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ABSTRACT

The proper development and patterning of organs rely on concerted
signaling events emanating from intracellular and extracellular
molecular and biophysical cues. The ability to model and
understand how these microenvironmental factors contribute to cell
fate decisions and physiological processes is crucial for uncovering
the biology and mechanisms of life. Recent advances in microfluidic
systems have provided novel tools and strategies for studying aspects
of human tissue and organ development in ways that have previously
been challenging to explore ex vivo. Here, we discuss how microfluidic
systems and organs-on-chips provide new ways to understand how
extracellular signals affect cell differentiation, how cells interact with
each other, and how different tissues and organs are formed for
specialized functions. We also highlight key advancements in the field
that are contributing to a broad understanding of human
embryogenesis, organogenesis and physiology. We conclude by
summarizing the key advantages of using dynamic microfluidic or
microphysiological platforms to study intricate developmental
processes that cannot be accurately modeled by using traditional
tissue culture vessels. We also suggest some exciting prospects and
potential future applications of these emerging technologies.

KEY WORDS: Biophysics, Microfluidics, Microphysiological
systems, Organs-on-chips, Tissue engineering, In vitro models

Introduction

Human development involves multiple concerted and coordinated
events that enable the formation of tissues and organs. The
ability to model and understand the contributions of different
microenvironmental factors to various physiological processes —
including cell fate decisions, embryonic development and
organogenesis — is crucial for uncovering biological mechanisms
and therapies. Many established methods for studying developmental
processes have been limited to static ex vivo cell cultures in two-
dimensional (2D) substrates, multicellular spheroids and organoids,
or in vivo animal models. Each of these methodologies has unique
advantages, as well as some limitations. For example, although
traditional multiwell plate and biopsy cultures have provided
simple and inexpensive means to study cellular behavior, their
physiological relevance is limited by the lack of tissue-like
structures and the inability to modulate mechanical properties and
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fluid dynamics. In addition, cell culture systems require frequent
media changes to limit cellular exposure to toxic agents and debris.
Traditionally, animal models have been used to assess the
deleterious effects of gene mutations or drug exposure on
developing organs and tissues. However, some developmental
and biological pathways are not conserved in humans, and hence
animal models often only partially represent physiology and disease
phenotypes (Ingber, 2020). Organoids have garnered interest for
their ability to model some of the early stages of organ development.
However, current methodologies for generating organoids usually
result in models with fetal-like characteristics, thus lacking the
appropriate cell differentiation states and patterning observed in
postnatal and adult tissues and organs. Additionally, organoids
are usually not perfusable owing to the lack of microvascular
structures with accessible lumina (Hofer and Lutolf, 2021). In
contrast, microfluidic systems (uFs) can closely mimic the
developing in vivo environment by utilizing substrates with
tunable mechanical properties and variable three-dimensional
(3D) architectures, while continuously providing nutrients and
oxygen to cells through media perfusion (Hofer and Lutolf, 2021).

uFs are small-scale devices (approximately the size of a computer
memory stick), which contain channels with micrometer-scale
dimensions (Whitesides, 2006). These devices are engineered using
various technologies and the channels within the device can be
micropatterned to achieve the desired dimensions, geometry, forces
and gradients of molecular signals. uFs offer the advantages of
being more physiologically relevant and species specific, equipping
researchers with tools to address questions related to tissue
development and disease, while potentially being more cost-
effective than in vivo animal studies. However, uFs do have some
limitations (Table 1).

In this Primer, we introduce pFs as an emerging tool for modeling
development. We discuss how different types of uFs have been
designed and engineered, how these systems help to recapitulate
human organ function, and how they overcome the limitations of
traditional tissue culture systems and organoids. We then dive into
how human embryonic development and organs have been studied
and modeled by pFs. Finally, we suggest some prospects and
potential future applications of these emerging puF technologies.

Microfabrication of microfluidic devices for modeling tissue
development and function

uFs are engineered using photolithography and soft lithography
techniques (Fig. 1). In photolithography manufacturing, microscale
structures of a light-sensitive polymer or photoresist are transferred
onto a silicon wafer (Weibel et al., 2007) by coating it with
photoresist material and then projecting ultraviolet (UV) light
through a mask onto the wafer. The mask consists of transparent
glass coated with opaque chrome at specific regions, which enables
selective transmission or blocking of UV light onto the wafer. Two
types of photoresist (positive and negative) are commonly used.
Upon exposure to UV light, positive photoresist becomes soluble in
an aqueous developer solution, whereas negative photoresist
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Table 1. Limitations and potential solutions of using microfluidic devices for biological applications

Topic Limitations Potential solutions

Materials The hydrophobic properties of polydimethylsiloxane (PDMS) cause  Explore alternative materials, such as polymethyl methacrylate
adsorption of hydrophobic molecules from the tissue culture media (PMMA), to replace PDMS (Chuchuy et al., 2021).
(Regehr et al., 2009).

Design The design of microfluidic systems usually requires technical Balance the complexity of structures and simplify the

Manufacturing

Setup, space and

cost

expertise or microfabrication skills that might not be readily
available in biology labs or research teams (Low and Tagle, 2017).

The production of microfluidic devices can be time-consuming,
taking up to several days. This makes it difficult to scale up or mass
produce, which also limits their applications for high-throughput
analyses (Yu et al., 2019).

Although microfluidic devices are small, the complete experimental
setup, which includes connections to media reservoirs and pumps
for fluid flow, has a larger footprint than traditional tissue culture
plates and dishes. This limitation also adds to the cost of using

manufacturing process. Also, automated 3D printing
technologies can provide accessible platforms for producing
sophisticated tissue-like structures (Ho et al., 2015).

Increase the number of PDMS casting molds that are used for
each batch of PDMS chips to improve production speed, 3D
printing can also help to improve high-throughput production
(Bhattacharjee et al., 2016).

The use of tubing-free and pumpless microfluidic devices to
introduce fluid flow can greatly improve this challenge and
simplify culture methods for many labs (Lohasz et al., 2019).

these devices (Yu et al., 2019).

becomes insoluble. Hence, the exposed positive photoresist or
unexposed negative photoresist is subsequently removed by
dissolution with the developer. The resulting wafer provides a
mold to produce inverse copies of the structures or microscale
channels within polymerized polydimethylsiloxane (PDMS). These
engineered PDMS copies are combined with blank PDMS slabs to
assemble the pFs for final use (Duffy et al., 1998). If desired, PDMS
copies with microscale structures can be used as molds to produce
puFs from other materials, including biodegradable synthetic
polymers, such as poly(dl-lactide-co-glycolide) (PLGA) (Fig. 2)
(King et al., 2004).

In addition to photolithography, printing technology can simplify
the fabrication of pFs. For example, laser printers can print opaque
inks onto transparent sheets to replace the more expensive chrome
masks (Xia and Whitesides, 1998). 3D printing technology
(Fig. 3A) is a potential alternative to photolithography and silicon
wafers for the production of PDMS-based pFs (Fig. 3B) (Ozbolat

Positive photoresist

P U -

UV light )
V Dissolve exposed

photoresist
-

et al., 2018). Furthermore, 3D printing has expanded the use of
biodegradable polymers, such as PLGA, poly-L-lactic acid (PLLA)
and polycaprolactone (PCL) (Vozzi et al., 2003, 2002), that can be
easily molded to form the desired patterns or channels for
microfluidic devices. In addition, 3D printing has enhanced the
level of complexity with which pFs can be designed and built to
achieve specific structures and affect cellular responses (Wu et al.,
2011). Bioprinting or 3D bioprinting, which involves precise
deposition of living cells, physiological signaling molecules and/or
polymeric scaffolds, has improved our ability to recapitulate tissue
structure and biological responses within pFs. For example,
interconnected microvascular networks have been recapitulated in
a bioprinted collagen/fibrin puF through angiogenic sprouting
induced by bioprinted endothelial cells (Fig. 3C) (Lee et al.,
2014b). Similarly, Lutolf and colleagues have modeled a perfusable
intestinal tube through multicellular self-organization of bioprinted
multipotent stem cells, such as intestinal stem cells and

Fig. 1. Microfabrication of a PDMS
microfluidic device with
photolithography and soft lithography
manufacturing processes.
Microstructures of a negative photoresist
are transferred onto a silicon wafer during
photolithography. Similarly,
microstructures of positive photoresist can
be transferred onto wafers, as shown in the
inset (gray box). The width and height
(z-dimension) of the microstructure is
>100 nm. The wafer is used as a mold to
produce a PDMS replica during soft
lithography. The replica is used to
assemble a microfluidic device. Re-drawn
based on studies by Duffy et al. (1998).
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Fig. 2. Microfabrication of a
biodegradable synthetic polymer-
based (thermoplastic) microfluidic
device using photolithography and
soft lithography manufacturing
processes. Microstructures of a
negative photoresist are transferred
onto a silicon wafer during
photolithography. The wafer is used as
a mold to produce a PDMS replica

during soft lithography. The PDMS
replica is then used as a mold to
produce a thermoplastic replica. The
thermoplastic replica is used to
assemble a microfluidic device. Re-
drawn based on studies by King et al.
(2004).
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mesenchymal stem cells (MSCs), within a collagen/Matrigel pF
(Fig. 3D) (Brassard et al., 2021).

Molecular and biophysical regulation of tissue formation

and function

Molecular gradients

During embryonic development, concentration gradients of
morphogens are crucial for the lineage specification and proper
patterning of cells, tissues and organs. For example, Wnt signaling
orchestrates the development of the primary body axis during the
development of multicellular organisms by polarizing primary cells
and directing the spatial organization and fates of daughter cells
(Loh et al., 2016). pFs can generate Wnt3 gradients and a graded
Wnat signaling response in human embryoid bodies (Cimetta et al.,
2013). Subsequently, user-controlled systems have been developed
for the modulation of cells, such as human pluripotent stem cells
(hPSCs). For example, tunable morphogen gradients (Fig. 4) have
enabled the formation of dynamic spatial patterning of ectoderm,
trophectoderm and mesendoderm cell fates from hPSCs (Manfrin
et al., 2019; Regier et al., 2019). In addition, static and fluid flow-
based pFs can generate molecular gradients to induce primitive
streak formation (Cui et al., 2020). Molecular gradients are also
important for regulating the sprouting and branching of blood
vessels during angiogenesis (Costa et al., 2020). A high-throughput
WF can recapitulate angiogenic sprouting (van Duinen et al., 2019),
revealing that prolonged gradient exposure promotes the formation
of sprouts that are capable of connecting to other outgrowths within
parallel perfusion channels, and leads to pruning and modulation of
the capillary structure. Another study has revealed that vascular
endothelial cell migration and proliferation can be modulated by
oxygen concentration gradients within pFs (Shih et al., 2019), with

Thermally bond
replica and blank to
form tight seal

Punch holes, attach
tubing and perfuse

endothelial cells migrating towards low-oxygen areas. Together,
these results indicate that pFs can be used to study the effects of
molecular gradients on tissue development and patterning.

Future investigations into the mechanisms of primitive streak
formation using pFs could further enhance our understanding of
how deleterious genetic mutations occur and influence disease
progression, potentially enabling the development of targeted
therapies for developmental defects.

Regulation of mechanotransduction

Mechanotransduction is the process by which cells sense
mechanical stimuli (Fig. 4) in their microenvironment or
intracellularly and convert these signals into biochemical cues to
affect gene regulation (Hayward et al., 2021).

Fluid forces (fluid shear stress)

The ability of pFs to control fluid flow dynamically makes them
suitable for investigating how fluid forces, such as pressure, strain
and shear stress, influence cellular processes (Huber et al., 2018).
For example, fluid shear stress can be manipulated in pFs by
changing the flow rate of the tissue culture medium or by altering
the dimensions and geometry of the fluidic microchannels (Fig. 4).
Fluid shear stress plays key roles in regulating endothelial cell
migration and thus angiogenesis and neovascularization. Indeed,
the impact of fluid shear stress on vascularization has been
extensively studied using pFs (reviewed by Akbari et al., 2017).
Hsu and colleagues have utilized pFs to investigate the role of
luminal shear stress on neovascularization, which is important in
angiogenesis because fluid shear stress plays key roles in regulating
endothelial cell migration (Li et al., 2005). High levels of shear
stress inhibit endothelial sprouting, whereas reduced luminal shear
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Fig. 3. Microfabrication of microfluidic devices using 3D printing and bioprinting technologies. (A) Modalities of 3D printing and bioprinting technology for
layer-by-layer microfabrication, including laser-initiated photopolymerization of a synthetic resin or biopolymer precursor, extrusion of a thermoplastic or biopolymer
filament, and deposition of droplets of a liquid binder over metals, sand or ceramics, which are available in granular form. Inset (grey box) shows droplet-based
bioprinting. (B) 3D printing of synthetic polymers for microfabrication of molds and complete microfluidic devices. (C) 3D bioprinting of biopolymers, living cells and
physiological signaling molecules for microfabrication of a microfluidic device consisting of an interconnected vascular network (left) and a microfluidic device
consisting of a perfusable intestinal tube (right). Re-drawn based on published studies (Brassard et al., 2021; Lee et al., 2014b; Miller et al., 2012).
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stress promotes neovascularization. Fluid shear stress also facilitates
vascularization and differentiation of kidney organoids by
enhancing vascular outgrowths and the cellular phenotype to
mimic early stages of kidney development (Homan et al., 2019).
Furthermore, fluid shear stress influences the differentiation of
MSCs into osteocytes (Yourek et al., 2010). Jiang and colleagues
have engineered uFs with an objective lens that allows live-cell
imaging of the MSCs in the device (Zheng et al., 2012), and the
authors have shown that the cells initially undergo contraction,
followed by re-spreading after an hour of fluid shear stress
stimulation. Mechanistic studies have revealed the involvement of
key mechanotransduction pathways as cells respond to fluid shear
stress.

Substrate stiffness and mechanical strain
In addition to fluid shear stress, uFs have provided insights into the
role of other mechanical stimuli, such as substrate stiffness and
compressive forces, on cell fate determination and organ
development. Naderi-Manesh and colleagues have investigated
the role of substrate elasticity on human amniotic MSC
differentiation in pFs using a substrate containing fibrin hydrogel
and gold nanowires (Hashemzadeh et al., 2020). By modulating
hydrogel elasticity, soft substrates with low fibrin content
preferentially guide chondrocyte differentiation of the MSCs,
whereas the stiff substrate with high fibrin content promotes
osteocyte differentiation. Additionally, mechanical strain plays a
crucial role in the development of various organs, including the
kidneys, gut and lungs (Huh et al., 2010; Kim et al., 2012; Musah
et al.,, 2018, 2017). For example, applying physiological cyclic
strain to a pF containing human alveolar epithelial cells and
microvascular endothelial cells results in the alignment of the
endothelial cells, resembling observations in vivo (Huh et al., 2010).
Studies aiming to reconstitute human kidney functions in vitro have
applied mechanical strain (stretch and relaxation motions) in
vascularized pFs lined by hPSC-derived podocytes, which
significantly improves the development of multicellular structures
that more closely mimic the tissue-tissue interface and function of
an intact human kidney glomerular capillary wall (Musah et al.,
2018, 2017; Roye et al., 2021; Uccelli et al., 2008).

Together, these studies illustrate that LF's possess unique biophysical
properties that enable stimulation of mechanotransduction pathways
to influence tissue development and structural organization.

Embryogenesis

Embryogenesis is an intricate process characterized by cell division
and differentiation in the early stages of development to form an
embryo. The early stages of this process consist of key events, such
as fertilization, germinal stages, implantation, placenta formation,
and neurulation. However, human embryogenesis is difficult to
study in vivo because of ethical concerns and the availability of
early-stage embryos. uFs provide physiologically relevant platforms
with controllable and reproducible features for modeling and
understanding the cellular and molecular mechanisms of
development in humans and other species.

Fertilization, germinal stages and pre-implantation development

Fertilization, the first step of embryogenesis, has been modeled in a
variety of uFs using murine, bovine or porcine cells and tissues
(Weng, 2019). After fertilization, the zygote enters the germinal
stage and undergoes cleavage divisions leading to the development
of blastomeres. Recent work has employed pFs that combine cell
isolation, imaging, single-cell immunoblotting and isolation of

nuclei for RT-qPCR to investigate protein heterogeneity profiles in
two- and four-cell murine embryos (Rosas-Canyelles et al., 2020).
Specifically, sister blastomeres from four-cell embryos display
higher heterogeneity for the DNA damage repair protein GADD45a
than two-cell embryos, validating prior single-cell RNA-
sequencing studies. This pF could enhance current understanding
of gene and proteome expression profiles at the single-cell level.
Mammalian embryos cultured in smaller groups using traditional
in vitro methods tend to display lower viability. To overcome these
limitations, puFs using an isolated microdrop embryo-culture system
supplemented with epidermal growth factor have been used to
successfully culture single, isolated embryos up to the blastocyst
stage in vitro (Paria and Dey, 1990; reviewed by Krisher and
Wheeler, 2010). Additionally, uFs have been used to sort embryonic
cell populations in order to dissect gene expression programs in a
variety of species (Briggs et al., 2018; Klein et al., 2015).

These studies have revealed that the environment provided by puFs
can support in vitro culture of individual embryos up to the
blastocyst stage and allow selection of high-quality embryos for
subsequent applications (Hashimoto et al., 2012; Kieslinger et al.,
2015).

Implantation

At the blastocyst stage, the human embryo would typically implant
in the uterus and the inner cell mass reorganizes into the epiblast and
hypoblast layers. To model post-implantation tissue organization, a
uF device consisting of three-parallel channels has been developed:
one microchannel is used for cell loading, another for supplying cell
culture medium and morphogens, and the third, centrally located
microchannel contains the extracellular matrix (Zheng et al., 2019).
Human embryonic stem cells (hESCs) injected into the cell-loading
channel form clusters or aggregates and subsequently differentiate
within these microwells. This approach produces epiblast-like cyst
structures that resemble the pro-amniotic cavity. By altering the
morphogens perfused into the pFs, the authors can anteriorize or
posteriorize the resulting sacs. Additional analysis of posteriorized
sacs has revealed stratified epiblast epithelium preluding human
gastrulation and consisting of the primitive streak, induced
mesoderm-like cells and primordial germ cell-like cells. However,
these sacs lack a trophoblast layer and primitive endoderm, both
of which are required for proper development of the placenta and
linings of the digestive tract and respiratory structures in vivo.
Still, this study highlights the potential of using hESCs for modeling
embryogenesis within the limits of the previously established
14-day embryo culture guidelines (Daley et al., 2016). These
studies could be extended in the future to produce constructs with
secondary fluidic channels for medium perfusion and incorporation
of heterogenous cell populations to generate and simultaneously
pattern early embryonic tissues (Fig. 5).

Placenta development

During fetal development, the placenta facilitates the transport of
nutrients and oxygen from the mother and the removal of waste from
fetal circulation. The placenta consists of two cell layers (trophoblast
and capillary endothelium) separated by a thin interstitial layer.
Together, these components make up the placental barrier, which
protects the fetus from harmful particles or toxins circulating in the
maternal blood. Several pFs (Fig. 6A) model the placental barrier by
culturing human trophoblasts and umbilical vein endothelial cells,
separated by an extracellular matrix (Lee et al., 2016). These
systems produce more mature cellular phenotypes than those
previously developed using traditional in vitro culture methods
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Fig. 4. Schematic of molecular gradient and mechanical or biophysical cues presented by microfluidic systems. A microfluidic device (right) that provides
molecular gradients as well as media (fluid) flow compared with static culture conditions lacking both features (left). The use of molecular gradients can reveal the
concentration-dependent effects of molecules on cell phenotype and tissue patterning.

because media perfusion in pFs results in higher densities of
trophoblast microvilli, which are important for molecular transport
across the placental barrier (Blundell et al., 2016). pFs can also be
used to study mother-fetus molecular crosstalk of nutrients, such as
glucose, drugs and potential toxins (Blundell et al., 2016; Fry et al.,
2019; Lee et al.,, 2016). For example, the placental barrier is
permeable to carcinogenic TiO, nanoparticles, commonly found in
sunscreens (Fry et al., 2019). Thus, puF placenta models hold great
potential for evaluating drug toxicities in the developing fetus and
assessing how maternal nutrient and hormonal profiles may affect
fetal development.

Neurulation

Neurulation begins around the fourth week of gestation and gives
rise to the neural tube, which later becomes the central nervous
system (reviewed by O’Rahilly and Muller, 1994). As mentioned
above, uFs with a molecular gradient can model neural tube
development from hESCs (Rifes et al., 2020). By exposing hESCs
to a gradient of a GSK3 inhibitor (a canonical WNT activator), the
WNT gradient necessary for specifying rostral-to-caudal neural axis
can be mimicked, with the resulting tissue expressing the caudal
marker GBX2 and rostral marker OTX2 in the expected regions.
Further differentiation results in the development of neural
subregions, such as the midbrain and hindbrain, although these
regions lack the characteristic OTX2 caudal borders typically
observed in vivo (Broccoli et al., 1999). This limitation of the
engineered model could arise from the absence of exogenous WNT
agonists and retinoic acid; WNT agonists, such as DKKI, play
crucial roles in anterior neural tissue formation and retinoic acid can
further posteriorize neural tissues by regulating the expression
of Hox genes in the hindbrain (Kiecker and Lumsden, 2005).
Thus, appropriate regulation of these molecular targets and
pathways could promote delineation of neural tissues, such as the
midbrain-hindbrain boundary. Additionally, the ability to propagate

the engineered model over prolonged periods could enhance the
development of more specialized tissue structures, such as the
neural crest and somites. In fact, somitogenesis has recently been
achieved using pFs that oscillate WNT, FGF and retinoic acid
signaling (van Oostrom et al., 2021).

Microfluidic models of human organs and physiology

During human embryonic development, gastrulation leads to the
formation of three germ layers: ectoderm, mesoderm and endoderm
(Sadler, 2018). pFs have been used to model the structures and
functions of many organs (Rennert et al., 2015; Sriram et al., 2018;
Wang et al., 2019); we discuss below some of the models that also
recapitulate the process of tissue formation or organ development,
including some specific examples representing organs or tissues
derived from each of the three germ layers (Fig. 6A-H).

Heart

Heart development begins, at approximately 18-19 days post-
fertilization in humans, with factors (such as GATA4) from the
underlying endoderm directing the mesoderm towards a cardiac fate
(reviewed by Tan and Lewandowski, 2020). Once cardiomyocytes
(contractile cardiac cells that perform the rhythmic beating of the
heart) have differentiated, they respond to mechanical stimulation, as
well as changes in organ size. |Fs can be used to apply mechanical
stimuli or stress to facilitate the differentiation of hESCs into
cardiomyocytes and, in some cases, uFs produce higher yields of
cardiomyocytes compared with those generated using embryoid-
body methods (Wan et al., 2011). Studies have modeled the effects of
mechanical forces on cardiomyocytes observed during organogenesis
(Fig. 6B) (Giridharan et al., 2010; Rogers et al., 2016), collectively
resulting in the development of pFs capable of modeling the
mechanical stretch and atrioventricular pressure seen in the heart,
showing that gradual introduction of these biophysical forces,
together with a continuous supply of nutrients, leads to greater cell
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Fig. 5. Schematic of a microfluidic device for modeling early stages of embryogenesis through the generation of blastoid- or gastruloid-like structures.
Seeding of hPSCs or ESCs into a construct with microwells promotes cell aggregation and self-organization. Perfusing the media channels with morphogens
(such as FGF2) could direct the cell aggregates to acquire cell fates and pattern into blastocyst-like tissue structures. Varied morphogen perfusion in the
respective channels could also direct the aggregates to form specific organoids, such as cardioids. Re-drawn based on studies by Zheng et al. (2019).

viability and proper tissue alignment, which is crucial for the
formation of other cardiac tissue structures, such as the endocardial
cushions that later form cardiac valves. Some initial studies have
suggested that human endothelial cells in traditional 2D culture
systems are unable to undergo the endothelial-to-mesenchymal
transition (EMT) required for endocardial cushion formation (Hunter
et al., 2018). In contrast, endothelial cells cultured under fluid flow
align themselves in the direction of the flow, which might make them
more susceptible to EMT in the presence of signaling factors, such as
TGFB (Ma et al., 2020). Compartmentalization of the heart into four
different chambers with valves presents some of the greatest
challenges of modeling cardiogenesis in vifro. Recently, human
hPSC-derived cardiac organoids (or ‘cardioids’), which undergo
morphogenesis and self-organization in response to WNT and VEGF
signaling to form a cavity that mimics a heart chamber, have been
developed (Hofbauer et al., 2021). Using these organoids in
combination with mechanical stress in a perfusable system could
enable the development of uFs that are capable of modeling events
such as a cardiac tube or pericardium formation.

Lungs

Lung organogenesis begins with the formation of the lung bud,
which develops from the endoderm-derived foregut. As embryonic
development progresses, the lung bud extends to eventually form
laryngotracheal and bronchial buds, which subsequently leads to
branching morphogenesis and formation of the complex lung
architecture (reviewed by Schittny, 2017). The lungs were one of the
first organs to be modeled in uFs (Huh et al., 2007, 2010). More
recently, uFs have been used to demonstrate that branching
morphogenesis, smooth muscle contraction and the rate of tissue
maturation of the lungs are influenced by pressure differences
between the airway lumen and pleural cavity (Nelson et al., 2017).

However, murine embryonic lung explants were used in this study,
which are physiologically different from human lungs (Pan et al.,
2019). Future work modeling these effects on human embryonic
lungs could use branching lung organoids (Vazquez-Armendariz
and Herold, 2021) in pFs to examine the contribution of mechanical
cues, such as pressure and fluid flow rate, as well as tissue expansion
and relaxation to mimic breathing. Another key process in lung
development is the formation and maturation of the alveoli, which
provide the optimal surface area for gas exchange and form the air-
blood interface of the alveolar wall. Sznitman and colleagues have
used a human alveolar cell line seeded in the pF (Fig. 6C) to
investigate the effects of fluid flow on the formation and maturation
of alveolar structures (Tenenbaum-Katan et al., 2015). Using this
system, the authors modeled fluid flow dynamics at different
developmental stages and calculated the level of wall shear stress at
various points within the pF-based alveolar structures. Although
this biomimetic model only includes one cell type, the resulting cell
monolayers are reminiscent of alveolar epithelium typically seen in
fetal lung tissue. More recent studies have designed lung chips that
include several types of epithelial cells interfaced with endothelial
cells. Although these puFs have been used to model more mature
physiology (rather than early developmental processes), they could
be useful for studying the etiology of pulmonary diseases and for the
discovery of therapeutics (Gkatzis et al., 2018; Jain et al., 2018).
Overall, pFs provide an attractive platform for studying the
embryonic, fetal and postnatal development and maturation of
human lungs.

Bone

The formation of bone (known as ossification or osteogenesis)
begins in humans between the sixth and seventh weeks of
embryogenesis, and continues until approximately 25 years of age

7

DEVELOPMENT



PRIMER

Development (2022) 149, dev199463. doi:10.1242/dev.199463

A Placenta

Lee et al., 2016
Blundell et al., 2016

B Heart

Giridharan et al., 2010
Grosberg et al., 2011

E Male reproductive system

Komeya et al., 2016
Robinson et al., 2021

F Female reproductive system

Choi et al., 2014
Xiao et al., 2017

G Kidneys

C Lungs

Huh et al., 2010
Tenenbaum-Katan et al., 2015

D Bone

Sieber et al., 2018
Bahmaee et al., 2020

Jang et al., 2013
Musah et al., 2017
Roye et al., 2021

H Brain and neurovascular unit

Wang et al., 2018
Maoz et al., 2018

Fig. 6. Microfluidic devices for modeling the development and function of various tissues and organs. (A) Microfluidic devices have been used to model
the placental barrier (Lee et al., 2016) and have been used to recapitulate maternal-fetal crosstalk (Blundell et al., 2016). (B) Contractile myocytes are commonly
used to produce cardiac microfluidic devices (Grosberg et al., 2011) and these systems can subsequently be used to model pharmacological responses
(Giridharan et al., 2010). (C) The lungs were one of the first organs modeled using microfluidic devices (Huh et al., 2010), and processes involved in fetal lung
development have also been observed (Tenenbaum-Katan et al., 2015). (D) Cells cultured in a microfluidic device mimicking the bone marrow niche are capable
of differentiating into specialized types (Sieber et al., 2018), including osteoblasts which facilitate osteogenesis (Bahmaee et al., 2020). (E) Testicular tissue
explants cultured in microfluidic devices can generate functional spermatozoa (Komeya et al., 2016), and bioprinted testicular cells organize into their native
cytoarchitecture while maintaining their functionality (Robinson et al., 2021 preprint). (F) The role of mechanical heterogeneity in the ovulation of ovarian follicle
explants has been studied using microfluidic devices (Choi et al., 2014), and the relationship between the female reproductive tract and the endocrine system has
also been studied using connected microfluidic modules (Xiao et al., 2017). (G) The absorption and filtration functions of the kidney proximal tubules (Jang et al.,
2013) and glomerulus (Musah et al., 2017; Roye et al., 2021), respectively, have been modeled using microfluidic devices. (H) Microfluidic devices facilitate the
differentiation and organization of brain organoids for studying developmental diseases or pharmacological toxicity (Wang et al., 2018). Similarly, multiple
microfluidic devices can be coupled to model the blood-brain barrier for observing cell crosstalk and barrier function (Maoz et al., 2018). Anatomical diagram was

created with BioRender.com.

(Breeland et al., 2020). Bone undergoes constant remodeling
throughout life and is capable of regeneration after injury (Dimitriou
et al., 2011; Einhorn, 1998; Ramachandran, 2018). pFs are useful
for studying bone formation and development because they provide
3D environments that can mimic the iz vivo bone tissue structure.
Incorporation of fluid flow provides fluid shear stress, which
facilitates bone formation. For example, Basu and colleagues have
developed a pF that contains ultra-high molecular weight
polyethylene reinforced with multiwalled carbon nanotubes and/
or nanohydroxyapatite (Naskar et al., 2018). By seeding the system
with human MSCs to study osteogenesis under shear stress, the
authors have characterized three different stages of osteogenesis.
Claeyssens and colleagues have developed a 3D pF to study bone
formation from human embryonic stem cell-derived mesenchymal

progenitor cells (Fig. 6D) (Bahmaee et al., 2020). Here, the cells
show enhanced osteogenic differentiation and matrix mineralization
when exposed to cyclic fluid flow with intermittent rest periods.
Given the role of mechanics in osteogenic differentiation and the
dynamic culture environments provided by pFs, it would be
intriguing to examine the role of substrate stiffness or mechanical
properties on bone formation using pFs (Lee et al., 2014a).

Blood

The ability to study hematopoiesis in vitro could improve the
understanding of blood development and related diseases, such as
anemia and leukemia (Jagannathan-Bogdan and Zon, 2013). uFs
focusing on bone marrow and hematopoiesis have been engineered.
For example, Ingber and colleagues have created a mouse ‘bone
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marrow-on-a-chip’ system by exposing ex vivo cultures of primary
bone marrow to fluid flow, bone-inducing growth factors and
materials embedded in a PDMS-based pF (Torisawa et al., 2016,
2014). The resulting bone marrow pFs contain cells that express
hematopoietic genes and key hematopoietic niche cells.
Additionally, the population of blood cells increases gradually for
up to 10 days of in vitro culture, suggesting that the bone-marrow
chip is capable of hematopoiesis. Recently, work using hPSCs to
generate hemogenic endothelium has enabled the generation of a pF
model of the human dorsal aorta, from which hematopoietic stem
cells are first produced (Lundin et al., 2020). Under fluid shear stress
and cyclic strain, the cells increase expression of the hematopoietic
marker RUNX1. The dynamic tissue culture conditions within this
uF provide a great example of how fluid shear stress and cyclic
mechanical strain can regulate distinct cellular responses to affect
tissue development and function.

The reproductive system

Spermatogenesis

Reproduction is the process by which precise patterning and
coordination between cells, tissues and organs produce viable
offspring. In males, the reproductive organs function to produce
viable sperm in a process known as spermatogenesis (reviewed by
Griswold, 2016). Early attempts to model rat and human
spermatogenesis involved 3D ex vivo culture of testicular tissues
on a suspension system that was partially immersed in a medium to
facilitate nutrient delivery and gas exchange (Steinberger, 1967).
However, maintenance of such ex vivo cultures is limited by the lack
of a microvascular system, which is crucial for tissue homeostasis.
To overcome this challenge, neonatal mouse testis tissues cultured
in a puF consisting of a tissue chamber and a fluidic channel for
medium perfusion (Fig. 6E) allows tissue maturation and sustained
spermatogenesis for up to 6 months (Komeya et al., 2016). The
resulting sperm can fertilize an egg (through micro-insemination)
and produce offspring. Recently, 3D bioprinted pFs consisting of
human testicular cells have been used to create a biomimetic
spermatogenic niche (Robinson et al., 2021 preprint). Although this
system does not produce spermatozoa within the examined culture
period, there is a significant expression of genes involved in self-
renewal, differentiation and spermiogenesis. This system
successfully mimicked the in vivo cytoarchitecture of testicular
cells, but it lacked the in vivo complexity of peritubular and
interstitial cell placements. This could be improved in the future by
introducing additional printing nozzles to facilitate compartmental
printing and interfacing the bioprinted tissues with a perfusable pF
channel(s) to deliver morphogens and further pattern the printed
structures. Together, these studies indicate that uFs can extend the
capabilities of in vitro tissue culture platforms to study the biology
of male reproductive tissues.

Oogenesis and the menstrual cycle

Immature eggs are produced in the ovarian follicle where they are
stored and matured through hormonal stimulation, followed by
release into the fallopian tubes for fertilization or removal from the
body (reviewed by Richards et al., 1998). The development of the
ovarian follicle (folliculogenesis) has been modeled in pFs using
non-planar fluid flow to encapsulate early murine follicles in a soft
collagen gel core surrounded by a hard alginate shell to mimic the in
vivo tissue environment (Choi et al., 2014). Once the cultured
follicles mature to the antral stage (characterized by a fluid-filled
cavity), they undergo ovulation in vitro without additional
exogenous hormonal stimulation. During ovulation, the oocyte is

released from the ovary and then passes into the fallopian tube
where it is exposed to biochemical and biophysical stimuli that
impact the early stages of embryogenesis. To model the fallopian
tube environment in vitro, a uF has been developed that consists of
primary bovine oviduct epithelial cells cultured under fluid flow
(Ferraz et al., 2018). This system is responsive to cycling hormones
(e.g. progesterone and estrogen), exhibits enhanced cell
differentiation under fluid flow, and is capable of facilitating
fertilization in vitro. After oocytes leave the fallopian tubes, they
reach the uterus where they either implant into the endometrium or
are shed with the endometrial lining during menstruation. These
processes have also been modeled in pFs using human and murine
tissues (Gnecco et al., 2017; Xiao et al., 2017). Modeling of the
female reproductive tract and hormonal profile of a 28-day human
menstrual cycle has been achieved by linking together several
organ-on-chip modules, including pFs of the ovaries, fallopian
tubes, uterus and cervix (Fig. 6F) (Xiao et al., 2017). By controlling
the levels of follicle-stimulating hormone and human chorionic
gonadotropin  (hCG), hormonal profiles that resemble those
observed during a 28-day menstrual cycle are reproduced.
Intriguingly, interconnecting the different pFs in sequence
increases cell viability, ciliary activity, proliferation and secretory
function over prolonged culture in vitro. Additionally, the
engineered in vitro model of the fallopian tube mimics
pregnancy-like progesterone secretion when stimulated with
exogenous hCG and can sustain the corpus luteum for 14 days
after ovulation. Taken together, these studies provide compelling
evidence for the utility of pFs in understanding the development and
functions of the female reproductive organs, providing
opportunities to investigate reproductive health and disorders ex
vivo.

Kidneys

The functional kidneys develop from the primary ureteric bud,
which is a derivative of the Wolffian duct (Michos, 2009). By
36 weeks of gestation in humans, most nephrons (functional unit of
the kidneys) are formed (Faa et al., 2012). Several uFs have been
established to model the development and functions of nephron
components, such as the glomerulus and proximal tubule. For
example, pFs have been used to induce the differentiation of hPSCs
into podocytes (glomerular epithelial cells) to reconstitute the
structure and molecular filtration function of the kidney’s
glomerulus (Fig. 6G) (Musah et al., 2017, 2018). Intriguingly,
modeling the stretch and relaxation motions observed in glomerular
capillaries in vivo has revealed a role for mechanical strain on the
development and maturation of kidney cells, which is not possible
to model in traditional tissue culture systems. This earlier work
inspired the generation of a personalized uF of the human kidney
glomerulus for which the epithelial (podocyte) and endothelial
(vascular) layers are engineered from a specific patient’s hPSCs,
which also recapitulate drug-induced nephropathy in vitro (Roye
etal., 2021). The establishment of personalized models of uFs could
help advance mechanistic studies of disease and facilitate precision
medicine applications. A layer of basement membrane proteins
separates the podocyte and endothelial tissues of the glomerular
filtration barrier; therefore, pFs that recapitulate the selective
filtration of molecules from the wvascular to the urinary
compartments of the kidneys employ engineered membranes to
separate the fluidic channels representing each of these
compartments. Some of these engineered membranes are thicker
than the glomerular basement membrane in vivo; thus, future studies
that employ thinner and biodegradable materials could be useful for
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kidney tissue engineering. Although this is yet to be accomplished,
a uF of the glomerulus lacking an engineered filtration barrier has
been established (Petrosyan et al., 2019); however, the lack of
dedicated fluidic compartments limits its utility for studying the
selective filtration of molecules from the blood and the analysis of
urinary filtrate. A pF of proximal tubules (Fig. 6G) has demonstrated
the importance of fluid shear stress in mimicking physiological
functions of the kidney’s proximal tubule epithelium (Jang et al.,
2013). The transport function (or receptor-mediated endocytosis) of
these cells is enhanced by fluid flow or shear stress compared with
cells propagated under static culture conditions. Although kidney
organoids typically exhibit immature, fetal-like characteristics,
modulation of fluid shear stress in a 3D-printed uF can improve
the vascularization of stem cell-derived kidney organoids (Homan
etal., 2019). However, recapitulation of complete nephron structure
and function using pFs is yet to be demonstrated. In the future, stem
cell-derived kidney cells and organoids could enable the generation
of complex tissues with multiple interconnected functional units,
thus improving the utility of current organoids and puFs for modeling
organ-level functionalities.

Nervous system

Brain

Development of the brain is a prolonged process that begins with
neurulation around 2 weeks after conception and continues into
adulthood (Tierney and Nelson, 2009). Brain development has been
extensively studied by applying brain organoid techniques with pFs.
Sur and colleagues have engineered a microfluidic bioreactor coupled
with an imaging chamber for culturing and in situ monitoring of brain
organoids (Khan et al., 2021). The system allows for long-term
tracking of brain organoid growth, self-organization and changes in
cell morphology. hPSC-derived embryoid bodies have also been
induced into brain organoids using uFs (Fig. 6H) with continuous
fluid flow, and the resulting brain organoids exhibit in vivo-like
developmental processes (Wang et al., 2018). The development of
brain organoids in uFs has been further enhanced by the incorporation
of hydrogel containing native human brain extracellular matrix
(BEM) components; the BEM provides the hPSC-derived embryoid
bodies with environmental cues that mimics the in vivo environment,
thus facilitating neurogenesis and formation of brain organoids with
improved structural and functional features (Cho et al., 2021). Despite
these significant advancements, brain organoids are limited by their
size, shape, tissue organization and lack of vascularization. Future
optimizations of the pF design and differentiation protocols to
provide the cells with more physiologically relevant mechanical and
molecular cues will further advance the development of brain
organoids to help study human brain development and diseases (Yu
et al., 2019).

The neurovascular unit and blood-brain barrier

The neurovascular unit (NVU) represents the structural and
functional relationship between the brain and blood vessels at the
cellular level. The blood-brain barrier (BBB) forms an interface
between the blood and brain tissue and it functions by regulating the
transport of ions, molecules and cells between these compartments,
thereby protecting the brain from potential toxins and pathogens in
circulation (Daneman and Prat, 2015; Rhea and Banks, 2019).
Sophisticated pFs that closely recapitulate the structure of the
NVU have provided more insight into how the cellular interface
affects its development and function. For example, Brewer and
colleagues have engineered a puF containing two chambers separated
by a thin, porous membrane representing the blood and the brain

Box 1. Methodological improvements to uFs for biological
application

The technical expertise required for the design, manufacturing and
handling of pFs limits the level of complexity researchers can build into
the system. However, recent advancements in manufacturing processes
have provided viable options for improving pFs for the study of
development. For example, light-based 3D-printed hydrogels provide a
transparent platform capable of producing intertwined perfusion
channels with integrated fluid mixing (Benjamin et al., 2019; Grigoryan
etal., 2019). Additionally, the incorporation of biomimetic materials, such
as electrospun extracellular matrices, can provide physiologically
relevant membranes and substrates as opposed to the traditionally
used PDMS membranes (Barlian et al., 2020; Wang et al., 2016). For yFs
that utilize bioprinting, the development of bioinks with minimal toxicity to
cells and coupled with coaxial extrusion nozzles can facilitate the
production of multiple constructs that can be crosslinked during printing
to engineer multiple subunits of tissues and organs for advanced tissue
modeling (Davoodi et al., 2020; Kjar et al., 2021). The inclusion of
biosensors within pFs can provide real-time data acquisition and
monitoring to help address a variety of questions related to tissue
development and function. For example, incorporating oxygen-sensing
microprobes within uFs has provided metabolic readouts for the onset of
cell damage or shifts in energy production (Cohen et al., 2021; Ehrlich
et al., 2018; Lee et al., 2020). Additionally, these biosensors can be
printed or integrated into the pFs, which can help minimize invasiveness
or tissue destruction often observed in platforms that require the use of
external probes for live-cell readouts (Jeong et al., 2015; Loo et al.,
2019). Beyond humans, uFs are amenable to culturing embryos of other
species to study their development (reviewed by Hwang and Lu, 2013;
Sonnen and Merten, 2019). These applications provide powerful
opportunities for parallel and high-throughput studies of phenotypic
and genetic changes during the development of different organisms,
providing insights into conserved and divergent processes across
species.

compartments (Brown et al., 2015). The device mimics BBB barrier
structure and function as demonstrated by the presence of tight
junctions, as well as time-dependent active transport of ascorbate to
the brain compartment of the uF. Mannix and colleagues have
engineered a pF that contains three types of individual chips to
model different flow compartments of the BBB, and the chips were
connected in accordance with the direction of fluid flow in vivo
(Fig. 6H) (Maoz et al., 2018). The authors show that fluidic
coupling of the pFs results in significant phenotypic and functional
change of cells in the system, providing insight into pathways that
are involved in metabolic coupling and crosstalk between the BBB
and neurons. Despite significant advancement in the understanding
of the NVU in adult brains, much remains unknown regarding its
development (Bell et al., 2020). A 3D pF that supports the
differentiation of neural stem cells into neurons has been developed
by Sudo and colleagues (Uwamori et al., 2017), which successfully
models neurogenesis and angiogenesis. By co-culturing neural stem
cells, human brain microvascular endothelial cells and MSCs in the
uF, they generate 3D neurovascular tissue. However, in this study,
the authors use genetically heterogeneous cells derived and pooled
from multiple sources. Given the capacity of induced pluripotent
stem cells to differentiate into almost any cell type, it would be
interesting to use cells from a single source in future, which could
better recapitulate developmental mechanisms of the NVU at the
patient-specific level.

Conclusions

The establishment of in vitro models has greatly enhanced the
ability of scientists and engineers to recapitulate and illuminate the
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mechanisms of human tissue development. However, traditional
tissue culture methods often lack physiologically relevant features,
such as fluid or blood flow, mechanical strain, and matrix
elasticities, necessary for recapitulating organ development and
function (Daems et al., 2020). Although current pF technologies do
not produce biomimetic models of whole organs, they can provide
insight into the development and function of specific tissues and
functional subunits of human organs (Ingber, 2020). uFs come in a
variety of forms equipped with multiple capabilities and provide
opportunities to study the effects of multiple stimuli on tissue
development. puFs also offer a more accessible and reproducible
format for studying human cellular and tissue organization in vitro.
Recent advancements in uF manufacturing methods will enhance
the accessibility and utility of this platform for modeling
developmental and physiological processes (Box 1). Combining
uFs with other tissue culture techniques (e.g. organoids) could
enable the derivation of developmentally specialized and functional
tissues (Park et al., 2019). For example, co-culturing gastruloids
with ectodermal progenitor cells could yield a more holistic
embryo-like model and culturing these gastruloids in perfusable
WFs could provide adequate oxygen and nutrients needed to induce
vascularization (Rossi et al., 2021). pFs can also be interconnected
or fluidically linked to create large-scale models of body systems or
human body-on-a-chip (Novak et al., 2020; Xiao et al.,2017; Zhang
et al., 2009). Such complex puFs could be useful for studying
developmentally regulated events in inter-organ communication,
disease pathogenesis and co-morbidities. For example, linking a
liver and brain chip could facilitate the investigation of how liver
cirrhosis and failure can lead to intracranial swelling
(Schwendimann and Minagar, 2017). In summary, puFs represent
an emerging and powerful technology that is transforming the
studies of human development ex vivo and advancing our current
understanding of cellular, molecular and physiological processes.
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