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Definition: Microphysiological systems (MPSs) are in vitro models that can incorporate dynamic
stimuli such as flow, pressure and contraction in cell culture, enabling the formation of cellular
architectures and retrieving physiological function often absent in conventional 2D-cell culture. MPS
applications saw a substantial growth in recent years, drawing attention from industry as a strategy
to optimize pre-clinical drug-development purposes, as well as from biomedical research, to fill a gap
between in vivo and in vitro models. Several MPS platforms are now available and are employed in
the development of bone and kidney complex systems for urologic and orthopaedic research. These
advances have enabled, for example, the in vitro modelling of bone regeneration and renal drug
secretion, and have dramatic potential to improve research into both orthopaedic and urology cancers.

Keywords: microphysiological systems; advanced cell culture; kidney-on-a-chip; bone-on-a-chip

1. Introduction

The pursuit of improved and ever more physiologically representative in vitro mod-
els began with the development and implementation of mammalian cell culture in the
second half of the 20th century. Cell lines enabled major breakthroughs in biomedical
research, introducing standardized study models that can be transferred and scaled-up
with ease. The development of appropriate culture solutions that could feed and maintain
cells ex vivo were crucial in the early days of cell culture [1,2]. Cancer cells, given their
resilience and high turnover, were key to the successful generation of the first cell lines,
which are still extensively used today, with HeLa cells as the prototypical example [3].
Nowadays, virtually every cell type from any organ system can be available for in vitro
testing. Advances in culture media formulations enable the growth and expansion of viable
and high-quality primary cell cultures [4]. Genetically manipulated cells can be made to
overexpress or suppress genes of interest, which are invaluable tools to investigate the
function of individual proteins and their overall physiological impact. Stem cells and
reprogramed somatic cells, widely referred to as induced pluripotent stem cells (iPSCs), can
be used to generate different adult cell lines from a single donor, maintaining the genetic
background [5]. However, immortalized cell lines, characterized by their distinct stability,
are still extensively used for highly reproducible models representative of healthy tissues
or disease conditions.

Despite their widespread use, with thousands of cell lines catalogued, and invaluable
contributions to molecular biology, biomedicine and life sciences in general, cell lines
have significant limitations. The artificial culture conditions that isolated cells are subject
to is dramatically different from their native environment [6]. Ex vivo, cells adapt their
physiology to the culture conditions. Extensive characterization studies have shown
the transformations that cells undergo in vitro. Among the many phenotypic changes,
noteworthy are the rewriting of regulatory pathways, loss of polarization, reduced protein
expression and altered metabolic activity [7–9]. In traditional in vitro culture systems, such

Encyclopedia 2022, 2, 1128–1137. https://doi.org/10.3390/encyclopedia2020075 https://www.mdpi.com/journal/encyclopedia

https://doi.org/10.3390/encyclopedia2020075
https://doi.org/10.3390/encyclopedia2020075
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/encyclopedia
https://www.mdpi.com
https://orcid.org/0000-0003-0861-0201
https://orcid.org/0000-0003-2337-0795
https://doi.org/10.3390/encyclopedia2020075
https://www.mdpi.com/journal/encyclopedia
https://www.mdpi.com/article/10.3390/encyclopedia2020075?type=check_update&version=2


Encyclopedia 2022, 2 1129

as flasks and microplates, cells grow in an adherent surface and are covered by culture
media. In this format, cells have one surface attached to a rigid substrate and the other
exposed to the aqueous environment of the growth media. Cells are usually maintained
at 37 ◦C in a humidified chamber at atmospheric pressure. Arguably, these conditions
are dramatically different from the physiological milieu where cells thrive and fulfil their
functions. Nonetheless, these set-ups can successfully sustain cells and are very powerful
and cost-effective research tools [10].

Three-dimensional (3D) cell culture formats can introduce additional levels of cellular
complexity. Hydrogels consist of biological (e.g., collagens) or synthetic (e.g., polyethylene
glycol) polymers that form a matrix where cells can be embedded and experience a bespoke
microenvironment [11]. Cell culture media easily diffuses through the gels, reaching the
embedded cells and providing an aqueous environment. Gel properties, such as stiffness,
pore size and adhesion can be designed to meet the needs of specific cells in order to
optimize growth, viability and differentiation, therefore improving the phenotype by
mimicking an extracellular matrix (ECM) [12]. Three-dimensional cultures enable better
cell polarization, and cells can also shape the gel microenvironment by secreting their own
matrix proteins. Not all cell lines are suitable for 3D culture, and usually cells that retain the
ability to form structures such as epitheliums are best suited for hydrogel cultures. Certain
cells can also spontaneously generate 3D structure, such as spheroids, in conventional
culture, without the need for an ECM [13]. Conventional and 3D cell cultures are static,
another stark difference relative to native physiology where cells experience a multitude of
stimuli, to which they react. Allegedly, these static cell culture technologies have reached
the limit of the physiology they can extract from cells. The next generation of in vitro
culture systems is set to introduce further cellular complexity by incorporating external
dynamic stimulus [14].

2. Microphysiological Systems and Their Applications

Microphysiological systems (MPSs) is a term employed to describe culture platforms
that differ from conventional formats by incorporating perfusion and culture conditions that
can enable complex cellular architectures [15,16]. MPSs are often referred to as organs-on-
chip, a somewhat misleading terminology since MPSs, despite their advanced physiology,
do not recreate fully functional organs per se. Generally, current MPSs consist of modular
and enclosed platforms incorporating microfluidic circuits that enable perfusion through a
culture compartment [17]. Flow is usually driven externally and these MPSs often consist
of the culture platforms, coupled to perfusion units. Hence, these culture platforms/units
are commonly designed as culture chips.

Advances in microfabrication and microfluidics facilitated the development of multi-
ple MPS designs and applications in the past 20 years [17]. Interest in MPS saw a dramatic
increase in recent years. A search in the National Library of Medicine database (pubmed.org)
for the key work ‘organ-on-a-chip’ shows an increase from 106 entries in 2011 to 641 entries
in 2021. Initial studies showed the feasibility of such systems and their potential to improve
cell physiology, filling a gap between in vitro models and animal experimentation [18].
This contributed to catalyze interest from the pharmaceutical industry as well as initiatives
and funding bodies aiming at reducing animal testing [19].

2.1. Perspective on MPS Applications in Drug Development

The wide use of MPSs in preclinical drug testing is still in the future. Nonetheless, sev-
eral recent applications in the areas of safety/toxicology (Table 1) and drug metabolism and
pharmacokinetics (DMPK) illustrate the advantages of MPSs relative to conventional mod-
els [20]. The kidneys are secretory organs that rely on highly polarized epithelial barriers
populated with arrays of specialized membrane carrier proteins. The proximal tubules are
the most DMPK- and safety-relevant renal functional unit. Proximal tubule epithelial cells
are responsible for clearing drugs from circulation against steep concentration gradients,
and their activity is crucial for accessing renal clearance and nephrotoxicity during drug
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development [21]. In conventional culture, renal epithelial cells lose the expression of key
update and efflux carriers, and have poorly differentiated apical and basal membranes [8].
The use of transwells, where cells grow in a semipermeable membrane in contact with
culture media from both sides, improves polarity and cells can effectively form a barrier
between the compartments separated by the semipermeable membrane. Nonetheless,
membrane carrier expression remains limited and secretory activity is poorly representa-
tive of native renal physiology. MPSs can overcome these limitations by providing renal
epithelial cells with a more native microenvironment [22]. An example of a dedicated MPS
that can recreate renal proximal tubule physiology is the ParVivo platform by Nortis Inc.,
Seattle, WA, USA (Figure 1A,B). This model comprises perfused micro-tubules imbedded
in an ECM, and cells grow in a membrane-free tubular surface, enabling the formation of
a continuous monolayer where the basal membrane attaches to the ECM and the apical
membrane delineates the lumen of the renal tubule [23]. Continuous flow is sensed by
the cells and upregulates the activity of membrane drug carriers and promotes cellular
adhesion. With the renal tubule entirely surrounded by ECM, epithelial cells secrete and
assemble their own basal membrane, rich in glycoproteins, that anchor the tubule to the
matrix and improve structure integrity. Together, these features enable epithelial cells in
MPSs to recreate active renal clearance absent in conventional culture [24], namely, the
secretion of low permeability anionic and cationic drugs, which account for the majority
of drugs cleared by the proximal tubules [25]. Employing MPSs during pre-clinical devel-
opment can potentially improve the accuracy of pharmacokinetics predictions (e.g., renal
clearance) and, therefore, help to optimize drug testing [26].

Another interesting aspect of MPSs in drug development are their prospective uses in
drug discovery [19]. Human health and disease models that are easily accessible and can be
studied under controlled conditions are valuable tools to identify disease mechanisms and
drug targets. The identification of targets for rational drug design requires either native
physiology or highly representative models that precisely recapitulate the activity of regu-
latory pathways [27]. Cell lines and conventional models have considerable physiological
gaps that are not appropriate, in particular, for the development of new drug modalities
which aim to have high target specificity and therapeutic efficacy [28].

MPSs can also potentially reduce the use of animals for drug testing. Accurate MPS-
derived predictions may eliminate the need for extensive drug testing in pre-clinical species.
Regulatory agencies (e.g., Federal Drug Administration—FDA and European Medicines
Agency—EMA) will play a major role in the adoption of MPSs in drug testing and, therefore,
minimizing the usage of animal models [29]. The introduction of a regulatory framework
dictating which MPS applications will be accepted for the certification of new molecules will
fast track the implementation of MPSs and related workflows during drug development.

2.2. Perspective on MPS Applications in Biomedical Research

While the industry is far more focused on the specific applications of MPS that can
improve drug testing, in academia MPS applications cover a broader spectrum (Table 1).
Academic research has played a central role in the development, characterization and
validation of MPS models. Bespoke MPS models are widely employed in fundamental
research. However, their use is often restricted to the research institutions that promoted
their development.
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Figure 1. Examples of commercially available microphysiological system designs used in experimen-
tal urology and orthopaedic research. (A) The Nortis ParVivo dual-channel chip design incorporates
two parallel micro-perfusion channels, embedded in an extracellular matrix (ECM). Epithelial proxi-
mal tubule cells seeded in one channel assemble a tight renal epithelial tubule and are continuously
perfused via the lumen. The parallel empty channel is used to load compounds/drugs into the ECM
that are exposed to the renal tubule from the outside. This model recreates the apical-basolateral
dynamic of the renal proximal tubules with continuous flow through the inside and outside of the
tubule. (B) The ParVivo single-channel design, incorporating a single channel in an ECM, is used as
a kidney cancer model, mimicking the interaction of renal cell carcinoma (RCC) spheroids and the
vasculature. RCCs are embedded in the ECM, proliferating and secreting factors into the extracellular
space, which is populated by a continuously perfused endothelial vessel, formed by human umbilical
vein endothelial cells (HUVECs). (C) The TissUse Humimic chips consist of interconnected perfu-
sion chambers where culture media is recirculated using cycling pulsation. This platform enables
structures in the chambers to experience both contraction and flow, and it is a preferred platform
for bone modelling. A ceramic scaffold populated with osteoclasts, mesenchymal cells and bone
marrow cells subjected to these dynamic conditions is able to differentiate into mature bone structures.
(D) The Emulate Organ-Chip platform is widely used to recapitulate functional organ units and
consists of two adjacent continuously perfused channels separated by a semipermeable membrane.
Different cell types can be grown on both sides of the membrane, and kidney, prostate and bladder
models established using this platform are based on this design, with epithelial cells of the respective
organ seeded on the top channel and endothelial or supporting cells on the lower channel. (E) In
the bone-marrow model based on the Emulate platform, endothelial cells grow along the entire
surface of the lower channel, replicating a blood vessel, while the top channel is completely filled
with ECM containing hematopoietic stem cells. Perfusion is driven through the endothelial channel
and the ECM mimics the niche in the bone marrow where stem cells differentiate into different
hematopoietic cells.

Renal models, such as the abovementioned system, can be translatable to applications
that require the use of epithelial cells and the formation of tubular structures within a matrix.
This is important for the implementation of 3D models in urological research, since most
cell types of interest, namely kidney and prostate cancer cells, are of epithelial origin [30].
Modelling cancer-specific events, such as angiogenesis in renal cell carcinoma mediated by
vascular endothelial growth factor secretion, is important to replicate the pathophysiology
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of kidney cancer in vitro [31]. An important aspect of using an MPS cancer model is the
possibility to investigate cancer-specific biomarkers that are secreted into biological fluids,
a feature that static cultures lack, given their lack of flow [32]. Beyond the use of cell lines,
microphysiological systems can also enable the cultivation of patient-derived cancer cells
or cancer tissue in a controlled system [33]. Primary tissue cultures are relevant in oncology
research given the enormous heterogenicity found within the same cancer types, and cell
lines can only offer a window into the specific particular subject they were created from.
Moreover, current prostate and prostate cancer in vitro models are poorly representative
given the de-differentiation that cells undergo in culture, losing critical prostate markers.
Growing prostate cells under fluidic conditions may overcome such limitations, however,
to date, little evidence is found regarding the development of prostate-MPS models.

Commercially available MPS models provide standardized platforms where protocols
and applications can be exchanged and implemented by different users. An example of
a versatile MPS model used in industry and academia is the HUMIMIC platform by Tis-
sUse GmbH, Berlin (Figure 1C). This MPS platform allows for cell culture under pulsating
circulation enabled through sequentially moved on-chip polydimethylsiloxane (PDMS)
membranes constituting micropumps controlled by externally generated air pressure and
vacuum [34,35]. Several studies indicate the applicability of the system to culture cell lines,
iPSCs and primary cells in 2D and fabricated 3D constructs, as well as human biopsies, to
emulate specific function of human organs such as liver, kidney, testis, skin and lung [36–41].
Moreover, a bone marrow model was previously introduced and suggested for preclin-
ical drug testing [42]. This MPS, showing a 4-week survival of hematopoietic stem and
progenitor cells (HSPCs), is based on the co-culture of human bone marrow mesenchymal
stromal cells (MSCs) seeded on a hydroxyapatite-coated, trabecular ceramic scaffold and
HSPCs from umbilical cord blood. Based on this model, a bone-on-a-chip system was
developed that contains human trabecular bone and the overall population of human
bone marrow mononuclear cells (BM-MNCs) [43,44]. This system is set up by sequential
seeding on decellularized human trabecular bone scaffolds with MSCs, osteoblasts and
osteoclast precursors, and the addition of BM-MNCs from the same donor after formation
of the intertrabecular matrix under pulsing microfluid flow. Using this in vitro model, it
was possible to reproduce that, in particular in chromium, which can be released from
orthopaedic implants, and accumulates in the reticular bone marrow matrix. This bone
model represents a promising tool to investigate foreign body reactions and the possible
toxic effects of implant materials and their degradation products in vitro. The development
of this bone model is a good example of how commercially available MPSs can be facili-
tated for basic biomedical research, and is also promising for other applications, as it aims
to represent both active bone metabolism and the individual immunocompetence of the
respective cell donor. A functional immune system is closely associated with physiological
bone homeostasis and bone healing [45,46]. Local immune cells play a crucial role in the
development and progression of bone pathologies such as osteoporosis [47,48] and aseptic
periprosthetic osteolysis [49]. In addition to inserting immune cells into multicellular bone
models, other important parameters noted for the development of bone-on-a-chip models
are controllable mechanical load and oxygen levels, since these parameters are of distinct
importance for physiological bone metabolism [50]. For this reason, there have been efforts
to simulate mechanical forces in vitro using classical bioreactor-based models to study
their precise influence on the physiology and pathophysiology of bone. Early models
used, e.g., pneumatic load of a 3D bone organoid [51,52]. Other models use piezoelectric
actuation, which allows the applied mechanical forces to be regulated very precisely [53].
In order to better emulate the biomechanics in the mature bone, systems were developed
that allow mechanical compression with high forces and simultaneous perfusion of the
bone organoid [54,55]. Organ-on-a-chip models are the further development of classical
bioreactor systems, which are based on the use of microfluidic platforms and are prone to
introduce the regulation of organ- and tissue-specific parameters, such as mechanical load
or oxygen levels [16,56]. Despite the frequently described organ chips, there are still only a
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few MPSs that emulate mature bone [16,50]. Among these bone-on-a-chip models, only a
few systems are dedicated to the biomechanics essential for bone metabolism, e.g., similar
to some classical bioreactor systems, pneumatic load is used to study the differentiation of
MSCs under controllable mechanical load [57]. Other models emulate the shear stress in
the canaliculi of the bone to study their influence on osteocytes [58].

The complexity of bone-on-a-chip models is being further advanced in terms of con-
trollable parameters and cellular and matrix-specific composition to be able to investigate
physiological and pathophysiological processes in vitro. Nevertheless, limitations of ad-
vanced in vitro models will remain and must be understood through characterization.

Table 1. Representative examples of current MPS models and applications used in biomedical
research, namely in experimental urology and orthopaedics.

Organ/Tissue Cell Type MPS Model Stimulus Purpose Ref

Kidney

Human renal epithelial
proximal tubule cells

Nortis a

ParVivo
Dual-chip

Continuous flow Improve renal drug
secretion studies in vitro [23,31,59]

Human renal epithelial
proximal tubule cells

Emulate a

Organ-Chip Continuous flow Improve nephrotoxicity
evaluation in vitro [60]

Prostate Human benign epithelial
prostate cells Bespoke b Continuous flow Evaluate prostate paracrine

secretion in vitro [61]

Kidney Cancer Human renal cell
carcinoma/endothelial cells

Nortis a

ParVivo
Single-chip

Continuous flow
Recapitulate kidney cancer

derived angiogenesis
in vitro

[33]

Bladder Human bladder epithelial
and endothelial cells/E. coli

Emulate a

Organ-Chip

Continuous
flow/cyclic

compression

Recreate bladder infections
conditions and recapitulate
immune response in vitro

[62]

Bone

Human mesenchymal
stromal

cells/osteoblasts/bone
marrow mononuclear cells

TissUse a

Humimic-Chip 2 Pulsating cyclic flow
Study heavy metal

nanotoxicity derived from
medical bone implants

[43]

Human bone marrow
mononuclear cells Bespoke b Continuous flow Recapitulate osteoarthritis

in vitro [63]

Human bone marrow
mononuclear cells Bespoke b Cyclic compression

Improve the study of the
bone healing process

in vitro
[54]

Human
osteoblasts/osteoclasts NASA-Synthecon b

Rotating centrifugal
force (artificial

gravity)

Study bone loss in a
microgravity environment [64]

Bone marrow

Human bone marrow
mononuclear

cells/hematopoietic
stem cells

Emulate a Continuous flow Improve the study of
hematopoietic defects [65]

Skeletal muscle

Mouse myoblast cell line
C2C12 Bespoke b Tension Recreate muscle injury

in vitro [66]

Mouse myoblast cell line
C2C12 Bespoke b Continuous flow Improve muscle metabolic

studies in vitro [67]

a Commercially available platform; b custom-designed, non-commercial.

3. Conclusions and Prospects

Nowadays, several MPS platforms from different providers are available [68,69] and
the two examples presented, describing different application for bone and kidney research,
illustrate the overall capabilities of advanced in vitro models incorporating microfluidic
conditions. MPSs have proven to deliver enhanced physiology and surpass the limitations
of conventional cell culture.

The technical complexities of such systems are still at a bottleneck in their implementa-
tion, given the dedicated equipment and training required. Nonetheless, as interest grows
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and translational research shifts away from animal models [70], MPSs are finding a foothold
in industry and academic labs worldwide.

As the field of MPS platforms begins to consolidate, standardization similar to that
existing in 2D cell culture formats may be beneficial to the further dissemination of these
technologies, as well as facilitating the comparison of similar studies performed across
different institutions. As the complexity of MPS increase, so can the biology they replicate,
and we can expect that the next generation of advanced cell culture platforms will be a
step closer to organ-like cellular organization, incorporating multiple cell types and even
multiple interconnected organ systems. Substantial progress has been made in the field
of 3D bone models, as well as renal models (Figure 1), and these lessons can be translated
to implanting MPS applications in the wider filed of urology research, focusing on cancer
models. While validated renal MPS models are now in use, examples of further organs in
the urogenital tract are lacking, with limited literature available on prostate and bladder
models [61,62]. An interesting and valuable research avenue is the interaction of healthy
and tumor cells, since fluidic conditions enable an intricate connection between different
cells. The development of cancer metastasis is still poorly understood, and recreating it
in vitro can propel the development of new therapies and diagnostic tools.

Ultimately, when developing in vitro models for biomedical research, it is important to
always keep the target application clearly in mind and to challenge whether the respective
model is suitable to answer the scientific question at hand.
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