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A B S T R A C T

The urinary system, comprising the kidneys, ureters, bladder, and urethra, has a unique mechanical and fluid
microenvironment, which is essential to the urinary system growth and development. Microfluidic models, based
on micromachining and tissue engineering technology, can integrate pathophysiological characteristics, maintain
cell-cell and cell-extracellular matrix interactions, and accurately simulate the vital characteristics of human tissue
microenvironments. Additionally, these models facilitate improved visualization and integration and meet the
requirements of the laminar flow environment of the urinary system. However, several challenges continue to
impede the development of a tissue microenvironment with controllable conditions closely resemble physiolog-
ical conditions. In this review, we describe the biochemical and physical microenvironment of the urinary system
and explore the feasibility of microfluidic technology in simulating the urinary microenvironment and patho-
physiological characteristics in vitro. Moreover, we summarize the current research progress on adapting
microfluidic chips for constructing the urinary microenvironment. Finally, we discuss the current challenges and
suggest directions for future development and application of microfluidic technology in constructing the urinary
microenvironment in vitro.
1. Introduction

The urinary system is involved in waste excretion and regulation of
blood volume in the body [1]. It is a soft tissue system comprising the
proximal tubule, ureters, and urethra, and is covered by the urothelium
[2], which serves as a barrier to the urinary system (Fig. 1). Urothelial
cells, interstitial cells, cytokines, the extracellular matrix (ECM), and
various physical and biochemical factors constitute the microenviron-
ment of the urinary system. This microenvironment contributes to the
peristaltic movement of the ureter, expansion and contraction of the
bladder, and complex urinary flow [3]. Maintenance of the dynamic
equilibrium within this unique microenvironment is critical in ensuring
normal physiological activities such as growth, proliferation, and dif-
ferentiation, as well as in maintaining the structure and function of the
cells [4,5]. Hence, it is imperative that in vitro models designed to study
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this complex system can accurately simulate the cellular microenviron-
ment [6].

Traditional studies on urinary diseases are based on two-dimensional
(2D) cell cultures and animal models [7]. However, these models can
only assess single factors and are often incapable of simulating the
physiological or pathological microenvironment [8]. In particular, in
vitro cell culture models often lack the ability to characterize cell-cell and
cell-ECM interactions and, thus, do not accurately reflect the physiolog-
ical conditions [9–11]. Although animal models can overcome these
shortcomings, they can be expensive, tedious, and time-consuming [12,
13]. Moreover, they are unsuitable for monitoring and visualizing bio-
logical changes occurring within live organs in real-time. Additionally,
the ethical concerns surrounding the use of animal models that reflect
human physiology continue to limit their application [14,15]. Hence,
there exists an urgent need exists for the development of new novel
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Fig. 1. Urinary tract system. Cartoon depicting the organization of the urothelium and underlying tissues in the renal pelvis, ureter, bladder, and proximal urethra. Ut,
urothelium, LP, lamina propria; SM, Smooth muscle layers; HSM, Horizontal smooth muscle layers; LSM, Longitudinal smooth muscle layers.
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research models that integrate the physical-biochemical microenviron-
ment and mimic the in vivo environment of cells, thus facilitating the
comprehensive and in-depth analysis of various diseases of the urinary
system (Fig. 2).

A microfluidic chip, also known as an organ chip, a lab-on-chip, or a
microphysiological system, is a micron channel structure constructed
using micromachining technology that can integrate a variety of exper-
imental operations into one chip [16]. This structure facilitates favorable
characteristics, such as flexible design, easy integration, real-time
monitoring, high throughput, and low cost [17,18]. Moreover, micro-
fluidic models can realize multicellular co-culture and regulate the
Fig. 2. Advantages and disadvantages of current in
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cellular microenvironment in time and space to reconstruct the bio-
mimetic environment [19–21]. Therefore, they have become valuable
tools for simulating the physiological microenvironment of various tis-
sues [22,23]. Compared with macroscopic models, microfluidic devices
can integrate controllable physical or chemical stimuli and maintain
cell-cell crosstalk and cell-ECM interactions, thus maximizing the resto-
ration of physiological microenvironments [24]. Over the past decade,
microfluidic platforms have been widely used to simulate the physio-
logical microenvironment of different organs, including the lungs
[25–27], kidneys [28–32], heart [33–35], and bones [36,37].

However, compared with these organs, the urinary system involves
vitro and in vivo models for the urology system.
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multiple organs and is highly complex. Existing studies mainly focus on
aspects such as nephrotoxicity, detection of tumors, and applications of
three-dimensional (3D) printing in the urinary system. However, the role
of the microenvironment has not been factored into the construction of
microfluidic chips [38,39]. Consequently, the study of other urinary
physiological models remains in its infancy, and the application of
microfluidic chips in the urinary system microenvironment has not been
reviewed.

As the microenvironment is the basis of the urinary system micro-
fluidic model design, we collated the microenvironment characteristics
of various organs in the urinary system, summarized their common and
unique characteristics, and discussed the latest developments and chal-
lenges in this field, to elucidate the physiological microenvironment and
diseases of the urinary system using microfluidic models. First, we
described the microenvironment of the urinary system and the micro-
fluidic models developed to understand the progression of urinary dis-
eases. We then discussed the feasibility of microfluidic technology in
simulating the urinary microenvironment in vitro based on the key
characteristics of the physiological parameters. We summarized the
current research results regarding microfluidic models for constructing
the urinary microenvironment. Finally, we discuss the limitations of the
current research and consider the development directions and applica-
tion prospects of microfluidic technology in constructing models
reflecting the urinary microenvironment in vitro.

2. Microfluidic technology

A microfluidic chip consists of cells, external control devices, and
microfluidic devices. Common microfluidic chip fabrication methods
mainly include soft lithography, laser, and chemical etching, micro-
milling, molding, and 3D printing [40]. The choice of the microfluidic
fabrication process determines the materials which will be used for the
chip.

Polydimethylsiloxane (PDMS) is the most commonly used material
and is fabricated via soft lithography. It has good biocompatibility, high
gas permeability, transparency, and low cost [41]. However, it has a high
degree of hydrophobicity, which is not conducive to the adhesion of cells,
and requires treatment with a coating material (such as fibronectin or
laminin) [42]. In addition, its small molecule adsorption properties also
limit its application in drug screening [43]. Thermoplastic chips repre-
sented by polymethylmethacrylate can overcome the aforementioned
drawbacks. They are simple and inexpensive to prepare, can be
mass-produced, and are already commercialized [44]. However, they
have certain disadvantages such as easy deformation by heating and
airtightness. Other common materials include glass, polyurethane, and
polystyrene [45,46]. Additionally, the development of 3D printing
technology provides more options for microfluidic materials, such as
hydrogels (natural or synthetic), including collagen, alginate, and
gelatin.

3. Microenvironments in the microfluidic models of the urinary
system

3.1. Biochemical microenvironment

The biochemical microenvironment of the urinary system is primarily
composed of cytokines, hormones, ions, and other biochemical factors
that regulate the interaction between cells and the ECM. The urinary
system contains over ten renal cell types, surrounded by the ECM and
complex vascular system [47]. Cells interact with each other via various
cytokines, which are critical for the study of the pathology and physi-
ology of the urinary system. Cell-cell interactions in microfluidic chips
are primarily studied by cell co-culture, which can be divided into
membrane-based 2D and hydrogel-based 3D cultures [48]. Microfluidic
models of the urinary system (MMUSs) primarily focus on
3

epithelial-mesenchymal interactions and urinary system tumors [49],
such as induction of kidney damage following inflammation, recruitment
of immune cells, renal fibrosis, or urinary tumors [50]. Owing to differ-
ences in various cell culture conditions, the design of effective multi-
cellular co-cultures remains a substantial challenge in constructing
microfluidic models. In microfluidic chips, membranes, microcolumns,
3D printing, as well as other materials and methods are often used in cell
co-culture to limit the infiltration of each culture medium and maintain
the role of cytokines between cells [51,52] (Fig. 3).

3.1.1. ECM
The urinary system, a soft tissue system, is in the urinary flow envi-

ronment, and its ECM must withstand the impact of hydrostatic pressure
and fluid shear stress (FSS). The ECM is typically composed of laminin,
fibronectin, collagen, and other proteins; however, their proportion
varies at different locations in the urinary tract. In addition to facilitating
the attachment of urothelial cells, the ECM of the urinary system also
provides the 3D microenvironment required by the interstitial cells. The
key to simulating the ECM is its porous structure that facilitates pene-
tration of culture medium and intercellular communication. Currently,
simulation of the ECM in a microfluidic chip can be achieved by con-
structing a membrane or hydrogel. However, membranes, are more
commonly used owing to their simplicity and high success rate. Notably,
polycarbonate membranes are bonded between two PDMS layers and co-
cultured. For example, the human kidney proximal tubule microfluidic
chip constructed by Ingber et al. comprises two PDMS channels, similar
to proximal tubules and stroma, separated by an ECM-coated porous
membrane [53].

The glomerular basement membrane (GBM) within the urinary sys-
tem is the most commonly simulated membrane structure. The basement
membrane (BM) is a component of the ECM connected to all epithelial
and endothelial cells and can, therefore, participate in structural changes,
filtration, and signal transduction [54,55]. Progress has been made in
assembling microporous biocompatible membranes via electrospinning
to replicate the GBM [56]. This technique makes it possible to accurately
simulate the development of thin layers of interlaced nanoscale-diameter
GBM fibers. For instance, human immortalized endothelial cells and
podocytes were co-cultured on both sides of these membranes to
construct a microfluidic glomerular model. In addition, a collagen-coated
anodic aluminum oxide membrane exposed to transmembrane pressure
was prepared and used to mimic the GBM [57]. However, to further
improve cell adhesion and the ECM microenvironment, it is often
necessary to coat the membrane with fibronectin or ECM [58].

Currently, membrane-based MMUSs cannot achieve 3D culture and
only act as a physical barrier. Hence, an increasing number of studies are
focusing on multicellular co-culture and the 3D spatial distribution of
cells, which aid in the design and construction of complex tissue models.
Hydrogels are widely utilized in these studies as they play the role of the
ECM in a microfluidic model, with a wide range of applications, ranging
from proximal tubule microfluidic models to prostate tumor models.
They make it possible to co-culture of over two cell types in the same
environment and ensure flexibility in their spatial arrangement. Kerr
et al. simulated the prostate tumor microenvironment model in vitro by
mixing rat tail type I collagen with fibroblasts [59]. In the glomerular
model, Matrigel has been applied as the GBM to maintain the vital
functions of the glomerulus [60]. In addition, Moll et al. inoculated
human renal proximal tubular epithelial cells (HPTECs) into the collagen
gel layer containing fibroblasts to study the response of fibroblasts to
cisplatin. They demonstrated that epithelial cells modulate fibroblast
gene expression and phenotype [61]. In addition to the construction of
the 3D environment, ECM has proven superior and physiologically
relevant to 2D cultures in terms of cellular functional expression and
pathophysiological reactions [62]. This was observed in a study on the
effect of ifosfamide onMadinDarby canine kidney (MDCK) cells, in which
ifosfamide had no effect in 2D culture; however, it reduced the



Fig. 3. Microfluidic models of cell co-culture with different structures in urinary system. (A) Microfluidic model of a prostate duct. The two PDMS layers are bonded
together around a rod allowing creation of a lumen structure molded from a collagen hydrogel (orange). Lumens are lined with benign or metastatic BCaP epithelial
cells (purple). PBMCs (green) are added inside the lumen. Media channels allow exchange of cell culture media (pink) from the side channels without perturbing the
immune cells in the lumen [58]. Reproduced with permission [58]. Copyright 2020, Royal Society of Chemistry. (B) Proximal tubule on-a-chip model based on
membrane. The microfluidic channels overlap to create a filtrate channel (green) in communication with a vascular channel (purple). The cross-sectional architecture
(inset) mimics in vivo epithelial-endothelial barrier and generates cell-mediated transport through the membrane [52]. Reproduced with permission [52]. Copyright
2017, Public Library of Science. (C) A reconfigurable multilayer suspended microfluidic system. Layers can be vertically assembled into stacks using a holder (blue).
The bottom layer containing a mixed culture of endothelial cells and fibroblasts is removed from the stack, and immunocytochemistry for the endothelial marker CD31
(green) and DAPI staining (blue) is performed to visualize endothelial structures [67]. Reproduced with permission [67]. Copyright 2019, Springer Nature. (D)
Schematic illustrations of (a) microextrusion, (b) inkjet, (c) laser-assisted printing, and (d) stereolithography techniques [141]. Reproduced under terms of the CC-BY
license [141]. Copyright 2016, American Chemical Society.
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inflammatory response in the microfluidic model. Thus, the microfluidic
model was deemed superior to the 2D cell culture model in predicting
drug-induced nephrotoxicity [48].

With an increased understanding of the spatial structure of cells and
4

the development of material science, a biomimetic ECM has been
developed for MMUSs. A 3D tubular network was created in the sodium
alginate-collagen-I hydrogel to simulate the epithelial tubules and adja-
cent endothelial vessels of the nephron [63]. Meanwhile, Ng et al.
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developed a hollow fiber model in which monolayer HPTECs were suc-
cessfully cultured in a fibrin-coated hollow fiber membrane [64].
Although introducing hydrogel facilitates the construction of a 3D
microenvironment, no urinary tissue-specific ECM (such as the bladder
acellular matrix) has been successfully used in urinary microfluidic 3D
culture.

3.1.2. Autocrine- and paracrine-derived signaling molecules
Jiang et al. constructed a prostate microfluidic model by co-culturing

prostate epithelial cells and stromal cells on a polyester porous
Fig. 4. A microfluidic model for simulating the biochemical microenvironment of u
stromal cell types create a succession of tumor microenvironments that change as tu
abundance, histologic organization, and phenotypic characteristics of the stromal cel
thereby enabling primary, invasive, and then metastatic growth [68]. Reproduced wit
for monitoring nephrotoxicity. Schematic design and actual image of a kidney-on-a-ch
measured before exposure to gentamicin. All groups show improved polarization com
2016, IOP Publishing Ltd.
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membrane [65]. Paracrine and endocrine crosstalk between the two cell
types were evaluated by adjusting the flow rate, thereby simulating the
functional development of human prostate cancer in vivo. Moreover, a
multi-compartment co-culture model of mouse macrophages and engi-
neered human embryonic kidney cells was used to demonstrate the
cell-paracrine interaction, whereby the signaling molecule, lipopolysac-
charide, diffused through the gel barrier and induced a cell-cell response
between the two cell types (Fig. 4) [66].

The microfluidic platform significantly improves our understanding
of cellular signal transduction, particularly, paracrine signaling between
rinary system. (A) The distinctive microenvironments of tumors. The multiple
mors invade normal tissue and thereafter seed and colonize distant tissues. The
l types, as well as of the ECM (hatched background), evolve during progression,
h permission [68]. Copyright 2011, Cell Press. (B) Kidney-on-a-chip is developed
ip. Junctional protein expression of each group. The static and shear groups are
pared to Transwell cultures [112]. Reproduced with permission [112]. Copyright
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cells and the release of nutritional factors. However, microfluidic devices
often lack the flexibility to add or remove multiple cell types or subsets at
precise times during the culture period, while also enabling flexibility of
the culture environment [67]. To address this issue, Yu et al. described a
reconfigurable microfluidic cell culture system that promotes the as-
sembly of 3D tissue models by combining open and suspended micro-
fluidic models and stacking layers containing preconditioned
microenvironments [67]. In this way, paracrine signaling events can be
modeled by providing space and time flexibility in 2D and 3D multicel-
lular culture analysis.

3.1.3. Hypoxia and ion concentration
Vormann et al. constructed a co-culture model of renal proximal

tubule-endothelial vascular perfusion to simulate ischemia-reperfusion
injury by controlling oxygen levels, availability of nutrients, and perfu-
sion settings [68]. Hypoxia and interruption of blood flow exerted
evident interference effects on proximal tubules. Wei et al. [69] con-
structed a microfluidic device comprising a circular cross-section (400
μm) channel for culturing submandibular immortalized epithelial cells.
The intracellular calcium gradient increased with elevated calcium
concentration within the lumen. Moreover, calcium phosphate stones
formed following the addition of CaCl2 and Na3PO4 to the channel.

3.2. Physical microenvironment

3.2.1. Fluid shear stress
The urinary system is where urine is filtered, concentrated, and

excreted within a unique urine flow microenvironment. This includes
various ions in the urine, as well as FSS and hydrostatic pressure caused
by urine flow (Fig. 5A).

Laminar flow represents the predominant urinary flow type and in-
cludes pulse and periodic flow. Microfluidic chips can accurately control
fluid flow via an external pump to ensure precise simulation of the uri-
nary system flow environment. Moreover, flowing microfluidics can
excrete metabolites and help achieve long-term culture while providing
mechanical cues for cell growth and development. Furthermore, several
studies have consistently reported an improvement in the physiological
behavior of the urinary system cells in response to FSS [70,71]. Jang et al.
described a similar microfluidic device that simulates the function of
proximal tubules in the human kidney [53]. The renal epithelial mono-
layer was exposed to FSS. Compared with the traditional Transwell cul-
ture system, the epithelial cells became polarized to form primary cilia
under FSS. Moreover, their albumin transport and glucose reabsorption
were enhanced, and alkaline phosphatase activity at the brush border
was increased. Additionally, compared with static culture, the rear-
rangement of the actin cytoskeleton and expression of tight junction
proteins was increased under FSS. Functionally, the microfluidic system
was used to apply FSS to the proximal renal tubular epithelial cell line
HK-2 [72]. The results showed that FSS can affect HK-2 cell morphology
and upregulate the level of megalin and clathrin, thus improving the
uptake efficiency of HK-2 cells for energy-driven carriers, such as
macromolecular and albumin nanoparticles [72].

A pump-less microfluidic device was used to evaluate the effect of FSS
on mouse ureteral bud (UB) cells cultured in vitro [73]. Exposure to FSS
was shown to cause enrichment in UB tip cells. Indeed, some studies have
focused on assessing the correlation between the fluid dynamic process
and the deposition of encrusting particles in the ureteral stents [74,75].
The related hydrodynamic environment of a ureter with a stent was
simulated by establishing a microfluidic model. An inverse correlation
was defined between the deposition of encrusting bodies and local wall
shear stress in a stented ureter model [74]. Moreover, the findings of this
study confirmed that the critical areas of encrusting body deposition
include the side hole of the stent, and the cavity formed by ureteral oc-
clusion, thus, providing essential insights into the design of improved
stents via hydrodynamic optimization. De Grazia et al. used a similar
model to evaluate the attachment of bacteria to ureteral stents in a
6

mobile environment, thus providing a reference for the design of new
ureteral stents to better resist the formation of biofilms [75].

In addition to urine flow, interstitial flow is also an important stim-
ulating factor. Tissue interstitial flow provides nutrients and material
circulation for cells. Low shear stress exerted by interstitial flow can
affect the proliferation and invasion of tumor cells, induce stem cell
differentiation, and promote the maturation of renal tubular epithelial
cells [76–78]. One study adopted an experimental platform that com-
bines traction force-measurable technology with microfluidic chips [79].
They reported that interstitial flow inhibits MDCK cell migration and
alters the physical dynamics of the cell island.

Although progress has been made in the application of microfluidics
to simulate the urinary system fluid environment, MMUSs often apply a
single fluid type, which differs from the physiological urinary flow.
Furthermore, differences in flow velocity have been noted between
studies owing to the lack of physiological parameters.

3.2.2. Compressive pressure and cyclic stretch
The pressure in the urinary system primarily arises from glomerular

filtration pressure, circulating hydrostatic pressure, and urinary hydro-
static pressure. The pressure gradient can affect filtration rate, cell po-
larization, and the functions of the capillaries and filter barriers [80]. In
the microfluidic models, the physiological parameters of transcapillary
hydraulic pressure and filtration pressure for glomerular filtration rate
can be simulated by adjusting the flow rate. In addition, the creation of
multi-layer systems makes it possible to add filter barriers between
channels, thus providing appropriate permeability simulation. In a
glomerulus-on-chip, mouse endothelial cells and podocytes were
co-cultured on the opposite side of a porous polycarbonate membrane
[81]. The diameter of the microfluidic channel could be altered to
establish pressure and simulate the mechanism of glomerular hyperten-
sion and glomerulosclerosis (Fig. 5B). In this model, high pressure can
alter podocyte shape and the filtration barrier permeability, which pro-
vides a reference for establishing a GFB-on-a-chip. In the four-channel
chip developed by Wei et al., two central channels were separated by a
PDMS membrane with a 7-μm hole, and cyclic suction was applied to the
two lateral channels to replicate the cyclic stress experienced by
glomerular cells [69]. Podocytes derived from human primary endo-
thelial cells and induced pluripotent stem cells (iPSCs) were implanted on
the opposite side of the PDMS membrane in the central channel. Podo-
cytes exhibited enhanced foot processes under the action of fluid flow
and cyclic mechanical strain, and the expression of specific mature
podocyte markers increased with increasing fluid stimulation.

To simulate the dynamic mechanical strain observed in the living
glomerulus caused by circulatory pulsation of the renal blood flow,
Musah et al. added two hollow chambers on either side of the central
microfluidic channel and applied cyclic suction to generate cyclic tension
(10% strain) [82]. The mechanical strain increased nephrin expression
and vascular endothelial growth factor-α secretion in podocytes (Fig. 5C).
The same design has also been applied to the human bladder-on-chip
model to mechanically simulate bladder filling and urination by
applying and releasing linear strain, as well as to explore the dynamic
response of Escherichia coli-induced urinary tract infection to host stress
and antibiotic therapy [83]. Moreover, a microfluidic platform was
applied to elucidate the physical factors associated with cancer-stromal
interactions, in particular to study the effect of mechanical stimulation
on human prostate fibroblasts (Fig. 5D) [84]. Stretched normal
tissue-associated fibroblasts reportedly produced a matrix with a more
organized and linear structure, accompanied by increased expression of
platelet-derived growth factor receptor α, that effectively guided the
migration of co-cultured cancer cells.

3.2.3. Surface topography
Topographic patterns affect morphology and cellular function [85],

particularly via contact guidance, and lead to directional cell
morphology, migration, and structural reorganization [86,87]. The
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Fig. 5. A microfluidic model for simulating the physical microenvironment of urinary system. (A) Glomerulus-on-a-chip microfluidic: podocytes and endothelial cells
are cultured on opposite sides of an artificial membrane. Endothelial cells are also affected by blood flow shear force. This chip device can recreate capillary pressure
by supplying perfusion flow in the upper microchannel and introducing mechanical forces [137]. Reproduced with permission [137]. Copyright 2022, Springer
Nature. (B) A pathological glomerular microenvironment was established by perfusion flow regulating mechanical forces [81]. Reproduced under terms of the CC-BY
license [81]. Copyright 2016, Springer Nature. (C) Modelling the human glomerular capillary wall with an organ-on-a-chip microfluidic device. Arrow shows
directional flow of molecules from the capillary lumen to urinary space. Cyclic mechanical strain was applied to cell layers by stretching the flexible PDMS membrane
using vacuum [82]. Reproduced with permission [82]. Copyright 2017, Springer Nature. (D) Human Bladder-chip model of UTI recapitulates the physiology of bladder
filling and voiding. Human bladder epithelial cell line (epithelium, top) and primary human bladder microvascular endothelial cells (endothelial, bottom) on either
side of the stretchable and porous membrane. Pooled human urine diluted in PBS and endothelial cell medium were perfused in the apical and vascular channels
respectively to mimic bladder physiology. A negative pressure in the ‘vacuum’ channels (magenta) on either side of the main channel was applied to stretch the porous
membrane to mimic stretching of the bladder [83]. Reproduced under terms of the CC-BY license [83]. Copyright 2021, eLife Sciences Publications.
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response of cells to topography depends on a myriad of factors, including
cell type and topographic geometry [88]. Compared with other parts of
the urinary system, the GBM has a unique surface topography. The BM
surface topography is formed by the network structure of proteins and
proteoglycan sulfate. It is characterized by pores, ridges, and fibers with
sizes ranging from the nanometer to the submicron scale [89,90].
Experimental evidence has revealed that topography is essential to the
attached cells and may enable the regulation of barrier function and
transport.

Frohlich et al. used a hot-embossing method to model submicron
topographic features onto a track-etched porous membrane, thus creating
membranes with isolated transmembrane pores and controllable topog-
raphy [91]. Xie et al. combined microfluidic technology, 3D biological
printing, and biomaterials to create extruded terrain hollow fibers. They
established the dynamic culture of primary venous endothelial cells and
podocytes of Lewis rats, thus ensuring that endothelial cells and podo-
cytes were co-cultured with a microconvex topographic map [92].
Frohlich et al. also cultured HK-2 cells in a microfluidic model with a
topographical patterned substrate, and simultaneously exposed the cells
to different forms and levels of FSS [71]. Results suggested that surface
topography and FSS exert a synergistic effect. That is, in the presence of
FSS, the submicron ridge/groove feature created a more realistic in vitro
model of human renal tissue by eliciting cell arrangement and influ-
encing tight junction formation.

3.2.4. Substrate stiffness
Substrate stiffness is a mechanical property of ECM that can regulate

cell proliferation, migration, and differentiation, particularly in glomer-
ular diseases [93–95]. For instance, ECM hardness increases in chronic
kidney disease and diabetic nephropathy [96–98]. Substrate stiffness is
regulated by adjusting the hydrogel concentration and type. Bio-
materials, such as collagen, fibronectin, and gelatin hydrogel have been
successfully applied to analyze the effect of matrix stiffness [99,100].
Meanwhile, Garcia et al. designed a microfluidic device with different
soluble chemical factors and matrix stiffness, and observed MDCK scat-
tering [101]. Although the matrix stiffness of other urinary organs has
not yet been reported with microfluidic models, they have been studied
in 2D and 3D models.

4. Microfluidic chips of urinary system diseases with
microenvironment imbalance

An out-of-balance microenvironment induces various diseases.
Microfluidic chips of urinary system diseases with microenvironment
imbalance can be divided into two categories: (1) to be used as diseased
cells, such as urinary system tumors and (2) to simulate the pathological
microenvironment by constructing pathological parameters, such as hy-
pertensive nephropathy.

4.1. Urinary system tumor-on-chips

Tumor microenvironment (TME) consists of malignant and nonma-
lignant cells (cancer-associated fibroblasts, cancer-associated immune
cells), ECM, blood vessels, and various physiological environments (such
8

as mechanical stress, fluid shear, oxygen, and drug concentration gradi-
ents) [102,103] (Fig. 6A and B). The diversity of TME may affect tumor
behavior, including tumor invasion and metastasis. Stromal fibroblasts
are essential for the proliferation and invasion of urinary tumors. Xu et al.
used microfluidic technology to establish a 3D co-culture system of
bladder tumor cells and fibroblasts to explore the characteristics of en-
ergy metabolism of bladder cancer cells [104]. Shi et al. [105] proposed a
3D microfluidic co-culture device to study the interaction between
cancer-associated fibroblasts (CAF) and bladder cancer cells. The results
indicated that the cytokines secreted by bladder cancer cell line T24
could effectively transform fibroblasts into CAF. However, CAF after
aerobic glycolysis exhibited a higher ability to produce lactic acid and
provide energy for the proliferation and invasion of bladder cancer cells.

Models based on microfluidic devices can also be used to study
metastatic cancer and tumor immunity [106]. Hsiao et al. [107] designed
a 3D metastatic prostate cancer model to simulate the bone metastatic
microenvironment, including the type of cells in the skeletal microen-
vironment where the metastatic prostate cancer cells are located. In this
model, 3D multicellular spheres of metastatic prostate cancer cells (PC-3
cell line), osteoblasts, and endothelial cells were cultured using a
two-layer microfluidic system. This model considerably reduced the
proliferation rate of PC-3 cells without reducing the cell survival rate, and
can more truly reproduce the in vivo growth behavior of cancer cells in
the microenvironment of prostate cancer with bone metastasis. Kerr et al.
[59] reported an in vitro model of prostate TME based on microfluidic
control, which simulated the structure of the prostate duct and related
immune cells and stromal cells. Immune cells were exposed to benign
prostate TME or metastatic prostate TME, and their metabolism, gene,
and cytokine expression were studied. This platform could provide a
valuable tool for studying immune cell phenotypes in vitro TME.

Hypoxia is a known key feature of the tumor microenvironment.
Hanahan conducted a specific study on the microenvironment of prostate
cancer with a focus on analyzing the effects of hypoxia on prostate cancer
cells [108]. They used a microfluidic device to test the sensitivity of
cancer cells to the chemotherapeutic agent staphylococcin.
4.2. Urinary system non-tumor disease-on-chips

Studies have investigated the glomerular microstructure to facilitate
the construction of glomerular models. These models have been
employed to characterize the pathological response induced by high
glucose in diabetic nephropathy. For example, Wang et al. [60] con-
structed glomerular models. More specifically, the glomerular micro-
structure channel simulates the capillary lumen side of the glomerulus;
3D Matrigel is injected into the middle gel channel to simulate the GBM
to support the adhesion and growth of the separated glomeruli. The re-
sults showed that hyperglycemia plays a key role in increasing the
permeability of the albumin barrier, and the development of glomerular
dysfunction, leading to albuminuria. Based on the glomerulus-on-chips
with physiological characteristics, Zhou et al. [81] studied the hyper-
tensive nephropathy model by controlling the flow of culture medium,
evaluating the permeability of the small, medium and high molecular
weight proteins, and observing the injury markers induced by hyper-
tension. Moll et al. [61] used adrenal epithelial cells in cisplatin-induced



Fig. 6. Disease and high-throughput drug screening-on-chips in urinary system. (A) Schematic of renal hypoxia-reperfusion injury-on-chip model [102]. Reproduced
with permission [102]. Copyright 2022, American Chemical Society; (B) Construction of an integrated functional tubule-vascular microfluidic chip. (a) An illustration
of the characteristic physiological structures of the renal interstitial microenvironment. (b) Schematic image of a microfluidic renal interstitium-on-a-chip device with
microchannels replicating the renal tubules and peritubular microvessels. (c) Photograph of the microfluidic chip (left), and the representative image of the co-culture
of HK-2 cells, HUVECs, and pericytes in the chip (right) [103]. Reproduced with permission [103]. Copyright 2022, Elsevier BV; (C) Demonstration of concentration
gradient in microfl uidic system using color dye solution (a) Trapping of 8 different concentration gradient of a sensitizer through a diffusive mixer by driven
micropump from two reservoirs (sensitizer and medium are represented by red and yellow respectively) (b) The second trapping of 8 different concentration gradient
of drug (drug was represented by blue color dye) (c) Concentration gradient of color dye was maintained 4 h after closing valves without perfusion of reagent (d)
Representative cell culture chamber with PC3 cells trapped and grown for 24 h [118]. Reproduced under terms of the CC-BY license [118]. Copyright 2014, Korean
Society of Applied Pharmacology; (D) Microfluidic device layout and functions. (a) Schematic representation of the device structure. (b) Fluorescent image showing a
calcein concentration gradient over the micro-well array. (c) Schematic cross-section of the gradient generated along a column of the spheroid array [119]. Repro-
duced under terms of the CC-BY license [119]. Copyright 2018, Springer Nature; (E) The human proximal renal tubule-on-chip for the study of nephrotoxicity and drug
interaction. (a) Image of the back side of the OrganoPlate 3-lane. The microfluid network is positioned in-between a glass sandwich of two microscope grade glass
plates which are attached to the bottom of a standard 384 titer well plate. (b) Schematic of one chip presenting two perfusion channels and the extracellular matrix
(ECM) channel in the middle. (c) Artist impression of one chip. The chip was loaded with collagen 1 (blue) to the ECM channel and proximal tubule cells (yellow) were
seeded to the top channel [117]. Reproduced under terms of the CC-BY license [117]. Copyright 2021, Elsevier.
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microfluidic chip to construct renal fibrosis model, and studied the
pathological role of renal epithelial cells in cisplatin-induced nephro-
toxicity and renal fibrosis.

Chethikkattuveli et al. [109] established a microfluidic renal
hypoxia-reperfusion (RHR) model using hypoxia and oxygenated cell
culture medium, in which primary HPTECs and human endothelial cells
were cultured on the top and basal side of the porous membrane. The
disease model was validated by detecting its specific hypoxia biomarkers.
In addition, retinol, ascorbic acid and combined doses were tested to
design a therapeutic solution for RHR.

Liu et al. [110] developed a renal tubule-vascular chip to create a
proteinuria model. The results suggested that it was involved in the
crosstalk between renal tubules and peritubular microvessels in renal
interstitial fibrosis induced by proteinuria, and inhibition of receptor
fucosyltransferase 8 could reverse the injury of peritubular microvessels
and renal interstitial fibrosis. The chip can provide a reference for
studying the mechanism of renal disease. De Grazia et al. [75] used a
similar model to evaluate the attachment of bacteria to ureteral stents in
a mobile environment. This study provides a reference for the design of
new ureteral stents to better resist biofilm formation.

5. Drug toxicity and drug screening

The kidney is a vital organ responsible for drug metabolism and
excretion. Animal models are considered the gold standard for drug
safety testing and screening. However, drugs usually metabolize faster in
animals than in humans, which underestimates the nephrotoxicity of
drugs [111]. The renal cell model lacks sufficient physiological correla-
tion. Therefore, the existing preclinical studies cannot better predict
nephrotoxicity. Simultaneously, the mode and dose of administration
also affect drug safety [112]. Microfluidic chips have numerous pro-
spective applications in drug toxicity and drug screening because of their
high throughput, low reagent consumption, and high similarity with the
physiological environment. Evidence suggests that the pharmacody-
namics and pathophysiology of cells are more accurate in a microfluidic
system than in a 2D culture.

Kim et al. analyzed the gentamicin-induced nephrotoxicity using
membrane-based microfluidic chips [112], where MDCK cells were
inoculated into the upper channel and cultured under physiological FSS
to simulate urine flow in vivo. Using fluid movement regulation, they
demonstrated that once-a-day injection of gentamicin was less harmful
than continuous infusion under the same dose. Qu et al. [113] con-
structed a microfluidic platform simulating the nephron, which consists
of glomerulus, Bowman's capsule, proximal tubular lumen and peri-
tubular capillary. The results indicated that the model made renal cells
more sensitive to the nephrotoxicity of cisplatin and doxorubicin. In
addition, the nephrotoxicity induced by cadmium, ammonia and ifosfa-
mide has been reported in the microfluidic chip models [114,115].

The microfluidic system also provides the ability to integrate multiple
cell types in different tissues. In fact, studies have successfully integrated
several tissues into a multiple-organs-on-chip through a microcolumn
structure to study multiple organ responses, including those of the kid-
neys and liver [116], or four organs on a single chip [117].
Multiple-organs-on-chips can be used to evaluate the interaction between
organs, to study the metabolic process of drugs in the kidney, and to
better explain the pharmacokinetics [118] (Fig. 6C). Choucha-Snouber
et al. used a liver-kidney combined organ-on-chip to simulate the inter-
action between the liver and kidney in the context of drug metabolism
and drug-induced nephrotoxicity [48]. Ifosfamide was found to sub-
stantially reduce the number of MDCK cells in this model, thus simulating
its nephrotoxicity. Additionally, Zhang et al. [119] designed a 3D
microfluidic cell culture system comprising hepatocytes, lung cells, kid-
ney cells, and adipocytes to assess the effects of drugs on each organ cell
type, and evaluate organ-to-organ interactions (Fig. 6D). Chang et al.
[120] used a combination of hepatocytes and kidney cells on the chip
platform to study the nephrotoxicity of Aristolochia acid. Maschmeyer
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et al. [117] developed a multiple-organs-on-chip comprising four culture
chambers, including intestinal epithelial cells, hepatocytes, skin cells,
and renal proximal tubule cells. The functions of the four organs were
connected to identify the pathways related to absorption, distribution,
metabolism, and excretion of certain drugs (Fig. 6E). Overall, the
microfluidic kidney chip model with a physiological microenvironment
can enhance the prediction of drug nephrotoxicity, accurately reflect the
real human physiological and pathological response, and reproduce the
process of drug filtration and reabsorption.

High-throughput screening is one of the latest technologies for drug
design and discovery [121]. In recent years, microfluidic models that can
be used for high-throughput screening have been developed to enable
researchers to rapidly screen drug efficacy or evaluate toxicity. Shaugh-
nessey et al. [122] utilized a high-throughput microfluidic platform with
rapid transepithelial electrical resistance measurement capability and
multi-flow control function to evaluate cisplatin-induced toxicity in
human primary proximal tubule models. However, this study contained
no further experiments on high-throughput drug screening. Jing et al.
[123] constructed a high-throughput human renal proximal tubule
model based on an integrated biomimetic array chip. The results showed
that primary HPTECs cultured on this microfluidic platform could form a
tighter barrier and better protein transport function than static Trans-
well. Polymyxin B, doxorubicin, and sunitinib were also used to evaluate
the nephrotoxicity.

Vormann et al. [124] designed a high-throughput 3D microfluidic
platform (NephroScreen) for the detection of drug-induced kidney injury
(DIKI). This system was established with four model nephrotoxic drugs
(cisplatin, tenofovir, tobramycin and cyclosporin A) and tested with eight
pharmaceutical compounds. A variety of detection indicators confirmed
that the method of evaluating DIKI by NephroScreen is reliable,
compatible with automatic fluid transfer, and can be used in long-term
experiments. An et al. [125] established a microfluidic
high-throughput drug screening platform composed of eight different
concentrations of two chemotherapeutic agents. The platform was used
to explore the best therapeutic concentration for the effect of prostate
cancer cells. Advantageously, it is cost effective and does not require
continuous perfusion. In addition to drug screening for tumor cells,
microfluidic technology is also used for drug screening in the tumor
tissues of the patients. Mulholland et al. [126] presented a microfluidic
platform that enables drug screening of cancer cell-enrichedmulticellular
spheroids from tumor biopsies. The model can form repeatable drug
concentration gradients on a series of spheres without an external fluid
drive, which can meet the requirements of personalized treatment.

6. Challenges and future directions

In recent years, considerable progress has been achieved in utilizing
microfluidic technology in the research of urinary tumor drug screening,
tumor metastasis, and glomerulus-on-chip development [127–130].
Microfluidic models of the urinary systems have enriched the under-
standing of microenvironments from single-cell cultures to co-culture
involving two types of cells based on membranes to multicellular
co-culture based on microcolumns or 3D biological printing technology.
Microfluidic chips have been developed from a single channel to an in-
tegrated, high-throughput channel, and their practicability and stan-
dardization are increasing. Compared with traditional cell research
methods, microfluidic technology integrates physical, biological, and
chemical factors with a low test dose [131], laminar flow distribution,
and biology-related length scale [132]. It facilitates the precise spatio-
temporal regulation of the cellular microenvironment. Based on micro-
fluidic models, the interaction between cells and cell-ECM can be studied
in a specific urinary system (Fig. 7).

However, this model still has certain limitations. Microfluidic tech-
nology does not reconstruct the whole organ system but only comprises
the smallest cells or tissues needed to simulate the specific functions of
the representative organs; hence, its ability to replicate multi-functional



Fig. 7. Challenges, development and future di-
rections in urinary system microfluidic models. (A)
The challenge of microfluidic technology in simu-
lating real microenvironment lies in the lack of
physiological parameters, including urine flow ve-
locity, stiffness of ECM, porosity and so on. (B) The
urinary system microfluidic model has developed
from a single channel to an integrated, high-
throughput channel, and the practicability and stan-
dardization are increasing, and the connotation of its
microenvironment is also being enriched. (C) With
the further study of pathophysiology of urinary sys-
tem, the improvement of chip structure design and
fabrication process, and multi-parameter microenvi-
ronment simulation and control will help to promote
the development of urinary system microfluidic
models.
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organs is limited [133]. Another challenge in building a urinary micro-
fluidic model is the choice of cell types. Primary cells can maintain cell
phenotype and have the advantages of individualization and tissue
specificity. However, their use is limited by their long culture cycles,
difficult cultivation, and ethical issues [134]. Although cell lines can
overcome these limitations, their genes and phenotypes often differ from
those of primary cells [135]. Moreover, immortalized cell lines, which
are easy to culture in vitro, are difficult to culture under a relatively closed
microfluidic system. Nevertheless, human iPSCs provide a new cell
source for urinary system microfluidic chips. Indeed, podocytes and
endothelial cells derived from iPSCs have been successfully applied to
construct glomerulus-on-chips (Table 1) [82].

With the introduction and realization of organoids, cell self-assembly
has become a new solution to simulate in vivo conditions [136].
Compared to cell-based organ chips, organoids can differentiate into a
variety of organ-specific cell types, thus, simulating a specific organ
function or spatial structure. However, the lack of vasculature can limit
their application [137]. Hence, researchers have recently combined
organoid culture with microfluidic technology [138], such as kidney
organoids cultured in microfluidic chips, to circumvent the limitations of
each model.
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In addition, the microenvironments within different body parts are
complex and diverse. Simulation of the urinary system ECM using
microfluidic technology remains insufficient. The urinary system com-
prises soft tissues loaded with all types of cells. The ECM provides
adhesion for cells and generates physical, biological, and chemical sig-
nals to affect their maturation and development. In MMUSs, the hydrogel
serves as a substitute for the ECM, primarily collagen and fibrin. These
are the most critical components of the ECM and have been widely used
due to their viscoelasticity and availability, as well as their ease of
integration into microfluidic devices. However, hydrogels cannot guar-
antee that the matrix stiffness, porosity, and carrier cytokines are similar
to the real ECM. Simultaneously, the lack of relevant pathophysiological
parameters limits the further application of microfluidic technology in
urology. Therefore, researchers continue to explore the means to extract
the design variables of microfluidic chips appropriately. Despite their
shortcomings, a variety of natural and synthetic hydrogels have been
developed based on biocompatibility, hydrophilicity, and structural
similarity, including photo-crosslinked gelatin methacrylate with multi-
ple cytokines [139].

The emerging 3D printing technology, with sub-millimeter and sub-
micron accuracy, also provides a new direction for the development of



Table 1
Comparison of urinary system microfluidic models.

Organ Cell types Hydrogel/
Coating
material

Fabrication technique Microenvironment Design Reference/
Authors

Glomerular iPSC;
Cell line: human
glomerular
endothelial cells

Porous flexible
PDMS
membrane

Stereolithography, PDMS FSS and cyclic mechanical
strain

Hollow chambers on either
side of the central
microfluidic channels

Musah
Samira [38]

Glomerular Primary cell:
glomerular
microtissues

Matrigel Soft lithography and
micromolding, PDMS

FSS, Basement membrane Crescent microstructures,
capillary channels,

Li Wang [60]

Renal proximal
Tubule/Blood
Vessel-on-a-Chip

Cell line: Human
RPTEC, HUVEC

Type 1 collagen Commercial: OrganoPlate 3-
lane

Oxygen concentration,
perfusion flow, and
nutrients

Capillary pinning Vormann MK
[68]

Renal proximal
tubule

Cell line: HK-2;
Primary cell:
RPTEC

Collagen IV Hot-embossing meth，
photolithography and reactive
ion etching

Topography Polycarbonate membrane Else M
Frohlich [71]

Prostate Cell line: BCaP-NT,
BCaP-M1;
Primary cell:
fibroblast.

Rat-tail
collagen type 1

Soft-lithography, PDMS Tumor microenvironment Microcolumn Kerr SC [59]

Prostate Cell line: PrECs,
HPrS1s

Polyester
porous
membrane

Soft-lithography, PDMS FSS Polyester porous membrane L Jiang [65]

Bladder Cell line: CAFs and
bladder cancer cells

Metrigel Lithography Cytokines Microcolumn Haoqing Shi
[105]

Abbreviations: BCaP, BPH-1-derived Cancer Progression (BCaP) cells; PrECs, prostate basal epithelial cells; HPrS1s, human prostate stromal cells; CAFs, cancer-
associated fibroblasts; Human RPTEC, Kidney PTEC Control Cells; HUVEC, Human umbilical vein endothelial cells; HK-2, human kidney proximal tubule epithelial
cell line; RPTEC, renal proximal tubule epithelial cells; PDMS, Polydimethylsiloxane.
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MMUSs [140]. It can reproduce the shape and structure of tissues and
organs. In the field of microfluidic technology, it can also accurately
control the composition, structure, and spatial distribution of chip ma-
terials. Compared with the traditional hydrogel mixed cells to achieve 3D
culture, 3D biological printing provides the ability to pattern, has more
flexibility and structural specificity, and provides a more suitable method
for constructing complex tissues [141,142]. In addition, to better utilize
microfluidic chips for simulating the cellular microenvironment,
improvement in the chip structure design and fabrication process, as well
as the addition of multi-parameter microenvironment simulations, is
necessary. We believe that with continued analysis and characterization
of the pathophysiology of the urinary system, as well as improvements in
chip structure design and fabrication, microfluidic chip technology will
become an invaluable tool for the in-depth study of the urinary system
and its associated diseases. However, this will undoubtedly require the
close cooperation of cell biologists, pharmacologists, and bioengineers.
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