, glucose is freely filtered in the glomeruli and
subsequently reabsorbed to the blood circulation by proxi-
mal tubules. Sodium-glucose transporter-2 (SGLT2) is a trans-
porter that is expressed on the apical side of proximal
tubular cells and plays a pivotal role in glucose reabsorp-
tion.15,70,92 Glucose uptake can be measured quantitatively
in kidney tubules-on-a-chip. The addition of dapagliflozin, an
SGLT2 inhibitor, reduces the glucose transport from proximal
tubules to the vascular lumen.92

LRP2-Mediated Endocytosis
Proximal tubules reabsorb proteins via endocytosis that is
mediated in part by LRP2, a multiligand binding receptor. In
order to test the endocytosis function, varied sizes of dex-
tran can be used. The proximal tubules can endocytose low
molecular weight dextran as demonstrated by Lucifer yel-
low dextran (521 Da) accumulation in previous studies.38,72

Meanwhile, larger dextrans including 10 kDa38,40,58,71,78 and
70 kDa14,58 were detected in the apical intracellular region

of proximal tubules.14,38,40,58,78 The 70 kDa weight was not
detected in distal tubules.72 Latrunculin B, a toxin that
blocks actin polymerization, inhibits epithelial endocytosis
and thus reduces the dextran accumulation in the proximal
tubules.38 Proximal tubules are, however, unable to endocy-
tose large molecular weight dextran (eg, 2000 kDa).58 Notably,
ARPKD organoids are unable to take up dextran after cyst
formation, which can be explained in part by a lack of LRP2
expression on cystic epithelial cells.58

Albumin Uptake
Similar to dextran, also albumin undergoes endocytosis
through LRP2 in proximal tubules.95 Bioengineered kid-
ney tissues showed the functionality to reabsorb albu-
min as reported in previous studies.14,15,47,50,60,78,79,88,92

Fluorescence-labeled albumin is used to monitor the albu-
min uptake in functional proximal tubules.14,15,47,50,79,92

However, verifying assays of albumin uptake in bioengineered
kidney models appeared to be uncommon in previous stud-
ies. Assays involving oxidative stress and LRP2 inhibition
may validate real-time albumin uptake.97,98 Oxidative stress
reportedly increases the transient expression of LRP2, which
can also be caused by high glucose condition as in early stage
of diabetes mellitus. The utilization of hydrogen peroxide
increases LRP2 expression in a dose- and time-dependent
manner, which accelerated the accumulation of fluorescent-
labeled albumin in proximal tubular cells.98 Assays involving
leptin, a hormone that correlates with proteinuria in obesity,
showed a reduced albumin endocytosis in proximal tubular
cells.97 A leptin concentration of 0.50 μg/mL may potentially
be a good concentration for albumin inhibition test.

Hydrolases Activity
Amino acid transport in kidney cells is mainly associ-
ated with the activity of cell surface enzymes. To assess
this, 3 studies monitored the activity of 2 hydrolases: γ -
GT11,24,33,48,50 and leucine aminopeptidase (LAP),24 which can
be qualitatively assessed by using colorimetric assay. γ -GT
and LAP are highly active in kidney tubules as they are
pivotal for cysteine and leucine distribution, respectively.24

In functional proximal tubules, γ -GT actively hydrolyzes
l-glutamic-p-nitroanilide into p-nitroaniline,11,24,48,50 while
LAP hydrolyzes l-leucine-p-nitroanilide.24 The activity of
those enzymes is then calculated based on the difference
between the absorbance of the substrate and the product.

Hormone Production
Erythropoietin (EPO) Production

EPO is a glycoprotein mainly produced by interstitial cells
residing between tubular cells in the adult kidney.99 The
expression of EPO can be detected using EPO marker and
immunostaining.11,24,33 Using ELISA-based assays, EPO pro-
duction has been measured to confirm the activity of kidney
cells in recellularized kidneys24 and reaggregation of kidney
cells models.11 Considering that EPO is unlikely produced by
fetal kidney cells,99 this assay is better suited as a functional
test for bioengineered kidney models that use adult kidney
cells.

Nephrotoxicity
Many studies employed their kidney models for toxicity test-
ing including the administration of bacterial Shiga toxins13;
nanoparticle carriers36; cancer and chemotherapy drugs, includ-
ing SU11274, foretinib,9 vincristine,10 cisplatin,12,35,39,40,47,59,80

and doxorubicin12,35,49,79; and nephrotoxic antibiotics/drugs like
gentamycin,12,38,39,47 ampicillin, penicillin,11 and colchicine.35
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A toxicity response can be measured using several functional
assays:

Injury markers are often used to evaluate nephrotoxicity
responses. Kidney injury molecule-1 (KIM1)35,36,38–40,47,59,80

and neutrophil gelatinase-associated lipocalin (NGAL)8,13,35

are transmembrane proteins that are responsive to drug-
induced inflammation. Further inflammation will lead
to kidney cell apoptosis that is represented by TUNEL
expression.24,79 Also, the amount of protein shed in the
culture medium such as lysosome enzyme N-acetyl-β-
glucosaminidase (NAG)35,36 and γ -GT35 indicates the level of
inflammation. This protein shed had occurred after the intro-
duction of nephrotoxic agents, which is a sign of proximal
epithelial cell necrosis.35,36

Nephrotoxic agents can also increase the expression of pro-
inflammatory cytokines.13,80 Several cytokines including
tumor necrosis factor alpha (TNFα), IL-8, and monocyte
chemoattractant protein-1 (MCP-1) were increased in culture
medium upon exposure to a toxin.13 In parallel, cisplatin
treatment increased cytokines that are related to chronic kid-
ney injury (IL-8, MCP-1) and renal fibrosis.80

During nephrotoxicity tests, cell survival rates can be calcu-
lated by determining the half maximal effective concentra-
tion (EC50). The EC50 value represents the amount of drug or
toxic agents that are required to kill 50% of the cells. Three
studies utilized EC50 to determine the toxicity of their com-
pound on the reaggregation of kidney cells.11,13,33,35,36

Generally, functional assessments are more likely to work
in bioengineered kidney models that utilize adult renal cells.
This tendency explains the reason why functional assessments
were mostly conducted in reaggregation kidney cell models that
often used adult cells. Mature kidney cells demonstrate kidney
function appropriately, even after being transferred to the in
vitro environment. Kidney organoids, albeit having more rep-
resentable tissue organization, are yet to be tested for many of
the functional assessments such as the EPO production test. It
would be interesting to compare various differentiation proto-
cols for functional assessments to understand possible matura-
tion differences.

Assessments using substrate-conjugated chromophores
allow the visible demonstration of physiological processes in
kidney tissues. Chromophores also show merit for assessing
the function of kidney models in static culture. Meanwhile, the
improved tissue organization enables functional assessments
beyond the cellular level. The kidney-on-a-chip models, for
example, allow the organization of kidney tubules into a solid
tubular structure with enhanced maturation. This structure
permits assays that rely on the osmolality pressure such as
water reabsorption and uptake activities.

Conclusion and Outlook

Bioengineering techniques have been rapidly evolving over the
last decade. Initial studies focused on kidney tubular aggre-
gates for various toxicity tests. Later, research focus shifted
toward multicellular contexts generated by self-organization of
kidney stem cells (eg, kidney organoids), which were used for
more translational applications. Also, functional assessments
were optimized for their application in in vitro kidney models.
Chromophore-based tests are advantageous to evaluate bioengi-
neered kidneys since they provide real-time visualization of kid-
ney function. Notably, the improvement of kidney models may

improve the fitness for functional assessments. Overall, a large
proportion and diversification of physiology assessments con-
tribute to the rapid improvement of biologically relevant kidney
models for various kidney studies.
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