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Abstract

The continued development of in vitro systems that accurately emulate human response to drugs or chemical agents will impact
drug development, our understanding of chemical toxicity, and enhance our ability to respond to threats from chemical or bio-
logical agents. A promising technology is to build microscale replicas of humans that capture essential elements of physiology,
pharmacology, and/or toxicology (microphysiological systems). Here, we review progress on systems for microscale models of
mammalian systems that include two or more integrated cellular components. These systems are described as a ‘‘body-on-a-
chip”, and utilize the concept of physiologically-based pharmacokinetic (PBPK) modeling in the design. These microscale sys-
tems can also be used as model systems to predict whole-body responses to drugs as well as study the mechanism of action of
drugs using PBPK analysis. In this review, we provide examples of various approaches to construct such systems with a focus on
their physiological usefulness and various approaches to measure responses (e.g. chemical, electrical, or mechanical force and
cellular viability and morphology). While the goal is to predict human response, other mammalian cell types can be utilized with the
same principle to predict animal response. These systems will be evaluated on their potential to be physiologically accurate, to
provide effective and efficient platform for analytics with accessibility to a wide range of users, for ease of incorporation of
analytics, functional for weeks to months, and the ability to replicate previously observed human responses.

Keywords: Microphysiological system, PBPK models, microfabrication, chemical analysis, electrical analysis, mechanical
analysis
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Introduction dynamics of these multi-organ interactions and resulting
time-dependent concentration profile of a drug and its
metabolites.

While conventional in-vitro cell culture systems typically
utilize only a single cell type, co-culture of cell types from
different tissues can predict aspects of inter-organ commu-
nication via soluble metabolites. Simple co-culture systems
that mimic the first pass metabolism of drugs consist of
transwells where Caco-2 cells are cultured on the mem-
brane, and liver cells are cultured in the well beneath.
A more complex system that confined different cell types
to wells within a cell culture dish was capable of showing
efficacy and toxicity with six cell types that were in commu-
nication with each other via a common medium.?

Early stage drug discovery relies on evaluating thousands
of compounds with regard to their efficacy as well as tox-
icity. Before drugs are tested in small animals, tests utilizing
in-vitro cell culture models are conducted. These cell culture
models often consist of primary cells or cells derived from
immortalized cell lines. However, this approach has limita-
tions since it cannot match the complexity of the human
body, which consists of multiple tissues, each of them
having multiple cell types typically in a complex architec-
ture. The interactions between multiple tissues results in a
complex, time-dependent concentration profile of a drug.
A mathematical modeling technique called pharmacokinet-
ics (PK) modeling is applied to analyze and predict the
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These systems are capable of mimicking an inter-organ rela-
tionship at a level that does not take into account the tissue
sizes in comparison to each other. A further disadvantage is
that the liquid to cell ratio is much larger than in vivo, and
these limitations produce inaccuracies when evaluating
drugs because they change the in vivo PK of a drug and
its metabolites. For example, based on in-vitro studies, fla-
vonoids-rich foods have long been thought to play health-
promoting effect through antioxidant capacity, but a recent
study indicates that due to low bioavailability and fast
metabolism, the plasma concentration of flavonoids is
very low, which casts doubt on the previous notions of
benefit.?

Micro- and nanofabrication techniques have enabled the
development of on-chip tissue cultures. Several systems
with multiple organs-on-chip have been developed,
taking advantage of the opportunity to tailor the chemical
and physical cell culture environments within microfluidic
cell culture chambers. Furthermore, based on the develop-
ment of individual organ-on-a-chip systems, microscale
systems containing multiple organs, therefore capable of
reproducing the interaction between the organs, have
appeared.*” Known as body-on-a-chip or human-on-a-
chip systems, these platforms allow for the accurate control
of cell numbers and dimensions of culture chambers. When
organ volume ratios become more physiologic metabolite
concentrations (in relation to one another) are more likely to
be accurate. If microfluidic technology is employed, fluidic
channels can connect the cell culture chambers the same
way blood vessels connect different organs. Another advan-
tage of microfluidic cell culture systems is that they provide
a liquid to cell ratio that is closer to that found in vivo, and
also exhibit shear stress that is closer to physiologic, consti-
tuting a more tissue-like cellular environment. These
advantages offer a better possibility for body-on-a-chip sys-
tems to reproduce the PK profile of a drug similar to what
would be observed in the human body.

In this article, the concept of using the PK modeling
approach to design and operate body-on-a-chip systems
to reproduce the multi-organ interactions is described. A
subgroup of PK modeling techniques known as physiolo-
gically-based pharmacokinetic (PBPK) modeling is particu-
larly useful for designing such systems, as this modeling
approach is based on the physiological consideration of the
human anatomy. We will describe recent reports of these
preliminary body-on-a-chip systems and what type of med-
ical and biological questions they can address. In addition,
state-of-the-art technologies for on-chip measurement of
various physiological responses of cells are discussed as
well as engineering challenges that need to be overcome
to answer difficult questions in medicine and biology.

PBPK and PD models
PBPK modeling

Pharmacokinetics is the science of drug absorption, distri-
bution, metabolism and elimination, or more specifically
the quantification of those processes, leading to an under-
standing, interpretation, and prediction of blood concentra-
tion-time profiles.® The purpose of PK modeling is to

mathematically quantify the amount of drugs in different
parts of the body, and gain insight into the kinetics of drug
distribution. In addition, it is often useful to describe the
complex process of absorption, distribution, metabolism,
and elimination, collectively known as ADME, of drugs
after administration with simple terms such as area-
under-the-curve, peak concentration, and half-life. Hence
it is a very useful tool for analyzing the complex interplay
of convection, diffusion, and reaction. However, the diffi-
culty of building a physiologically accurate model puts a
limitation on the wider usage of this method.

PK models can be classified as noncompartmental and
compartmental models with varying degrees of complexity.
The simplest form of PK model among compartmental PK
models is what is known as a one-compartment model,
where the whole body is represented by a single compart-
ment with an input and an output. It is a very simple and
empirical model, but often is sufficient to describe the PK of
a drug.’ The fundamental assumption underlying the one-
compartment model is that rapid equilibrium is achieved
within the body after administration. Establishing a mass
balance equation for the compartment and solving the dif-
ferential equations results in the concentration profile
expressed as an exponential function of time (Figure 1(a),
equation (1)). The semilog plot of the concentration versus
time gives a straight line with negative slope, where the
value of the slope is —k.

C(t) = Cy - exp X (1)

Many drugs do not reach equilibrium rapidly, and
require distribution time. In this case, the one-compartment
model does not provide an accurate representation of the
drug’s PK. A two-compartment model can be used to
describe the distribution time of such drugs.’ It consists
of a central compartment and peripheral compartment
with flow between the two. The central compartment can
be viewed as a lumped sum of rapidly-perfused tissues,
such as the liver, kidney, heart, and lung, whereas the per-
ipheral compartment can be viewed as a lumped sum of
slowly-perfused tissues, such as the muscle, fat, and skin.
Using a similar approach as the one-compartment model,
one can set up a mass balance equation for the two com-
partments and solve the coupled differential equations,
obtaining a sum of two exponential terms. The two expo-
nential terms can be interpreted as the distribution
phase and the elimination phase with different slopes
(Figure 1(b)).

These simple compartment models are useful for extract-
ing PK parameters such as clearance and half-life. However,
these models are experimental and do not reflect the physi-
ology of the body. As a result, these models are less suitable
for extrapolation or providing mechanistic insight. A more
comprehensive model with a physiological basis can be
developed by representing actual organs as separate com-
partments. This type of PK model is known as a PBPK
model."" In PBPK modeling, organs in the body are repre-
sented as compartments connected with hypothetical blood
flow (Figure 1(c)). Setting up mass balance equations for
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Figure 1 (a) One-compartment model, (b) two-compartment model, (c) physiologically-based pharmacokinetic (PBPK) model, and (d) diffusion-limited model.
(A color version of this figure is available in the online journal)

each compartment gives a set of ordinary differential equa-  certain drugs depends on many factors such as complexity
tions that can be solved numerically. In these mass balance  of the drug’s mechanism of action, availability of PK data,
equations, physiological parameters such as blood flow and the purpose of the PK modeling.

rates and organ volumes are used. This approach has a The development of a PBPK model is often limited by the
more mechanistic basis as it follows the actual anatomy of  difficulty of finding accurate parameters for the model.
the body, and can be useful for extrapolation. Also, since it ~ Physiological parameters such as organ volumes and
is based on the actual physiology, it can be a useful tool for ~ blood flow rates can be easily found in the literature,?
studying the mechanism underlying the ADME properties  although individual variations have to be considered in
of a drug. Sometimes, additional definition of drug trans-  some cases. Finding the enzyme kinetic parameters or clear-
port in the tissue space is needed. For example, if the trans-  ance rates is usually more difficult. In some cases, in-vitro
port of a drug is limited mainly by blood perfusion, the  enzyme kinetic parameters are measured and extrapolated
compartment can be assumed to be well-mixed. Thisis usu-  to in-vivo values while in other cases, kinetic parameters
ally the case with lipophilic drugs, while on the other hand, = may have to be fitted to experimental data. Various model
if the diffusion of the drug in the tissue space is limiting, the ~ systems exist for providing the information on the meta-
drug is permeability-limited. In such a case, the organ com-  bolic profile and rate for organs. These models vary in
partment may be divided into extracellular, interstitial, and  their complexity and in-vivo relevance."® For example, as
intracellular space where the model needs to account for  the liver is the main organ responsible for metabolic reac-
diffusion between the spaces (Figure 1(d)). Also, in many tions, the liver tissue slice provides the most realistic repre-
situations, not all of the organs in the body are included in ~ sentation of the liver because it maintains physiological
the model. Often several organs are lumped into a single  tissue architecture as well as contains nonparenchymal
compartment, based on their similarity. For example, cells. However, this model suffers from the lack of blood
organs can be grouped into rapidly-perfused tissues and  supply and has a short viability time. Primary hepatocytes
slowly-perfused tissues. This lumping of organs into a  also offer good prediction value for in-vivo metabolic pro-
single compartment will introduce an empirical aspect files, but suffer from the absence of nonparenchymal cells
into the PBPK model. Simpler one- or two-compartment  and loss of activity upon cell culture.”® At the other end of
models and more complex PBPK models both have advan-  the spectrum are the cell-free systems such as isolated cyto-
tages and disadvantages. Which type of models to use for = chrome P450 enzymes or liver microsomes, which are easy
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to use but only provide partial metabolic activity of the
liver.

Another important set of parameters are tissue-plasma
partition coefficients, which refers to the relative distribu-
tion of a drug between the tissue and the blood plasma. It
can be either experimentally measured, or estimated based
on its hydrophobicity data.'* Although all these parameters
can sometimes be estimated with a reasonable accuracy,
often it is necessary to fit the parameters to experimental
data. Therefore, having a sufficient amount of experimental
data is very important for building an accurate PBPK
model. Unfortunately, researchers often have to deal with
a scarcity of data for many important parameters. Plasma
concentration data are available in many cases, but drug
concentration from an individual organ is rarely available.
Due to this lack of human data, PBPK modeling often relies
on animal models where extrapolation between the animal
data to the human model is necessary.'” Another issue with
building an accurate PBPK model is that the PK of a drug
can be affected by the disease conditions of an organism,
and population variations can also exist.'® A more complete
review on the construction of PBPK models and their appli-
cation can be found in other review papers.'"’”

PBPK-PD models

Pharmacodynamics (PD) is the study of the pharmaco-
logical effect of drugs in the body. In PD modeling, the
pharmacological effect is viewed as a function of drug con-
centration. Diverse variations of PD models exist, depend-
ing on the mechanism of a drug’s action. For example, the
effect of the B; receptor blocker metroprolol increases with
increasing concentration.'® In such a case, the effect can be a
linear function of concentration. However, a linear effect
function should be used with care, since it does not define
the maximum effect, and implies that the effect will increase
indefinitely with increasing concentration. Alternatively,
the effect can be defined with a more complex function
that can have a maximum effect value. In this model,
often called the E,,,, model, the effect will increase in a
nonlinear manner with increasing concentration. Some
drugs exert their effect through a complex pathway, result-
ing in a time-delayed, irreversible effect. Chemotherapeutic
agents can be a prominent example of such drugs. In this
case, the growth of cells can be modeled with a cell prolif-
eration model, where the rate of cell growth is a linear func-
tion of cell number. The effect of drugs on the cell growth
rate can be incorporated into the cell proliferation model.™
A more comprehensive review on the diversity of PD
models can be found in a review paper by Mager et al.*’
PD models can be coupled with PK models, and the
combined PK-PD model can be used to predict or analyze
the physiological effect of a drug at a given dose. In the
combined model, the PK profile of a drug gives the drug
concentration at a specific dose, and the drug concentration
can be used to obtain the amount of physiological effect.
Therefore, an integrated PK-PD model gives the time-
dependent changes of the physiological outcome of a
drug at a specific dose. For example, a PBPK-PD model
was used to simulate the tumor killing efficacy of an

anticancer agent in a body-on-a-chip model system.*’
Using this model, the effect of the patient’s liver enzyme
activity on the efficacy of the anticancer agent was studied,
and the optimal combination ratio of the drug with another
drug was found. In another study, a PBPK-PD model was
developed to study the effect of a carbaryl insecticide. In
this study, a Bayesian approach was used for the estimation
of parameters for use in the model. Timchalk et al. studied
the metabolic interaction of chlorpyrifos and diazinon
insecticides with a PBPK-PD model.*** Several review
papers are available for more complete review of the inte-
grated PK-PD modeling approach.**

PBPK-guided design of body-on-a-chip systems

Body-on-a-chip, also known as human-on-a-chip, systems
aim to emulate the whole-body response of a human to
drugs. Several proof-of-concept studies have demonstrated
interactions for up to four organs, as will be introduced
later. Most proposed body-on-a-chip systems do not truly
represent a complete human body, and it is reasonable and
desirable to design the system so that a specific aspect of
drug’s action will be observed. For example, a body-on-a-
chip system can be designed to study the mechanism of
toxicity in specific organs, or the effect of specific genotypes
on the response to drugs. In this perspective, knowledge of
human physiology and the PK is crucial in designing the
system correctly so that the intended phenomena is
observed, most importantly in a manner similar to the
human body. PBPK modeling can be an ideal tool for
designing the relevant physical systems (Figure 2). The
main advantage of PBPK model-guided design of “body-
on-a-chip” systems is that one can predict the PK profile of
xenobiotics in the chip before the fabrication step, allowing
adjustments in the relative chamber sizes, flow rates, cell
numbers, etc.

The first step in designing these systems is to choose
target organs that are important in emulating the human
response to a particular compound or class of compounds
to be evaluated. This involves as much knowledge of a
drug’s mechanism of action as possible. To start, the prom-
inent site(s) of organ toxicity is important and needs to be
included. The primary routes of administration and elimin-
ation also need to be included in any model system. For
orally administered drugs, absorption in the gastrointes-
tinal (GI) tract is essential. If a drug is excreted mainly
through the kidney, the filtration function of the kidney
should be considered. In general, the liver is frequently
involved in drug metabolism and should be included if
this is indicated. In a similar manner to PBPK modeling,
other less important organs can be grouped in a single com-
partment, but care should be taken to ensure that this lump-
ing of organs does not change the PK of drugs or affect the
action of drugs significantly by overlooking a key contribu-
tion to toxicity or clearance.

Ideally, the size of the compartments should be propor-
tional to the size of the corresponding organs, but it can be
difficult to match the relative sizes of organs for certain
models, although it does not necessarily mean that the
size of microscale structures such as cells and barriers
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must be matched. For example, if a tumor compartment is
to be added, the size of a tumor is generally much smaller
than other major organs such as the liver. It is more
important to correctly scale different organs, according to
their function, so that phenomena of interest occur in a
manner similar to the human body. The scaling issue
arises from the fact that all organ functions do not scale
linearly with organ sizes. In fact, different organ functions
will scale differently depending on their mechanism, for
example, gas exchange in the lung is closely related to the
surface area, whereas liver enzyme activity is related more
closely to the mass rather than the surface area. The issue of
scaling can have a profound effect on the performance of
body-on-a-chip systems, especially with smaller sized
chips, and this increases with increasing numbers of
organs that need to be emulated.

The issue of scaling in body-on-a-chip systems has been
discussed in recent studies.””” One method to address this
issue is to use a conventional scaling approach that is fre-
quently used to scale animals with humans. Allometry stu-
dies the relationship between the body size and organ
physiology between different species.?® In allometric scal-
ing, an exponential power relationship is used to scale
organ functions to body mass:

Y = YoM® ()

where Y is the physiological function, M is the mass, « is the
scaling exponent, and Y is a constant. One example is the
scaling of basal metabolic rate (BMR), which is known to
follow a 3/4 power law.?” Ahluwalia published several art-
icles  describing the design of a microfluidic
multi-compartment model using allometric principles.*>!
This method has proven useful for systems with four or less
compartments. However, it could cause unacceptably large
deviations when more organs are involved, since the allo-
metric coefficients are different for each organ. Another
complication is that cells cultured in vitro might not
follow the same principles as observed in vivo. In cases of
scaling between different animals, allometric scaling has
shown limitations in predicting the clearance rate, and
empirically determined allometric scaling laws might not
always hold for human-on-a-chip systems, especially at
higher organ numbers.

Recently, another scaling approach has been introduced,
where the organ compartments on a chip are scaled to
match the BMR of the cells in vivo. In this approach, the
authors assumed that the metabolic rate of cells could be
controlled by controlling the oxygen delivery rate, rather
than supplying the system with excess oxygen. In this
approach, also termed “functional scaling”, organ sizes
are chosen to match the relative organ functional activity.”
The authors classified the organs into two groups, “func-
tionally two dimensional” and “functionally three dimen-
sional” organs. These classifications are based on whether
an organ’s primary function is related to the mass or the
surface area. For example, the storage function of fat cells is
considered a 3D-based function, whereas the filtration func-
tion of the kidney would be a 2D-based function. However,
as the authors noted, such an approach could result in
abnormally large volumes for 2D-scaled organs, and further
adjustment may be needed. Wikswo provides a more com-
prehensive demonstration of this functional scaling
approach for several organs.” Another simpler, yet useful
scaling approach is to use organ volumes and residence
times.*” In this approach, organ sizes are scaled relative to
their volumes, and flow rates into each organ are designed
to yield fluid residence times that correspond to organs in
the human body. Such an approach ensures that cells in the
chamber are exposed to chemicals or growth factors for the
same amount of time as they would be exposed to in vivo. If
the in-vitro cells mimic in-vivo cell metabolism, the degree of
conversion should be similar. This method was largely
initiated by Shuler’s group at Cornell University, and has
proven useful.*>*> While all these methods have pros and
cons, perhaps a more important prerequisite is that the cells
representing specific organs have physiological activity at
least comparable to their in-vivo counterparts.

Here, we will briefly describe the design process of body-
on-a-chip systems using organ volume and residence time
principles. The first step in designing a body-on-a-chip is to
determine the size of the organ chambers. Ideally, in this
step, the actual sizes of different organs are reflected so that
the relative sizes are kept constant. The next step is to cal-
culate the flow rates for each chamber, which is necessary to
achieve approximate residence times closer to the physio-
logical values in the human body. Obtaining flow rates
allows the calculation of the fraction of fluid that each
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chamber will receive, which can be used to determine the
length, width, and height of the channels connecting
the chambers. When determining the geometry of the chan-
nels, some compromises may be necessary to achieve real-
istic operation. For example, the channel depth needs to be
sufficient to allow mammalian cells to be cultured with
unimpeded flow, and preferably less than 200um to
ensure the robust fabrication in standard microfabricated
devices.

The calculation of the flow pattern in a microfluidic net-
work used to emulate flow in the human body relies on
simple fluid dynamics principles. A microfluidic network
can be viewed as analogous to an electrical circuit, where
the hydrodynamic pressure is equivalent to the voltage, the
volumetric flow rate to the current, and the hydrodynamic
resistance to the electrical resistance.”® The hydrodynamic
resistance is largely dependent on the geometry of the flu-
idic channel, such as width, height and length, and the
property of the fluid, particularly viscosity.

Emulating multi-organ interactions on a chip
Organ-on-a-chip for individual organs

During the past 10-15 years, many systems have been
developed with the aim of reproducing specific organ func-
tions, such as the blood vessels,*”® liver,>**° GI tract.*"*
blood-brain barrier (BBB),43'45 lung,46’47 kidney48‘50 and
heart.”*? Specific systems to emulate biological processes,
such as metastasis, Vasculogenesis,54 angiogenesis,55 and
chemotaxis® have also been developed. In many of these
systems, researchers reported observations of better tissue-
like function or a more functional behavior from the cells
cultured in the devices than cells in 2D culture, demonstrat-
ing another facet of the usefulness of these systems. One
example is the lung-on-a-chip device developed by the
Ingber group at Harvard University.” In this study,
human alveolar epithelial cells and pulmonary microvascu-
lar endothelial cells were cultured on both sides of a porous
membrane and placed under constant strain to mimic the
stretching action of the lung. This device was further used
to reproduce drug-induced pulmonary edema.”” Natarajan
et al. reported a patterned cardiac system integrated with a
microelectrical array which allowed conduction velocity to
be measured without dispersion losses and was shown to
reproduce drug effects seen for in-vivo studies.”® Khetani
and Bhatia reported a liver-on-a-chip system, where a co-
culture of hepatocytes and fibroblasts in a precisely defined
area resulted in enhanced liver-specific functions as mea-
sured by mRNA expression and metabolizing enzyme
activities.”” In a subsequent study, the same system was
used for reproducing the life cycle of hepatitis C virus.”®
More details of these organ-on-a-chip systems for individ-
ual organs are covered in several review articles.*®>

Connecting multiple organs

While these organ-on-a-chip systems provide excellent plat-
forms for studying biological phenomenon within individ-
ual organs, most biological phenomenon involves
interactions between multiple organs. For instance, glucose

metabolism is based on a highly complex interplay between
the liver, pancreas, muscle, fat, and brain, connected by the
blood flow.?® Flavonoid quercetin, which is one of the most
widely consumed flavonoids in the human diet, found in
fruits and Vegetables,61 is known to exert its anti-diabetic
effects through the modulation of inflammatory response in
the adipose tissue,*® by inhibiting glucose uptake in the
gut,®® and by stimulating insulin secretion in the pancreas.®*
It is obvious that studying this complex, time-dependent
phenomenon with a system representing a single organ is
impossible.

In fact, attempts to observe the interaction between mul-
tiple cell types have existed for many years, such as the co-
culture of gut epithelial Caco-2 cells and hepatocytes in
both sides of a transwell," or culturing multiple cell types
in a confined space within a single well.? However, these
examples are not accurate models of the human body
because of unrealistic cell-to-liquid ratios, inaccurate rela-
tive tissue sizes, and lack of transport phenomena. In add-
ition, Caco-2 cells lack appropriate levels of several
important metabolizing enzymes present in gut epithelia.®®
Microfluidic techniques allows for culturing cells in com-
partmentalized chambers with controlled interactions
between each chamber in a physiologic relationship. The
fluidic channels connecting the chamber can be viewed at
a basic level as blood vessels connecting the organs. One of
the main interests in pharmaceutical science is the efficacy
and the toxicity of drugs after undergoing liver metabolism.
Several microscale systems for reproducing this process
have been reported. Lee et al. encapsulated P450 enzymes
in a hydrogel to allow reaction with a drug, and the metab-
olites formed were used for a cellular toxicity assay,’® where
different cell lines were cultured in separate compartments
in a single well. By sharing the culture medium, a drug
metabolized in one compartment can diffuse into another
compartment and affect other cells.? In addition, a micro-
fluidic system for incubating precision-cut tissue slices was
also developed.®” In another variation of the system, intes-
tinal and liver slices were treated with a drug, resulting in
secretion of growth factors from the intestinal slice, which
down-regulated the metabolizing enzyme in the liver
slice.®®

These proof-of-concept studies successfully demon-
strated the possibility of using microtechnology to study
simple interactions between organs. More complex systems
have also been developed.**’ These systems were aimed at
reproducing the PK of a substance observed in the body, and
were designed based on pharmacokinetic modeling prin-
ciples. These early body-on-a-chip systems were used to
study the mechanism of naphthalene toxicity, which
involves the interplay between the liver, lung, and the fat.
In subsequent studies, body-on-a-chip systems with similar
design principles were used to evaluate drug mixtures for
multidrug resistance,” the transport of acetaminophen in
the GI tract and subsequent liver toxici’fy,42 and the effect of
an anti-cancer agent on a tumor and bone marrow compart-
ment after metabolism.* In the study by Tatosian et al., a PK
model that corresponds to the body-on-a-chip system was
built to predict the pharmacokinetic profile of the chip,
which compared favorably with experimental results.*



This study demonstrated that PK models describing body-
on-a-chip systems can be formulated and that the mathem-
atical model also enables the quantitative study of the mech-
anism of a drug’s action.”>”° For example in a study by Sung
et al., a PK-PD model describing a drug’s action in a chip
was developed, which was used to extract parameters
detailing the kinetics of cell death after treatment with che-
motherapeutic agents.

Several research groups have reported the development
of body-on-a-chip systems based on similar concepts, but
with different design principles. Zhang et al. reported a
multi-channel 3D microfluidic system, where aggregates
of four different cell types (representing liver, lung, adipose,
and kidney) were cultured.”’ The notable feature in this
device was that tissue-specific environments were main-
tained for each organ compartment by encapsulating the
cells in a gelatin sphere. Ahaluwalia and coworkers pub-
lished a series of papers describing a “multicompartmental
modular bioreactor”, a microfluidic system with separate
microchambers for multiple cell types interconnected with
microfluidic channels.®”" In a recent study, this group
reported the development of a three-chamber system, rep-
resenting the liver, fat, and blood vessels, and observed
changes in glucose and fatty acid metabolism in a hyper-
glycaemia condition.”” Wagner ef al. reported the develop-
ment of a multi-organ-on-a-chip for long—term cultivation of
3D human liver cells and skin tissue.”” Interestingly, this
research group developed various versions of the multi-
organ-on-a-chip systems with a different number of cham-
bers, up to seven compartments. Although, the two-cham-
ber model was mainly used for toxicity studies, it indicated
the possibility of developing body-on-a-chip systems with
more than four chambers.

Measuring responses

The functional responses of the cultured tissue when trea-
ted with drugs or subjected to engineered stimuli need to
subsequently be identified and measured. Most of the
body-on-a-chip systems have integrated measurement tech-
nologies and this section describes the development and
results for some of these functional responses.

Cell viability

The benefits of body-on-a-chip systems will be fully rea-
lized as more analytical tools are incorporated onto the
chip to assess cellular conditions. Microscale systems con-
tain limited fluid volume and low numbers of sometimes
inaccessible cells, complicating detection and analysis with
conventional methods. Endpoint measurements of cell
function may allow access to a cell’s physiological state,
but may also require disintegration of the system for cell
removal, essentially terminating the experiment. Some opti-
cal measures, such as live/dead stains®*® are useful in
determining minimal requirements for cell survival, but
may not provide sufficient insight into cellular mechanisms
involved in drug response. Advances in body-on-a-chip
system design are moving towards non-invasive, on-chip
microscale measurements, allowing for assessment of real-
time dynamic interactions of multiple organ systems.

For example, an optical detection and analysis system has
been developed for real-time analysis of 3D cultures in a
microfluidic environment.”* A measurement of electrically
active cells has also been analyzed by incorporation of elec-
trode arrays into the chip design.”” One of the challenges for
body-on-a-chip systems development will be incorporation
of multiple measurement approaches for simultaneous and
real-time analysis of all organs in the device.

Mechanical forces

Mechanical forces drive numerous cardiovascular pro-
cesses such as morphogenesis during embryonic develop-
ment and tissue remodeling in adulthood.”® In the
myocardium, tissue elasticity shows significant regional
variation during heart disease.”” Therefore, a study of the
contractile function of cardiac tissue is important. Similarly,
an evaluation of the active tension generated by cultured
skeletal muscle cells or tissues’®”® can be used to study
skeletal muscle physiology and test drugs for skeletal
muscle-related diseases. A wide range of methods have
been used to measure the force generated by these cells.
These methods have been applied both at a single cell
level and also on sheets or films of cells. The force and
stress developed in single cardiac myocytes have been
indirectly measured in terms of cell shortening and vel-
ocity,®® while other studies have directly measured force
using microdevices such as cantilever beams made of thin
steel foils,®! measurement of contractile force with the vol-
tage-clamp method,* or force regulation by Ca®".%
Traction force microscopy is another technique that has
been used to investigate forces produced by migrating myo-
fibroblasts.** A mechanical coupling between polymer
micropillars and cardiomyocytes has been used to estimate
force generated by cardiomyocytes by observing the dis-
placement of the oscillating micropillars.® A fully submers-
ible piezoelectric force transducer has been implemented
for high fidelity force measurements from cardiac myo-
cytes.”® The study of single cells provide useful insights,
but the importance of the community size of the cells for
obtaining stable and reliable results for drug discovery has
also been proven.®” The contraction stress in micropat-
terned cardiovascular tissue on thin flexible polydimethyl-
siloxane (PDMS) sheets has been measured’® and the
contractile force of high-density cardiomyocytes on 3D-
grooved surfaces of a PDMS cantilever has also been eval-
uated. The deflection of thin film elastomers caused by the
contraction of cardiac microtissue on the surface has been
used to calculate diastolic and systolic stresses. Cardiac
myocytes cultured on a stretchable substrate and stretched
in longitudinal and transverse directions have been used to
measure contractile stress generation.88

Tissue culture protocols developed over the years can be
applied to expand proliferating myoblasts to large numbers
and to differentiate them into contractile post-mitotic
muscle fibers.*”*® Numerous protocols are available to
engineer 3D skeletal muscle systems capable of generating
contractile forces in a directed manner.”’ Most of the 3D
skeletal muscle systems are based on synthetic’ or biopoly-

mer” exogenous matrices that function as scaffolds in
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which the cell population is seeded. The mechanical forces
generated by these cells are measured by electronic force
transducers,”* or other methods based on optical imaging of
cell contraction within these systems.”> The complexity of
the 3D muscle systems can make integration with other
complementary organ systems difficult. In 2D muscle sys-
tems, the desired orientation of muscle cells can be
achieved by surface chemistry modification.”” The use of
Si-micro-electromechanical system (Si-MEMS) cantilevers
combined with an atomic force microscope (AFM) detection
apparatus’”’ to measure cantilever deflection provides a
non-invasive evaluation of forces generated by a 2D
muscle system. The active tension of single myotubes has
been measured by the horizontal displacement of a Si-
MEMS cantilever and then evaluated by image analysis.”
The simplicity of the 2D muscle systems enables integration
with other complementary cell types such as Schwann cells,
motoneurons, and sensory neurons.

Electrical signals

On-chip electrical characterization of the physiological
properties of single cells or cell layers is of relevant import-
ance for toxicology studies and drug development. In par-
ticular, the ability to electrically characterize the transport of
biological or pharmacological molecules through a layer
of cells and study cell-cell interactions within networks of
cells is critical to the development of in-vitro systems for the
study and treatment of pathologic conditions. A relevant
example is the assessment of the integrity and functionality
of barrier tissues. These tissues serve as functional barriers
to regulate the transport of ions and macromolecules
through the interface of fluid compartments to maintain
distinct homeostatic environments.”” Disruption of the bar-
rier tissue integrity leads to increases in permeability and
loss of barrier functionality, and it is associated with the
development and progression of several diseases, such as
GI autoimmune diseases or neuroinflammatory dis-
eases.”®” Trans endothelial electrical resistance (TEER)
measurement is a well-established method to assess the
integrity of barrier tissues. TEER measurements are trad-
itionally performed using commercially available systems,
normally consisting of a pair of Ag/AgCl electrodes, to
record the low frequency resistance of confluent cell mono-
layers grown on porous membranes.'””'’! These conven-
tional handheld systems, which require manual insertion
of the electrodes into the culture well, have the disadvan-
tage of being discontinuous and low throughput. To over-
come these limitations and achieve reliable and continuous
measurements, several groups have explored ways of
including electrodes within a microfluidic system, either
by integration with surface embedded microelectrodes or
by simply utilizing micron-sized wire electrodes, to enable
TEER measurements by measuring the resistance and cap-
acitance (impedance) of the cell monolayer.'”>'* For exam-
ple, a microfluidic model of a BBB with integrated
electrodes for TEER measurements has been developed.*®
In this system, with a porous polycarbonate membrane
sandwiched between two PDMS channels, the authors

were able to culture the cells under flow stimulation and
measure the response of the barrier to histamine treatment.

A similar concept was recently reported to modulate the
barrier function by shear stress or biochemical stimulation
and assess the barrier integrity for up to seven days.** An
alternative approach to the use of integrated electrodes was
the use of an organic electrochemical transistor for high
temporal resolution monitoring of the barrier tissue integ-
rity of a Caco-2 cell layer after introduction of destructive
species.'” A bio-impedance chip to monitor the integrity of
the bronchial epithelium has been reported,'® that utilizes
an array of eight pairs of dot-ring planar electrodes to meas-
ure the impedance changes of the cell monolayer in
response to addition of permeabilizing solutions. The
results indicated good correlation with data from conven-
tional TEER measurements. As an alternative to TEER
measurements, the permeability of a membrane can be eval-
uated using Lucifer yellow as an indicator of the membrane
integrity. In comparing the suitability of using the Lucifer
yellow dye method versus TEER measurement it should be
noted that TEER is a non-destructive approach that can
monitor the membrane integrity over a period of time and
is more suitable for automation.

The electrophysiological proprieties of electrically excit-
able cells, such as neurons and cardiomyocytes, and the
analysis of toxicology effects of different compounds on
the spontaneous activity of these cells, have been exten-
sively studied using 2D arrays of surface embedded micro-
electrodes, usually referred as multi electrode arrays or
microelectrode arrays (MEAs).'®'% These systems are cap-
able of measuring extracellular field potential changes from
multiple cells simultaneously and independently, and pro-
vide information on cell network activity at high spatial and
temporal resolution.'”'”® Additionally, they are compat-
ible with chemical and physical surface modification tech-
niques to guide the growth of cultured cells and record
electrical signals along specific patterns on top of the
array."” Recordings of neuronal electrical activity obtained
with a dual compartment device for physical segregation
and fluidic isolation of two distinct neuronal populations
connected through neuritis propagation have been
reported.''® The non-invasive nature of the measurements
with MEAs makes these systems ideal for studying long-
term in-vitro drug testing and stimulation'''* and to
reproduce disease models."”® For example, the effects of
1-Heptanol, a gap junction blocker, and Sparfloxacin, a
fluoroquinone antibiotic, on conduction velocity and refrac-
tory period after action potential of surface patterned car-
diomyocytes were recently investigated using MEAs.”

Chemical analysis

In traditional tissue engineering, the presence of a target
protein or biomarker is determined by classical methods
such as Western blot and antibody-based enzyme-linked
immunosorbent assays, which require sample volumes in
the range of microliters to milliliters. However, the small
volume requirements as determined by functional scaling
for body-on-a-chip systems places constraints on the ana-
lytical methods to characterize organ functions and drug



responses. Some of these limitations can be overcome by
microfluidic assays of analytical methods such as Western
blotting''* and polymerase chain reaction."®> Most of these
microfluidic implementations have not yet been fully devel-
oped and standardized.

Mass spectrometry (MS) together with high-
performance liquid chromatography (HPLC) or gas
chromatography (GC) based metabolomics analysis is
increasingly becoming the method of choice for new drug
discovery and development. The use of gas chromatog-
raphy is limited''® to a small set of biological molecules
that are volatile or can be derivatized to make them volatile.
A HPLC separation can be time consuming with multiple
separation steps required in some cases. In the case of body-
on-a-chip systems, where there are multiple experimental
parameters being varied at a time, there is a need for a more
dynamic measurement of physiological variables. These
requirements could be met by the ion-mobility mass spec-
trometry (IM-MS) approach where a low-vacuum gas-
phase electrophoresis can measure molecular cross-sections
in microseconds to milliseconds, followed by MS analysis in
microseconds. When compared to HPLC\ -MS systems, IM-
MS approach can handle sample volumes as low as
100 nL"” and provides near-real-time analysis."®

Issues and challenges
Scaling issues

The issue of scaling in designing body-on-a-chip devices
has been discussed earlier, with details of scaling methods
that have been applied to fabricate a variety of systems. In
the early stages of development of body-on-a-chip systems,
cell culture models with multiple cell types in microwells
connected by a static layer of fluid were utilized for toxicity
analysis from five interacting organs.”” With the develop-
ment of microfabrication technology, body-on-a-chip sys-
tems have made significant progress in recreating human
organ mimics in a microfabricated format. One of the crit-
ical systems engineering challenges for the success of body-
on-a-chip technology is to design the scale of the interacting
organs to match the human physiological conditions. Any
drug screening tests performed on a body-on-a-chip with
physiologically unrealistic inter-organ scaling cannot reli-
ably be extended to human responses. If the relative size
of each organ on the chip is not correctly matched, the drug
metabolites from one organ could be transmitted to other
organs in extremely high or low concentrations that are not
physiologically realistic. For example, if a liver and a lung
were coupled without physiologically realistic inter-organ
scaling, the liver might not respond significantly to drugs or
toxins metabolized by the lung, e.g. the conversion of angio-
tensin I into angiotensin I1.""”

High-throughput analysis

The acceptance of microfluidic body-on-a-chip systems by
the biological research community depends on the ease of
integration of these systems with the existing laboratory
protocols as well as ease of use. In some cases, the tissue
content of these devices would have to be removed to

perform biochemical assays outside the system. Most of
the microfluidic body-on-a-chip systems require special
skills to incorporate the cells into the compartments and
operate the system. For example, when compared to using
a multiwell plate, the simple step of replacing the culture
medium in these systems would require careful handling
of the microfluidic tubing connections and attention to
removal of any air bubbles generated while introducing
the culture medium. The advantages of a microfluidics
system can be negated by a lack of user friendliness,
but this challenge can be addressed by improving collab-
orations between the biologists and engineers designing
these devices. A microfluidic system design approach that
allows body-on-a-chip systems to function with trad-
itional biological tools utilized in analysis, such as pipet-
tors and plate readers, can make their use more prevalent
in the life sciences. A microfluidic cell culture platform
designed to be compatible with existing plate readers
common to both academic and industrial labs allows for
a high throughput assay when compared to microscopy
analysis and manual cell counting.""® Microfluidic sys-
tems can be designed to define the cell-to-media volume
ratio,*” but in devices that use monolayer cell cultures it
may be impractical since a minimal flow path (20pm
deep) is needed for robust operation.* A tube-less
microfluidic system to which cell culture media can be
delivered using a 96-tip automated liquid handling
robot has demonstrated one avenue in which high
throughput lab automation can be achieved.'”' The com-
patibility of body-on-a-chip systems with fully automated
detection systems is essential for high throughput screen-
ing where numerous specific chemical compounds would
need to be tested in a short time duration. However, these
systems have to be simple, flexible and user-friendly to
have an increased impact and to enable widespread
acceptance in the field of toxicology and drug
development.

Detection and analysis

The development of body-on-a-chip systems with inte-
grated assay techniques can facilitate the dynamic measure-
ment and collection of statistically significant data utilizing
the functional output parameters of the cultured tissues.
Many current biological assays that require large sample
volumes are not compatible with the small dimensions
and cell numbers that are typically observed in these sys-
tems. The small number of cells leads to smaller quantities
of biomarkers that need to be detected and increases the
sensitivity requirement of the analytical detection methods
applied in these devices. The transient nature of some of
these biomarkers in vivo can make it challenging to capture
and detect them within a body-on-a-chip system. Also,
removal of recirculating fluid required for any external
assays is complicated by the low fluid volumes used in
body-on-a-chip systems. To maintain constant fluid
volume and operation in a device with total fluid recircu-
lation requires replacement of the fluid taken for sampling.
Normally in a physiological system about 25% of the fluid
can be replaced per day based on fluid loss in urine, sweat,
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or often fluid excretions, so this needs to be considered in
determining device operating procedures.

Considering these limitations to external measurement
of biomarkers the development of microfluidics based
assay techniques integrated with body-on-a-chip systems
would be required. Microfluidic implementations of many
of these biological assays exist, but are not standardized nor
as user friendly as bench top analyzers. Both optical and
electrical detection techniques have been widely used in
these devices due to their ease of integration and compati-
bility with microfluidic implementation. The optical
transparency of many substrate materials used for body-
on-a-chip systems is suitable for optical measurements.
For example, a fluorescent measurement based assay for
individual cells was performed for cystolic calcium transi-
ents induced in multiple single T cells in parallel.'** It is also
important to consider the biocompatibility of the substrate
materials used for chip-based systems. Polymers such
as PDMS are optically transparent but any uncured oligo-
mers can leech into solution and the PDMS bulk can absorb
small molecules from culture media.'* Most electrical
measurement methods can be integrated within these
systems by using embedded microelectrodes’>'"® A
cytometric fluorescence detection system has been used to
measure the real-time dynamics of cell death,'** enzymatic
activity of liver cells,"® and migration of cells in 3D extra-
cellular matrix.”*

The application of embedded microelectrodes within
body-on-a-chip system also enables a wider range of elec-
trical measurements for determining the concentrations of
specific biomolecules and of viable cells. A microfluidic glu-
cose biosensor based on cyclic voltammetry and ampero-
metry techniques was used to study the electrochemical
properties of immobilized glucose oxidase on Au/Ni/
copper electrodes.'” Many recent important advances in
label free assays of proteins using a number of electrical
methods have been repor’ced,127 but have not been widely
incorporated within body-on-a-chip systems yet.

Disease models and cell sources

At present, the majority of disease models are based on
standard cell culture protocols or various animal models.
These traditional models often do not adequately represent
human diseases and is a major cause of drug failure during
the drug development process, particularly in the later
stages. The traditional animal testing approach is expensive
and also faces an ethical dilemma as to why animals should
be sacrificed when the drug testing results on animals most
often do not translate to humans. Thus, there is a need for
more representative models for diseases that can be evalu-
ated with body-on-a-chip systems. The need for disease
models is particularly critical when considering genetic
background, neurological diseases, diseases with an auto-
immune component, and cancer. The choice of cell source
for these models, whether it is of human or animal origin,
depends on the research problem that is to be solved. The
progress in current stem cell research provides unique and
numerous opportunities for the development of disease
models for body-on-a-chip systems. There are numerous

sources of stem cells, such as embryonic stem cells (eSC),
induced pluripotent stem cells (iPSCs), cell lines, or primary
cells and each of these cell types have their pros and cons
when applied in developing body-on-a-chip systems. The
development of certain diseases depends on the genetic
background of the patient and in such cases a human cell
source that has the inherent genetic mutations and vari-
ations would be more critical for the study. Human cell
lines are widely available, but they are not suitable for
patient-specific ~drug testing. Primary cells are
patient-specific, but are difficult to acquire and may not
survive in culture for longer periods of time to enable selec-
tion of an optimal strategy for drug treatment. iPSC can
comparatively be easy to generate and are especially
useful for generating cell lines with genomes that are pre-
disposed to disease, in particular when genetically inher-
ited disease affects tissues such as the heart and brain that
cannot be easily accessed.'”® One of the hurdles in using
iPSCs is that the differentiated cells can be immature and
the disease phenotypes may not be evident.'*® Maturation
protocols are under development for many cell types to
overcome this hurdle. The potential for disease modeling
and therapeutic interventions, especially using human
iPSCs for neural and cardiac disorders, may enable a new
type of patient for the 21st century.'*

Integration for true multi-organ dynamics

The integration of multiple organs within microfluidic sys-
tems for drug and toxicity testing was discussed earlier.
It was pointed out how simply integrating different cell
types without taking into account physiologic and meta-
bolic aspects of the interaction between the different
organs is not truly representative of complex dynamics of
living organisms. To develop in-vitro models that accurately
mimic human physiology, several aspects have to be con-
sidered. The system has to be designed so that each inte-
grated organ tissue shows the same functionality as shown
by its in-vivo counterpart. To correctly predict the final
effects of the drug, the pharmacokinetic process has to be
represented in vitro. This implies the necessity to integrate
within the platform system the specific organs involved in
these functions. While any organ may be important, the
liver, kidney, heart, lung, and brain are key organs and
the GI tract is particularly important to control entry of
drugs into the circulation. Co-culture systems to study the
interaction of liver and kidney under the effect of an
anticancerous drug and a perfusion system for the sequen-
tial perfusion of intestinal and liver tissue have been
recently reported,®'* but the development of an in-vitro
system to accurately predict the complete PK of drugs still
remains a challenge, particularly when a large number of
organs may be involved.

Another critical aspect in the development of an authen-
tic representation of the human body is that the model
should take missing organs into account.” This means that
when an organ is not considered to be of primary import-
ance for the representation of the mechanism under study, it
is possible to not directly represent it in the model, and a
simplified physiological representation of the missing



organs can be included instead."* This approach is similar
to that in a PBPK model where other tissues are placed in
compartments such as rapidly perfused or slowly perfused
tissues. However, a physiological representation still would
need to be tested and validated by mathematical and phys-
ical models. This approach can be considered a suitable
compromise between accuracy of the model and simplicity
of its implementation, as a physiologically relevant repre-
sentation of the complete human body can be obtained
without overcomplicating the system.

Cell culture medium, scaffolds, and surface
modifications

To develop a body-on-a-chip system for accurate prediction
of human responses to drugs and chemical agents, in-vitro
culture conditions must mimic the in-vivo physiological
environment of the cells and microtissues. Typically, in-vitro
media formulations consist of a basal medium, supple-
mented with nutrients and growth factors that are essential
and/or useful to the cell type. Animal sera, such as fetal
bovine serum (FBS), have been commonly used as media
supplements in cell culture research. However, due to the
undefined and variable composition of serum, as well as the
ethical concerns with the production and use of animal-
derived components in cell culture, there is an increasing
demand for serum-free and chemically-defined media for-
mulations as a good cell culture practice."*' Each cell type
has its own unique media supplement requirements to pro-
mote cell adhesion, differentiation, proliferation, and
growth. One of the challenges in the development of a
body-on-a-chip system is the establishment of a suitable
universal medium that enables retention of cellular pheno-
type and function, and provides effective humoral commu-
nication between the multiple cell and tissue types. A
serum-free culture medium in a defined system was first
established for the study of hippocampal neuronal differ-
entiation™® and in-vitro culture of motoneurons.'*
Patterned cardiomyocytes on microelectrode arrays®” in a
serum-free medium have been developed to demonstrate
electrophysiological function and response to cardioactive
substances. An in-vitro cell culture model consisting of a
serum-free medium and defined culture systems have
also been used to promote differentiation of skeletal
muscle.”” A common media has been developed for co-cul-
ture of motoneurons with skeletal muscle to form robust
neuromuscular junctions.”**™*® An in-vitro model with
define medium'” has been developed for oligodendrocyte
differentiation and maturation in co-culture with embry-
onic motoneurons. An optimized basal culture medium
has been developed for successful culture of four human
cell types”" optimized in a 3D microfluidic cell culture
system. In a scenario where drug-plasma protein binding
is being studied, binding proteins such as albumin could be
artificially added to a serum free universal media. The com-
plexity of body-on-chip systems will continue to increase
with the addition of more organ types and will increase the
demand for a universal cell culture medium or system.
Similar to the need for a serum free universal medium,
there is also a need to replace poorly defined animal-based

extracellular surfaces such as matrigel with synthetic mater-
ials'®® that can be used to control the proliferation and dif-
ferentiation of cells into viable tissues. Surface
modifications can be achieved with silane coatings as well
as utilizing peptides and other materials to allow proper
cell growth, proliferation, and longevity. In order for new
scaffold materials to produce a 3D tissue that is morpho-
logically and functionally similar to in-vivo tissue, it should
be highly porous with interconnecting pores that allow cell
growth and flow of waste and nutrient materials, be bio-
degradable at a controlled rate that matches growth of cells,
and have a surface that promotes attachment, proliferation
and differentiation.”® An ideal scaffold system should also
provide all the biochemical and biomechanical cues that
in-vivo tissues receive.”” The design of cost-effective scaf-
fold materials and surface modifications that closely mimic
the extracellular matrix and provide suitable growth factors
and environmental stimuli to direct tissue growth can be
challenging, considering the many subtleties involved.

Conclusion

Body-on-a-chip systems present an attractive experimental
platform for studying medical and biological questions that
cannot be answered with conventional macroscale in-vitro
systems. There are two major advantages of body-on-a-chip
systems over existing cell-based methods. (1) By utilizing
micro- and nano-technology, in-vivo tissue-like cellular
environments can be provided, which leads to more
authentic and realistic behavior of the cells. (2) When com-
bined with a PBPK modeling approach, body-on-a-chip
systems can provide information on quantitative, time-
dependent phenomena arising from the interaction of mul-
tiple organs in the body. For a long time, animal models
have been an important tool for experiments that cannot
be readily performed on humans. However, animal
models always carry potential ethical issues, and the
extrapolation of results from animal models to humans
remains a problem. Considering that body-on-a-chip tech-
nologies still face many challenges and issues, and cur-
rently developed systems are still in proof-of-concept
studies, animal models are still the closest system to
model a human body. However, body-on-a-chip systems
have a great potential of working as ‘improved” in-vitro
systems, which are closer to the human or animals than
conventional in-vitro systems. Another value of body-on-
a-chip systems is that they can function as a tool for de-
convolution of various environmental factors present
in vivo. For example, one might be concerned about the
exact effect of 3D tissue architecture, mechanical stress, or
chemical signals from other tissues, or combinations of
those factors on cells, but it is a question that is difficult to
answer. Body-on-a-chip systems can be an ideal tool for
answering such questions.
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