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Organ-on-chip systems integrate microfluidic technology and
living cells to study human physiology and pathophysiology.
These human in vitro models are promising substitutes for
animal testing, and their small scale enables precise control of
culture conditions and high-throughput experiments, which
would not be economically sustainable on a macroscopic level.
Multiple sources of biological material are used in the
development of organ-on-chips, from biopsies to stem cells.
Each source has its own peculiarities and technical
requirements for integration into microfluidic chips, and is
suitable for specific applications. While a biopsy is the tissue of
choice for the biomimetic response to ageing, induced
pluripotent stem cells hold great promise for the study of
genetic-related disease pathogenesis, and primary cultures
can fill the gap.
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Introduction

T'he majority of researchers test their biological hypoth-
eses on primary cultures in conventional Petri dishes,
focusing their attention to the biological response of the
cells, without tight control of the biological context sur-
rounding them. In contrast, pharmaceutical companies
conventionally test drugs on animals, but a high percen-
tage of lead compounds fail during the clinical trial phase
[1]. The linking concept between these two approaches is
given by the human organ-on-chip that will soon revolu-
tionize the way researchers perform their investigations
and pharmaceutical companies test their drugs [2]. The
term ‘chip’ refers to the design principles and microfab-
rication techniques used. The term ‘organ’ derives from
the tailoring of microenvironment architecture inspired
by organ-level functions 7z vive [3].

The final goal of organ-on-chips is related to mimicking
human normal and pathological physiology iz vitro within
systems that have high measurement accessibility. Basic
science and drug development will greatly benefit from
human functional organ-on-chips, both in terms of
reliability of results and costs. Human 7z vifro models
are promising substitutes for animal testing, and their
small scale will enable high-throughput experiments not
economically sustainable on a macroscopic level, also
giving insight into heterogeneity of the human popu-
lation. Microfluidics offers unprecedented control over
culture conditions, and this technology is currently in a
mature state to provide stimuli such as chemical gradients
[4], spatial homogeneity [5], time-dependent biochemical
stimulations, and substrate mechanical properties [6].

Here, we will review recent progresses in single-organ-
on-chip or multi-organ-on-chip technology. We analyze
the development of these systems starting from three
main sources of human biological material: ex vivo tis-
sues, primary cells, and pluripotent stem cells. We will
discuss the up-to-date different performance of these
sources in terms of availability and ability to recapitulate
in vivo physiology and pathophysiology (Figure 1).

Regulatory facts

A critical gap still needs to be filled between pre-clinical
toxicology and patient response during clinical trials. The
percentage of failure in the drug discovery pipeline is still
very high, especially at late stages, due to reduced efficacy
or emerging toxicity, and research expenses are not
compensated by yielding new products [1]. More pre-
dictive models and assays are necessary to increase the
success rate, anticipating the failure of bad lead com-
pounds before clinical trials.

Multiple governmental authorities are thus opening to
innovative tools for drug screening, in particular to iz vitro
cell-based or tissue-based models reproducing human
physiology and, in perspective, pathophysiology. Funda-
mental requirements for these systems are flexibility,
reliability, economic affordability, and accessibility to a
wide scientific community. For instance, the European
Commission is funding “T'he body on a chip’ project
within the 7th Framework program, while a partnership
between National Institute of Health (NIH), Food and
Drug Administration (FDA) and Defense Advanced
Research Projects Agency (DARPA) has been recently
established for the development of an 7z vizro human
multi-tissue platform able to reproduce specific aspects of
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Cell sources for organ-on-chip development. Fresh tissue biopsies currently best mimic in vitro the in vivo physiology, but lack wide availability for
collection from human patients. Primary cells, although also derived by biopsies, can be maintained in culture for longer periods of time, currently

allowing more thorough studies; however, the 3D architecture of in vivo organs need to be reconstructed for development of representative functional
assays. Pluripotent stem cells include different cell types derived from embryos and embryo-related tissues or obtained by reprogramming of adult
somatic cells (human induced pluripotent stem cells, hiPS). hiPS represent a potentially unlimited human cell source to use, as they are derived from
patients by minimally invasive procedures. Currently iPS technology is still in an immature phase, but rapid progresses are performed to differentiate

these cells and, in perspective, build fully functional human organ-on-chips.

in vive physiology, ideally including circulatory, endo-
crine, gastrointestinal, immune, integumentary, muscu-
loskeletal, nervous, reproductive, respiratory, and urinary
systems.

Development of organ-on-chip from ex vivo
tissue culture

The most faithful /z vitro representation of the iz vivo
physiological response is still given by a fresh biopsy,
which preserves the original tissue architecture with all
cell types present in their functional arrangement. This 7z
vitro model is indispensable for studying environment-
related and age-related diseases whose pathogenesis is
still unknown.

A microfluidic device for long-term ex vivo culture should
provide the necessary stimuli of the microenvironment
surrounding the extracted tissue /7 vivo in order to main-
tain its functionality #z vitro. For example, perfusion is
generally needed to simulate hemodynamics and avoid

cell necrosis in the inner parts of a three-dimensional (3D)
biopsy. Most works used animal biopsies for ex vivo
microfluidic cultures, but few human studies have also
been documented [7-10]. Although the availability of
human biopsies is certainly limited, the current restraint
for ex vivo organ culture is the ability to preserve the
tissue in culture for long term, which prevents the de-
velopment of long-term assays.

Microfluidic cultures of pancreatic islets of Langerhans
mainly focused on islet characterization before transplan-
tation and lasted up to 48 hours [7,11,12]. Sankar er a/.
have focused on understanding why 7z vitro systems are
still inadequate for long-term cultures, specifically look-
ing at the role played by endothelial cells; however, also
their experiments lasted only 48 hours [13].

Besides cell-cell communication, interactions with the
extra-cellular matrix (ECM) were investigated. Van Mid-
woud ez a/l. were able to prolong the microfluidic culture of
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liver slices isolated from Wistar rats from 24 to 72 hours,
by embedding a liver slice in a Matrigel matrix [14,15].

Taking advantage of the versatility and high potential of
microfluidic technology, mechanical properties of micro-
vessels [16] and electrophysiology of brain slices
[17,18,19°°] and heart tissue [10] were performed.

Overall, current organ-on-chips integrating ex vivo tissues
are more similar to short-term functional assay devices
than to culture systems. Measurements are performed
within few hours after tissue extraction, and functionality
is rapidly compromised soon after they are taken. For
example, Cheah et al. maintained the rat heart tissue with
regular contractions for 5 hours [10].

Development of organ-on-chip from primary
cells

After cell lines, primary cells represent the most common
cell source used to develop organ-on-chip systems. Like
ex vivo tissues, they are derived from biopsies, and
several protocols have been developed to keep them
alive in culture for weeks after isolation. Although they
can undergo phenotypic changes with time during expan-
sion 7z vitro, they still show higher availability. Despite
single-cell phenotype resembles the 7z vivo one, the lack
of tissue architecture and hierarchy compromises the
cellular functional response compared to 7z vivo at tissue
and organ level.

Different strategies were pursued to reproduce in cul-
ture the critical aspects necessary to mimic cell interplay
with the surrounding microenvironment 7z vivo. The
lung-on-chip model successfully integrated epithelial
and endothelial cells on either side of a membrane,
within a device also mimicking the mechanical stress
due to respiration [20]. Other systems were developed
using membranes as semi-permeable surfaces that,
besides giving mechanical support, also modulate mol-
ecular transfer across them, for example simulating
kidney proximal tube [21°°], gastro-intestinal tract
[22], and neurovascular unit [23].

Cell density and cell—cell direct contact between like or
non-like cells were topographically promoted in two-
dimensional (2D) culture systems by microfluidic device
geometry [24], micropillar-induced compartimentaliza-
tion [25], laser cell deposition [26], dielectrophoretic flow
[27°], and in 3D systems by cell encapsulation in hydrogel
matrix [28,29]. Interactions between cells of different
types normally coexisting 7z vivo are very important for
organ-on-chip functionality and 7z vitro disease modeling,
as demonstrated by multiple examples, such as the re-
construction of hepatic lobules by a topographically orga-
nized co-culture of hepatocytes and hepatic stellate cells
[29], the angiogenesis reproduced on chip by co-culturing
endothelial cells with pericytes [30°°], and co-cultures of
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neurons with glial cells to 7z vitro reproduce synaptic
structures [31] or with astrocytes for modeling amyo-
trophic lateral sclerosis [32°].

Development of organ-on-chip from
pluripotent stem cells

The development of organ-on-chip cultures starting from
pluripotent stem cells is still in its infancy. Its progress
parallels our understanding of organogenesis during
embryo development. Most of the published works using
microfluidic devices have focused on culture of embryo-
nic stem cells, either human or murine, for studying the
experimental conditions that preserve self-renewal or
induce ecarly differentiation. Figallo ez a/. described the
first miniaturized system for human embryonic stem cells
(hES) that were cultured for 4 days [33]. Few works
demonstrated the pluripotent stem cell ability to early
differentiate within a microfluidic system towards
multiple lineages [33-39]. In particular, Wan ez a/. per-
formed cardiogenesis of mES-derived embryo bodies
(EB) in a microfluidic device, and were able to obtain
contracting cardiomyocytes expressing a-myosin heavy
chain (a-MHCQC) after 48-72 hours [35].

T'he control of cell phenotype under perfusion is not an
easy task as, depending on medium flow rate, different
regimes are obtained, such as insufficient exogenous
factor delivery, wash-out of cell-secreted factors, and
detrimental shear stress. Furthermore, besides flow rate
magnitude, different intermitted flow strategies can be
pursued increasing the number of experimental con-
ditions to explore. Playing on perfusion, Przybyla ez al.
studied the minimal conditions sufficient to preserve
mES self-renewal, stressing the importance of the
ECM remodeling [40°°]. Following the same principles,
Moledina ¢z a/. used medium perfusion to modulate LIF
pathway in mES microfluidic cultures [41].

These works show that, although the field is growing
rapidly, the development of an organ-on-chip from plur-
ipotent stem cells still requires achieving a better un-
derstanding of the micro-environmental cues that
promote a more differentiated phenotype. In parallel,
methods for cell purification within the microfluidic plat-
form are being developed, based on simple differential
strength of adhesion [42] or differential attachment to
lectin-coated microfluidic channels [43].

Multi-organ in vitro models

The development of single organ-on-chip systems
highlighted the importance of interactions between
cells of different types within the same functional unit
of the organ and between cell and ECM. A further level
of complexity that is currently under study is the
interplay between tissues physically separated iz vivo
but whose circulation-mediated interaction could be
important for each other functionality. In perspective,
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this patient-on-chip iz vitro model will represent the
link between pre-clinical and clinical studies.

Preliminary microfluidic platforms have already been
developed giving proof of concept of the patient-on-chip
importance for functional studies [9,14,44], for investi-
gating the effect of anti-cancer drugs [45,46] and cyto-
protective agents [47], and for testing drug toxicity [8].

Wagner ¢ a/. cultured human skin biopsies in a micro-
fluidic device that also integrated human primary hep-
atocytes [8]. This two-organ system was maintained in
culture for up to 28 days, but with high mortality. The
same system was also adapted for including skin and hair
follicles for a prolonged period of time [9]. Instead, van
Midwoud e a/. integrated intestinal and liver slices,
1solated from the same rat, into a microfluidic device
where inlet and outlet could be connected in multiple
ways in order to study tissue cross-effects [48]. Although
measurements were taken after only few hours of incu-
bation, some interplay between the two tissues emerged
under bile chenodeoxycholic acid stimulation. Other
studies integrated multiple tissues in microfluidic sys-
tems using representative cell lines [44-46].

Figure 2

An interesting aspect raised by Zhang ¢z a/. is the import-
ance of defining a culture medium suitable for cells from
different tissues [44]. They developed a common culture
medium enriched in the components specific for each cell
type. However, medium composition will need further
optimization as a high concentration of signaling mol-
ecules could potentially hinder the detection of tissue
interplay.

Perspectives and conclusions

The peculiarity of each cell source analyzed above
implies different uses in biomedical applications
(Figure 2). Biopsies and primary cells are the reference
biological material for the study of environment-related
and age-related diseases because preserve their cellular
in vivo phenotype. However, 3D biopsies are more
difficult to handle and currently fail to sustain a lo-
ng-term 7z vitro model. Primary cells are instead easier
to maintain in culture, but need to be topologically
organized for preserving their iz vivo functionality.
Bioprinting technologies are particularly interesting
in this respect, promising to shape both cells and
ECM in structurally organized organ-like architectures
[49].
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Applications of organ-on-chip technology. The two main fields of application of human in vitro models include fundamental science studies and
therapy development. Each purpose has specific requirements as for the cell source used. For example, studies of organogenesis and pathogenesis
strongly rely on iPS technology and primary cell derivation of 3D tissue structures; on the contrary, the study of pathophysiology of diseases related to
ageing or environmental conditions require biopsy-derived biological material. While all biological material is suitable for most of drug testing enquires,
the development of personalized medicine, in terms of drugs combination and dosages, is strongly based on hiPS technology.
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The scarce availability of human biopsies limits their
possible inclusion in potentially standard microfluidic
platforms for biological studies and therapeutic develop-
ment. An organ such as liver, which is key for toxicological
studies, is not routinely accessible for biopsy extraction,
especially from healthy donors. Embryonic-like pluripo-
tent stem cells represent instead a potentially inexhaus-
tible source of human cells, able to differentiate into any
tissue of the body. The discovery that adult somatic cells
could be reprogrammed to the state of induced pluripo-
tent stem cells (iPS) has revolutionized the approach to
human biology [50]. iPS can be derived from skin biop-
sies, but also from less invasive sources, such as blood [51]
and urine [52], paving the way for personalized therapy
design with ad hoc optimization of drug combinations and
dosages. Our ability to program pluripotent stem cells into
mature phenotypes is still challenging. However, tech-
niques for controlling cell fate by direct intervention on
cell transcriptional regulation, such as miRNA or tran-
scription factor delivery, can be integrated within micro-
fluidic devices [53,54].

To fully appreciate the potential of human 7z vitro models
as tools for performing clinical trials on chip, as a bridge
between conventional cell cultures and standard clinical
trials procedures (without passing through animal
models), correlations need to be established between iz
vitro measurements and traditional 7z vivo parameters,
such as drug permanence time in a tissue or disposal rate.
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