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Microphysiological systems are in vitro
models of human tissues and organs.
These systems have advanced rapidly in
recent years and are now being commer-
cialized. To achieve wide adoption in the
biological and pharmaceutical research
communities, microphysiological systems
must provide unique insights which trans-
late to humans. This will be achieved by
identifying key applications and making
microphysiological systems intuitive to
use.

Liver disease represents a growing global health burden. The development of in vitro liver
models which allow the study of disease and the prediction of metabolism and drug-
induced liver injury in humans remains a challenge. The maintenance of functional primary
hepatocytes cultures, the parenchymal cell of the liver, has historically been difficult with
dedifferentiation and the consequent loss of hepatic function limiting utility. The desire
for longer term functional liver cultures sparked the development of numerous systems,
including collagen sandwiches, spheroids, micropatterned co-cultures and liver microphy-
siological systems. This review will focus on liver microphysiological systems, often referred
to as liver-on-a-chip, and broaden to include platforms with interconnected microphysiolo-

gical systems or multi-organ-chips. The interconnection of microphysiological systems presents the opportunity to explore
system level effects, investigate organ cross talk, and address questions which were previously the preserve of animal experi-
mentation. As a field, microphysiological systems have reached a level of maturity suitable for commercialization and consequent
evaluation by a wider community of users, in academia and the pharmaceutical industry. Here scientific, operational, and organ-
izational considerations relevant to the wider adoption of microphysiological systems will be discussed. Applications in which
microphysiological systems might offer unique scientific insights or enable studies currently feasible only with animal models are
described, and challenges which might be addressed to enable wider adoption of the technologies are highlighted. A path forward
which envisions the development of microphysiological systems in partnerships between academia, vendors and industry, is

proposed.
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Introduction

The continuing high attrition rate in the pharmaceutical
industry has led to an on-going search for new technologies,
which can be incorporated into pre-clinical drug develop-
ment to de-risk compounds before they enter the clinic.
In the broadest terms, the goal is to gain the most transla-
tionally relevant information, enabling an accurate pre-
diction at the earliest possible stage, of the behavior of
new medicines in humans. These new technologies will
either replace, or more likely augment, the current range
of in vitro cell culture and animal models available to
assess drug safety and efficacy. One such technology is
microphysiological systems (MPS) or in common parlance
organ-on-a-chip. These are small-scale, in vitro cell cultures,
which model facets of tissue or organ level function.
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The term organ-on-a-chip is somewhat misleading as the
modeling of whole organ function is not possible with cur-
rent systems, which are typically capable of recapitulating
tissue level effects, hence the term microphysiological sys-
tems is preferred. MPS typically contain multiple cell types,
co-cultured to recapitulate in some manner the histoarchi-
tecture of the tissue, either through controlled positioning of
cells in the device, and/ or the use of three-dimensional scaf-
folds. To obtain a highly functional model and improve
translational relevance, primary human cells are frequently
used. In MPS a flow of culture medium seeks to ensure that
cells are adequately supplied with nutrients and subjects
cells to shear forces such as those experienced in vivo. This
has led to MPS often being termed microfluidic cell culture
systems, and indeed microfluidics is often a key component
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of MPS. Additional mechanical stimulation may also be
imposed on the cells, to simulate normal body movements
(e.g. breathing, gut peristalsis, blood pressure shear). MPS
may be utilized as fluidically isolated single systems, or
connected through fluidic circuits to model the function
of interconnecting tissues.

Demonstrating translational relevance will be key to
driving wider adoption of MPS. Do MPS more faithfully
mimic human physiology? The design of experiments to
answer this critical question is challenging, when the
human biology is itself not fully understood. It is unrealistic
to expect a MPS to fully recapitulate all functional aspects of
a given organ or tissue, since all models are inherently a
simplification of the system or process they seek to mimic.
The aim is to capture the critical features of the system
while in the interests of tractability neglecting less import-
ant components. The demonstration of translation rele-
vance is best achieved by focusing on specific applications
and showing the utility of MPS in the chosen application.
Examples for the liver include: expression and maintenance
of a specific disease-related target; prediction of drug-
induced liver injury; maintenance of metabolic competence
to enable drug metabolism studies; response of a diseased
model to currently available therapies. In almost all appli-
cations, there will be an incumbent technology, or assay,
already in use within the pharmaceutical industry which
addresses the need to some degree. In drug metabolism,

suspension and plated primary hepatocytes are routinely
used; in safety testing, animal studies are mandated by
the regulator; in target discovery and validation, genetically
modified small animal models are widely employed.
Against this backdrop of well-established technologies,
albeit with certain limitations, MPS must demonstrate
unique value in specific applications before end users will
adopt this new technology.

The end users for MPS will be biological and pharma-
ceutical scientists working in academia and industry, whilst
those developing the systems, usually in academia, often
come from an engineering, physics or materials back-
ground. This meeting of disciplines creates the opportunity
for innovation and radical steps forward, but also carries
the risk that systems developed primarily by engineers will
be alien to biologists, limiting utility and uptake. It is here
that companies commercializing MPS technologies can
bridge the gap and develop or productize academic proto-
types, into systems which are user-friendly, affordable and
compatible with current work flows.

This review will consider the opportunities to increase
the adoption of MPS in industry and academia, with a focus
upon liver MPS and interconnected or multi-MPS. MPS
applications in the drug discovery and development pro-
cess, broadly stem from either: i) MPS being human in vitro
models, or ii) new experiments enabled by fluidics
(Figure 1). The current state of the art will be reviewed,

Discovery

Discovery

Target
Discovery

Short-medium duration (2 daysto 2
weeks) cultures of human primary cells
or stem cells under well controlled
conditions to simulate tissue
homeostasis or tissue remodelling

Interconnected MPS

* Human specific modalities

Continuous feed/sampling for
temporal control of culture
conditions e.g. to test complex

dosing regimes or circadian cycles

Development

Extended human MPS cultures (1+
months) and multi-organ studies
e.g. for investigational toxicology

Drug repurposing

{mmunatheraps Viral vector Gene therapies
OEraRY ¥ drug delivery | (RNAIL Crispr) ; o

35 ' Combination Temporal

= therapies PK/PD !
§ ; Teriila Post-approval studies - - - -

i reproductive cycle

e e
- biclogical : linked to Stem cell o
& insights . organ for toxicity differentiation :
15 Inter organ cross talk

Basic biological
research & Target ID
A
"

FLUIDIC

Adaptive immune
responses

Inflammatory Metabolic syndrome
diseases & NASH

Figure 1 Proposed uses of MPS in the pharmaceutical development pipeline



and opportunities for MPS to address a range of existing
and new applications will be explored. The challenges in
bringing MPS to an end user community, well versed in cell
culture, but with little experience of (micro)fluidics, are
highlighted and potential solutions suggested. For the suc-
cess of MPS, it is key they establish translational relevance in
applications important to the pharmaceutical industry. The
studies needed to establish translational relevance are com-
plex and can likely only be successfully achieved through
partnerships between academia, companies commercializ-
ing MPS and pharmaceutical scientists. The form of these
partnerships is discussed and issues in their implementa-
tion are examined.

Modeling of the liver

The liver is a complex organ, involved in myriad processes
essential to life, including protein production, drug metab-
olism, glucose storage, and is frequently a target organ for
drug toxicity. The basic structural unit of the liver is the hep-
atic lobule, in which an array of hepatic sinusoids carries
blood from the portal triad to the central vein. The sinusoid
is composed of plates of hepatocytes, the parenchymal
cell of the liver, lined with liver sinusoidal endothelial cells.
Resident within the sinusoid are non-parenchymal cells,
namely Kupffer cells, the liver resident macrophage, and
hepatic stellate cells, which are implicated in extracellular
matrix production and tissue remodeling. Hepatocytes
form tight junctions separating the blood side of the sinus-
oid from the bile duct, which is lined with cholangiocytes.
Hepatocytes are highly metabolically active cells and con-
sequently an oxygen gradient exists down the liver sinus-
oid. Comprehensive reviews of the structure and anatomy
of the liver are available elsewhere.'

The culture of primary hepatocytes has long been a
target for the application of innovative cell culture systems,
owing to: (i) a broad interest in these cells for drug
safety and metabolism studies; (ii) a rapid loss of viability
in suspension cultures; and (iii) the difficulty in main-
taining differentiated state in adherent monolayer cultures.
Approaches including optimization of medium conditions,’
sandwich culture,*® micro-patterned co-cultures,® scaffold-
supported and unsupported three dimensional (3D) cul-
ture,”® and MPS>' have all been demonstrated to improve
hepatocyte viability and function in the long-term culture.
Liver MPS have been demonstrated to mimic the histoarch-
itecture of the liver sinusoid,''* supply the metabolic
demands of hepatocytes through the application of flow,"
and are readily incorporated into interconnected MPS.
These features differentiate liver MPS from other in vitro
liver culture systems, but inevitably bring with them both
complexity and cost. Thus, for liver MPS to be widely
adopted, the advantages must be thoroughly demonstrated,
translational relevance to humans established, and costs be
acceptable to the end user.

The field of in vitro liver cell culture, particularly with
emphasis on toxicology, has been well reviewed else-
where.">'*1¢ This review will focus on technologies
which are nearing, or have reached commercial maturity.
Interconnected MPS, which feature as one component a

Hughes et al. Applications of microphysiological systems

liver MPS will be addressed in a later section. For simplicity,
advanced in vitro liver systems can be categorized as
innovative two-dimensional (2D) culture, static 3D cultures
and MPS. Of the innovative 2D systems, the micro-
patterned co-cultures of hepatocytes and 3T3 fibroblasts
developed by Prof. S. Bhatia® and commercialized by
Ascendance (formerly Hepregen), and the Hurel random
co-cultures,'” stand out as rare examples of advanced sys-
tems which have been published on by the pharmaceutical
industry.'®** Innovative 2D systems have the advantage of
being in a format which is already familiar to biologists and
can be easily integrated into current workflows. Workflow
compatibility is also typically afforded by static 3D cultures,
which are often deployed in a multi-well plate format and
can either be formed through spontaneous aggregation of
cells as spheroids, or organoids as in the InSphero
system,”? or through the use of a scaffold.**** The use of
a scaffold presents the opportunity to further control the
cellular microenvironment by modulating the mechanical
properties of the surfaces in contact with the cell.

The number of companies offering liver MPS, which
combine some mimicry of histoarchitecture in combination
with flow, has grown over the past decade, in part reflecting
the increased research funding directed towards this area.
CN Bio Innovations offer the mesofluidic LiverChip®
system, developed by the group of Prof. L. Griffith,
in which the liver vasculature capillary bed is approxi-
mated by an array of perfused liver microtissues.'>?*%
Hepatocytes and optionally non-parenchymal cells are
seeded into an array of micro-channels, in which they
form annular 3D structures. Cell culture medium is per-
fused through the scaffold, and passes through the portion
of the microchannel not occluded by cells. Thus, each cell
containing micro-channel can be considered a simple mimic
of the liver sinusoid. Smaller scale, more microfluidic liver
MPS are also available.?®*’ Publications from pharmaceut-
ical scientists on the use of Liver MPS are comparatively
rare and where they do exist have typically been focused
on drug metabolism.>**!

There are a variety of liver MPS and other advanced liver
culture systems on the market and it is clear that many
are being actively evaluated by academic and pharmaceut-
ical scientists. However, there clearly remain issues to
be addressed on the path to a more faithful in vitro recap-
itulation of the human liver. As MPS vendors, the authors
frequently interact with academic researchers and scientists
from pharmaceutical companies both large and small. The
issues detailed below often feature in discussions with this
community of potential end users.

Hepatic scaling

A typical culture of 375,000 primary human hepatocytes, in
a single well of a 24-well plate, will be cultured in 500 uL of
cell culture medium, which is changed every 1-2 days. This
corresponds to 1.3 pL of medium, per 1000 hepatocytes, per
day. Making a simplistic comparison, the ratio for man is
circa 0.008 uL of blood, per 1000 hepatocytes, per day;
assuming 5L of blood, 50% cleaned each day, and 300 bil-
lion hepatocytes in the liver. The use of dilute systems with
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high medium to cell ratios has likely evolved for several
reasons: (i) convenience; (ii) to ensure adequate nutrient
supply and buffering capacity; and (iii) to guard against
evaporation from multi-well plates placed in cell culture
incubators. The frequent complete changing of medium in
well plate and flask culture poorly mimics the in vivo situ-
ation, as any autocrine and paracrine factors which have
accumulated are entirely removed from the system.
Intuitively more appropriately scaled systems, in which
the levels of extracellular factors are closer to in vivo,
might be expected to be more predictive of the in vivo
response. MPS systems are well placed to address the scal-
ing issue, as microfluidic channels permit high surface area
to volume ratios, giving large areas for cell attachment with
constrained volumes.**

Sensing

Moving to a less dilute system, with lower medium to
cell ratios, is appealing as concentrations of secreted auto-
crine and paracrine factors increase. This may be achieved
by decreasing medium volume, increasing cell number or a
combination of both. If the chosen route is decreased
medium volumes, this has practical implications for meas-
urement and sensing. A single ELISA or proteomics meas-
urement by LC/MS will typically require tens to hundreds
of microlitres of medium, which might consume all the
available media from a single MPS or medium change.
Thus, to achieve the maximum value from scaled MPS,
online analysis tools or sampling and analysis, which
can operate on micro and nanolitre volumes, need to be
developed and integrated with platforms. Integration of
online sensors into MPS allows continuous temporal mea-
surement of one or more parameters. The recent review by
Marx et al. gives an excellent overview of the area.*® Turning
specifically to the liver, measures of metabolic function
are of interest and sensors integrated with liver MPS have
been demonstrated.>>* When integrating online sensors
with MPS the additional complexity associated with
sensor connections, sensor stability, calibration and any
risks of contamination need to be considered. An alterna-
tive approach to integrating sensors is to enable the
precise withdrawal of micro or nanolitre samples for ana-
lysis, ideally with minimum disruption to the cultures.
These samples might be withdrawn and stored for later
analysis,” or fed directly to the analyzer.***” Dependent
on the number and volume of samples taken, automated
methods of replacing the volume of medium lost from the
system may be required. In combination with the above
approaches, imaging will remain an important and widely
used tool for analyzing MPS cultures. MPS are often specif-
ically designed to enable online imaging®® as positioning
the microscope objective close enough to the cells whilst
still allowing for flow channels, pumps and associated
tubes can be challenging.

Zonation

Oxygen consumption by hepatocytes leads to a decrease in
oxygen concentration from ~100 pM to 50 pM in the blood,

as it flows down the liver sinusoid from the portal triad to
the central vein.'® For comparison, the saturation concen-
tration of oxygen in cell culture medium at 37°C is 201 pM.
The sinusoid is considered to contain three zones, and it is
well established that hepatocytes in different zones are
functionally distinct owing to the variation in oxygen ten-
sions.>’ For example, necrotic cell death associated with
acetaminophen toxicity is typically localized in Zone 3
where expression of cytochrome P450s is high.*’ The ability
to control oxygen tension and model zonation in vitro has
been explored using a variety of systems including liver
MPS. 24041 A Tiver MPS model which captured the differing
hepatic function of the three zones of the liver, and enabled
the response of each to be interrogated individually would
likely be of interest, particularly for toxicology and drug
metabolism applications. In the interests of practicality, it
would be preferable if oxygen tensions in the medium
could be modulated without the need to resort to hypoxic
incubators or sparging of gas. It also remains to be under-
stood what, if any role, the zone from which hepatocytes
were originally isolated plays in their functioning in vitro, or
their ability to become zonated.

Complex co-cultures

The culture of primary hepatocytes in all formats has
advanced significantly in the past decade and this has led
to the desire to increase the complexity of the model,
through the incorporation of liver non-parenchymal cells.
Liver MPS are well positioned to enable the formation of co-
cultures of hepatocytes and non-parenchymal cells, in
which cells are added in controlled ratios, in precisely
defined locations within the system. Given spatial separ-
ation of cells, for example in channels on either side of a
porous membrane, the potential exists at the end of the
experiment to recover and analyze individual populations
separately. These features should be a commercially attract-
ive, as they will enable end users to tailor a liver model to
answer their specific biological questions rather than
simply aiming to develop a model which recapitulates all
possible functions of the liver.

Cultures of primary hepatocytes with Kupffer cells, stel-
late cells, endothelial cells and mixed fractions of non-
parenchymal cells, have been reported in both MPS'*742
and other advanced liver culture systems.'”**** The source
of the non-parenchymal cells must be carefully considered
as this is likely to have a significant bearing on the bio-
logical authenticity of the model. Primary human non-par-
enchymal cells can be isolated from fresh tissue or obtained
cryopreserved from commercial vendors, but a donor
match between hepatocytes and non-parenchymal cells
can rarely be achieved. In many instances, primary hepato-
cytes are combined with cell lines such as EA.hy296 or
HUVEC (endothelial cell lines) or LX-2, the stellate cell
line'** as these cells are more readily available then pri-
mary non-parenchymal cells. Whether combining cells
from different donors or combining cell lines, the biological
and particularly immunological implications need to be
considered.



The addition of non-parenchymal cells to a liver model
provides additional biological functionality, which is of use
in application areas including drug metabolism®"** toxicol-
ogy “*** and disease modeling.*’ In drug-induced liver
injury, a role for underlying inflammation has been pro-
posed.* If primary hepatocytes are co-cultured in a liver
MPS with primary Kupffer cells, the liver resident macro-
phage, the cell death induced by toxicants with known
immune liabilities such as trovofloxacin®” is enhanced if
lipopolysaccharide the model TLR4 agonist is added.” The
addition of non-parenchymal cells holds promise in the
development of disease models in which multiple cell
types are implicated in the progression of the disease.
Diseases such as non-alcoholic steatohepatitis (NASH),
the more severe manifestation of simple hepatic steatosis,*®
will surely require models comprised of at least hepatocytes
and stellate cells.* It should be noted that not all disease
models require complex co-culture. For example, the study
of monogenetic liver diseases such as alpha-1-antitrypsin
disorder can likely be very satisfactorily addressed with
monocultures.”

Bile ducts

Polarization, tight junction, and bile canaliculi formation
are frequently demonstrated using in vitro liver models,®
and are considered important for achieving uptake and
efflux transporter function. Although bile canaliculi can
be formed in vitro, no existing model has yet demonstrated
a network of canaliculi leading to a bile duct. In monolayer
cultures of primary hepatocytes, a network of canaliculi is
formed in the plane of the hepatocytes with bile acids
released into the cell culture medium.”’ Devices that
enable the contents of the canalicular network, namely
bile acids to be collected, independent from the culture
medium would more closely mimic in vivo physiology, be
analytically useful, and offer opportunities for the modeling
of enterohepatic circulation. Liver MPS incorporating mul-
tiple micron sized channels wherein the placing and spatial
orientation of cells can be controlled, might offer the oppor-
tunity to produce a model which has bile duct-like features.
Optimally these duct-like features would be lined with
cholangiocytes.

Cell culture medium

The cell culture medium typically used for the culture of
primary human hepatocytes is complex, typically having
up to 100 components. The necessity for many of these com-
ponents is difficult to establish from the literature and
indeed if co-culture of multiple liver cell types is to be suc-
cessful, as is typical in liver MPS, the effects of individual
components on all the cell types present must be under-
stood. For example, dexamethasone, the potent synthetic
glucocorticoid, is often added to culture medium to main-
tain the differentiated state of primary hepatocytes.
Glucocorticoids are anti-inflammatory and indeed if hep-
atocyte and Kupffer cell co-cultures are attempted in the
presence of dexamethasone, at nanomolar concentrations
the response of the Kupffer cells to inflammatory stimuli
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is significantly attenuated.*” A full review of medium
components is beyond the scope of this work, suffice to
note that in building an in vitro liver model, be it microphy-
siological or otherwise, if medium components are added at
supra-physiological concentrations, it is important to con-
sider the effects this may have on cell function and signal-
ing. For example, Winnike et al. determined from
metabolomics analysis that despite primary human hepato-
cytes being cultured in 25 mM glucose and 688 nM insulin,
they appeared to be in a state of extreme starvation.”® This
work points to the need for hepatocyte culture medium,
which promotes a more physiologically relevant metabolic
state.

Fetal calf serum is frequently a component of cell culture
medium. Serum is a chemically undefined, non-human
component and hence should be removed from human
liver MPS, if suitable functional performance of the cells
can be maintained. Chemically defined medium, which is
serum free but will still contain some amount of protein,
typically bovine serum albumin at circa 0.1 mg/mL is pre-
ferred. Extended culture of primary human hepatocyte
monocultures,’ hepatocyte/Kupffer cell co-cultures, 3423
hepatocyte/Kupffer/stellate triple cultures (unpublished
data), and hepatocyte/mixed non-parenchymal cell frac-
tion,"" can be achieved in chemically defined, serum-free
medium. The ability to sustain cultures for more than a
few days in the complete absence of protein, other than
that produced by the cells, remains an open question. The
concentrations of protein in defined medium are far below
those in blood where total protein and serum albumin
are circa 70 mg/mL and 50 mg/mL, respectively. The con-
centration of protein in liver MPS medium will also influ-
ence pharmacokinetics, as it will lead to lower free drug
concentrations, as most drugs exhibit at least some protein
binding. As a minimum, protein/serum concentrations and
the free, as opposed to total, drug concentrations in any
experiment should be considered, particularly when com-
paring between culture systems, as this can radically effect
the interpretation of metabolism and toxicology data. For
liver MPS systems, the presence of serum or protein may
lead to pumping issues particularly if concentrations are
high and the pump action is harsh, resulting in protein
denaturation and aggregation.”

Interconnected MPS

Following the early work of Prof. M. Schuler,”>"° the inter-

est in interconnected MPS or multi-MPS has increased in
recent years, and has been catalyzed by significant funding
from the Defence Advanced Research Projects Agency
(DARPA), the National Institutes of Health, and the
European Union. Interconnect MPS are being developed
by a rapidly expanding number of vendors, including
TissUse, Hurel, Hesperos, Emulate, Nortis, Kirkstall, and
CN Bio Innovations. Most of the interconnected MPS are
small-scale microfluidic devices. These systems typically
incorporate a liver MPS, owing to the central importance
of the liver in drug metabolism and toxicity, connected to a
number of other organ MPS. Access to these technologies
is achieved through purchase of products, contract research
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services or research alliances, dependent on the vendor.
This section will focus on commercially available intercon-
nected MPS; however, given the limited published
data from vendors, examples from academia will also be
included.

The choice of which MPS to interconnect must be driven
by the intended application. To make the platform or assay
fit for purpose, at a minimum it must feature the organ
or tissue mimics required to recapitulate the relevant
biological processes. When considering which and how
many MPS to interconnect, a balance must be struck
between capturing the required biology, preserving
usability, and limiting cost. The field of interconnected
MPS is still in its infancy, but as the field advances, and
new insights are gained into human physiology and dis-
ease, the fit for purpose question will need to be continu-
ously revisited.

There already exist examples of interconnected MPS tar-
geted to specific applications (Figure 1). For toxicology,
interconnected MPS featuring common target organs®
such as liver, heart, and kidney have been developed,yf”SS’S9
whilst for cosmetics testing, the linking of skin and liver has
been demonstrated.®® In drug metabolism studies, model-
ing of first pass metabolism with an interconnected gut and
liver has been exemplified in a number of different MPS
configurations.®*** In efficacy testing, the conversion of
prodrug to its active form, and the subsequent study of
the effects on a target tissue has been achieved through
the interconnection of a liver MPS with a cancer tumor
model.***® Looking to the future, the study of the diseases
such as fatty liver disease and diabetes would be enabled by
a liver, pancreas, adipose tissue and muscle interconnected
MPS.

A key area in which interconnected MPS may yield new
biological insights, is the role of inflammation and immune
response. For example, low level chronic inflammation of
the liver driven by bacterial components leaking from the
gut has been implicated in increased susceptibility to drug-
induced liver injury,”” whilst massive leakage drives acute
liver failure. Interconnected MPS should be well suited to
studies in this area with the ability to control the cell types
and inflammatory stimuli, combined with time course sam-
pling. The inclusion of an adaptive immune component as
part of an interconnected MPS would expand potential
applications into areas such as immune responses to viral
infection, and the study of immuno-modulatory therapies.
Given the highly species specific nature of immune
responses, an all human interconnected MPS with
immune components should be a valuable tool able to
replace animal models.

The science of interconnected MPS is advancing rapidly;
however, there remain many unanswered questions in
the field. Many are conceptually similar to those faced
in the development of liver MPS, with the obvious caveat
that interconnection of MPS increases complexity and
hence the magnitude of any issue. Sensing is highly relevant
to interconnected MPS, but the area will not be revisited as
the issues are similar to those discussed in the previous
section.

Interconnected MPS scaling

The appropriate scaling of interconnected MPS remains
perhaps the largest challenge in the field. As discussed,
the scaling of a single MPS or organ can be challenging
and this is multiplied when systems are interconnected.
The key questions become on what basis should both the
individual MPS and the inter-MPS interactions be scaled,
and how does one account for any tissues or organs which
are not present? This area has recently been extensively
reviewed, with residence time, allometric and functional
scaling all highlighted.®*®> As noted by Wikswo et al.,
matching the enormous efficiency of the human circulatory
system presents a significant challenge.®* A 70kg man has
approximately 5L of blood. Scaling this using any method-
ology to typical in vitro cultures, leads to the need for the
whole system to contain only microliters of culture
medium.

This presents practical challenges which may be at least
in part, overcome through careful design of the individual
MPS and the means by which fluid is transferred between
the MPS. If one is constrained to working with total system
volumes in the microliter range, then volumes in fluidic
paths, connectors linking MPS, and dead volumes within
the MPS, must be aggressively controlled. One potential
approach is to develop compact systems, with on-board
pumps and short interconnections, where currently indi-
vidual MPS and pumps are often separate units linked
with lengths of tube. Aside from scaling, the elimination
of tubing offers benefits as it removes a potential source
of non-specific drug binding and bubble formation. An
alternative approach to scaling systems, which eliminates
tubing, is to use robotic handling to transfer aliquots of
medium between MPS. This approach offers great flexibil-
ity in fluidic routing, but the transfer of fluids between MPS
cannot be continuous. Whichever solution is selected, trans-
fer rates of fluid and fluid mixing will need to be carefully
considered to ensure that the fluid dynamics of system do
not product artifactual results.

The issue of device scaling should not be solely con-
sidered an engineering design challenge, as mathematical
modeling also has a role to play. In the likely event that
interconnected MPS cannot be developed, which are per-
fectly scaled in every facet, provided a robust physiologic-
ally based pharmacokinetic (PBPK) or systems biology type
model can be created, then experimental results may still be
usefully interpreted. A separate, but related topic is the
scaling of in vitro results generated in single and intercon-
nected MPS to the in vivo situation. This will be of critical
importance in determining the translational relevance of
the systems. Existing techniques may be applied,”*® but
likely new methodologies will be required, and synergistic
development of these methodologies will occur together
with MPS.

Availability of multiple cell types

The need to have several different cell types available
for each interconnected MPS, and to have the individual
MPS available for experimentation at the same time, poses



a considerable logistical challenge. The individual MPS
must either be produced locally, within the research facility,
or purchased from vendors in ready to use form. The local
production of MPS will require biological expertise, specific
to each organ or tissue, with this requirement being more
stringent if primary cells are used. This suggests that
the deployment of higher order interconnected systems
will be limited to larger research facilities.

To lessen the issue of cell and MPS availability, much of
the early work in the field has been performed with MPS
composed of carcinoma cell lines, which can be readily sub-
cultured and are consequently always available. If primary
cells are to be used in the interconnected MPS, the logistical
requirements point to the need for either cryopreserved
cells or the purchasing of ready to use MPS from a
vendor. The ability to culture some or all the MPS in isola-
tion for a period before combining to form an interconnect
MPS will doubtless also be required.

Quality of individual organs

MPS systems like animals and monolayer cell cultures are
simply models; approximations of a given tissue, organ,
disease or system. Individual MPS will have different
levels of biological authenticity. This needs to be considered
when MPS are combined to form an interconnected system.
For example, if one highly functional MPS, composed of
primary cells, was connected to other MPS composed of
carcinoma cell lines of limited functionality, how would
this effect the overall functionality of the system? Using
the liver to exemplify this point, Kratochwil et al. compared
cell lines, stem cell-derived hepatocytes, and primary hep-
atocyte cultures for drug metabolizing capacity, and found
the metabolic capacity of primary hepatocytes in a number
of formats to be 10-fold higher than HepG2 cells.” If pri-
mary cells are used, donor-to-donor variability should also
be considered.®® Where possible, the level of functionality
between interconnected MPS should be balanced, but if this
is not possible the differences should at least be understood
and due account taken of these when interpreting experi-
mental results.

Universal or common cell culture medium

The purpose of interconnected MPS is to enable cross talk
between MPS, thereby uncovering system level biological
events only previously able to be studied in animal models.
This cross talk may be through either soluble factors, such
as cytokines, or the migration of cells between tissues.
In either case, a path for communication between MPS
must be established. Intuitively, the solution is a single
common culture medium which bathes all the intercon-
nected MPS. However, it is likely that each MPS will have
been developed with its own bespoke medium, optimized
through an iterative process to best maintain the viability
and function of a specific cell type. In selecting a common
medium for several interconnected MPS, the components
within each medium should be analyzed, commonality
sort, and components liable to have detrimental effects on
other cells or tissues identified. A balance must be struck by

Hughes et al. Applications of microphysiological systems

substituting components, or modifying concentrations, to
find a common medium which keeps all MPS functional,
but may not offer optimal function for each individual MPS.
The challenge of finding a common medium is increased if
primary cells are used, as the medium used for their culture
tends to be more diverse than that for carcinoma cell lines.

There are alternatives to using a single common
medium, to which all MPS are exposed for the duration of
the culture. If the rate of transfer of medium between MPS
can be controlled, then a scenario can be envisaged in which
each MPS starts the culture in its own bespoke medium and
then these mediums are mixed at a controlled rate. This can
be a useful strategy, particularly for early experiments, or
where the biology of the MPS may still be under develop-
ment, as interconnection can be achieved without having a
fully developed common medium. The disadvantage of the
strategy is that the rate of interaction of the MPS is governed
by medium considerations, rather than physiological rele-
vance. An alternative approach is to endothelialize MPS, or
include porous channels within the MPS, to create effect-
ively two systems separated by an endothelial barrier. It
becomes possible to have one culture medium on the
lumen side of the endothelialize channels, analogous to
blood, and a second for the tissue side of each MPS.
Assuming the endothelial barrier maintains integrity, the
media are effectively separated and can thus be optimized
accordingly. This is an elegant approach being pursued by
several groups; however, the endothelialization of channels
is not without issues, and consideration also needs to be
given to mass transfer across the endothelial barrier.

Current and future applications for MPS

Given that MPS are currently in development for most
tissues in the body, and that the interconnection of these
systems represents a further level of sophistication, a
wide field of possible applications is available (Figure 2).
When considering the value an MPS can offer, the biological
or translational relevance of the data produced is likely to
be paramount. Does the MPS, or interconnected MPS, pro-
vide a more faithful recapitulation of the in vivo biology?
Does it generate a result which more readily translates to
the in vivo, or a unique result which cannot be produced by
other models or means? The biological problems typically
studied with MPS are complex and multi-faceted; for exam-
ple, drug-induced liver injury, which requires multiple liver
cell types to be present; or diseases with an inflammatory
component, which require the trafficking of signalling mol-
ecules between organs (Figure 2). These problems are unli-
kely to be adequately understood through the measurement
of a single end-point assay and favor comprehensive char-
acterization of the system, through temporal sampling and
-omics analysis. To establish the translational relevance of a
MPS, these large data sets must be modeled and rationa-
lized. Here, approaches, including PBPK models, quantita-
tive systems pharmacology, and systems biology, will all be
of utility for specific applications. Academic researchers in
the MPS field are already pursuing this linkage of MPS with
quantitative modeling,67 and in the authors’ opinion, this
represents a rational approach to discovering applications
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in which MPS add significant value in the drug discovery
process.

The commercialization of MPS or interconnected MPS,
and their transition from a tool used by the laboratory
which developed them, to products suitable for use by
a wider community, is a challenging and costly step. It is
conceivable that products may achieve a limited degree of
success in academic, or research settings, by proving a gen-
erally improved model of human physiology. To achieve
widespread uptake in the pharmaceutical industry, it is
likely that specific applications in which these systems
offer unique information, will need to be discovered. The
success of the search for these applications of value, or so
called “killer applications”, will determine the commercial
success of MPS and the companies producing them.

Liver MPS applications can be broadly categorized as
toxicology, drug metabolism and disease modeling. The
search for applications began in toxicology and drug metab-
olism, but this has yet to bear significant commercial fruit.
The need for more predictive models of drug-induced liver
injury, or improved means to measure the metabolism of
low clearance compounds, is well recognized, but the
authors believe that early applications of value will be
found in disease modeling. Here, MPS will be deployed
for target identification and validation studies or as pheno-
typic screens, albeit that the size or throughput of these
screens might be limited to at most a few thousand com-
pounds. Application areas may include diseases currently
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poorly served by animal models, such as viral hepatitis or
modeling of diseases implicating multiple cells types such
as fatty liver disease, liver fibrosis, and metastatic liver
cancer. The opportunity to explore new modalities, such
as RNAi and viral delivery, also represents an interesting
application for liver MPS. The development paradigm and
key data sets required when advancing new modalities to
the clinic are less well defined than for small molecules, and
this presents an opportunity for new technologies, such as
liver MPS to become an established standard. An often-
posed question regarding liver MPS is: could a similar
result be achieved or application addressed with 2D,
innovative 2D, or static 3D cultures? In the authors” experi-
ence, definitively showing a given result can only be pro-
duced using a liver MPS is challenging. As applications are
developed, the community should ensure that the unique-
ness and value of liver MPS over other systems, is clearly
demonstrated in robust and fair comparisons.

The field of potential “killer applications” for intercon-
nected MPS is wide, but currently poorly defined. In the
near term, systems with 2, 3 or 4 MPS will provide a
bridge to move interconnected systems from academic to
industrial laboratories. Early applications of value may
include: (i) modeling of diseases with an inflammatory
component, (ii) assays that allow simultaneous assessment
of toxicity and efficacy, and (iii) healthy and diseased MPS
interacting with an adaptive immune model (Figure 2). The
interconnection of seven, 10, or more MPS has potential



applications for the study of bio-distribution, an experiment
which is at present performed in animals. These platforms
may also be used in the study of disease and development
of treatments for which clinical trials are difficult to perform
in a timely fashion, e.g. viral disease with sporadic out-
breaks, or unethical e.g. bioweapons. These higher order
systems are under development primarily in academia,
through research consortiums, and published literature is
at present rare.®®

Given the diversity of human biology, it is likely that
MPS will find multiple areas or applications in which
they can contribute unique information. This speaks to a
commercial landscape with multiple vendors each offering
MPS, which address a specific set of applications. It is unli-
kely that a single vendor with a single technological solu-
tion will be able to address all applications of interest.
Given the mix of skills required, in the search for unique
applications for interconnected MPS, forming partnerships
and working collaboratively will be important. The MPS
community is one born out of partnerships, in the
first instance biologist, (bio)engineers, and physicists
coming together to design and develop MPS. The question
becomes how best to forge the next generation of partner-
ships which move MPS from academia into wide industrial
adoption.

It is common to see pharmaceutical companies engaging
in collaborative research with academic laboratories.
Engagement with MPS vendors more typically occurs
through technology evaluation programs. The evaluation
program will typically compare the performance of differ-
ent MPS, against each other, and an already established in-
house assay. Whilst the rationale for evaluation programs is
clear, when viewed from the perspective of the customer,
namely a pharmaceutical company, it is the authors” experi-
ence that they are of limited value in discovering new or
unique applications for technologies, such as MPS. Many
focus on determining if MPS #1 is better than MPS #2 or the
existing assay, where precisely what “better”” means is dif-
ficult to define. The authors’ experience of working with
pharmaceutical companies is that those who take the time
to engage collaboratively with MPS vendors and seek to
answer specific and well-defined questions in their evalu-
ation, have an improved chance of a successful outcome.
MPS are currently promising, but relatively immature. They
will benefit from being developed collaboratively between
MPS vendors and pharmaceutical scientists, to achieve sys-
tems which are usable, affordable, and offer unique
insights. If one accepts that development through partner-
ships offers the highest chance of success then MPS ven-
dors, pharmaceutical companies and government funders
need to determine how the costs and benefits of such part-
nerships are divided.

Challenges limiting wider adoption

MPS may enable superior modeling of human biology and
responses to endogenous and exogenous agents. However,
adoption of MPS will only accelerate if the additional value
gained from the new systems is sufficient to compensate
users for the costs associated with purchasing and
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embedding the new technology within their organization.
These costs may come in many forms including: reconfig-
uration of laboratories, capital expenditure on equipment,
changes to workflow, retraining of personnel and payments
to access new CRO services. In these regards, there remains
a considerable gap between user expectations and what is
currently delivered by MPS. This can, in part, be attributed
to MPS being in the early stages of product development
and commercialization, meaning that innovations and effi-
ciencies that will ultimately lead to best-in-class products
and lower cost of goods have not yet been achieved.
However, user expectations are also shaped by contextual
factors, such as personal knowledge, technical, organiza-
tional and policy factors, and in the case of MPS, these fac-
tors currently favor incumbent technologies.

The pharmaceutical industry possesses enormous infra-
structure, both physical and intellectual, dedicated to 2D
monolayer cell culture and animal experimentation. These
have been their primary tools for half a century or more.
Whilst it is hoped MPS can be a disruptive technology, to
achieve initial uptake, MPS must find value integrating
with existing well-established infrastructure, technical
expertise, and workflows.

Materials of construction

A key challenge for the field is how to achieve quantifiable
results when many devices include elastomers such poly-
dimethylsiloxane (PDMS), which are known to absorb
small molecules.®””® The high surface-area-to-volume
ratio of micro-channels’" and the increased development
of highly lipophilic drugs, exacerbate this issue. Another
concern with elastomeric materials, and PDMS in particu-
lar, is the leaching of uncured monomers from the bulk
material to the cell culture fluid.”® Given that elastomeric
materials are pervasive in microfluidics, either as materials
of construction for whole devices, seals, tubes or pump
components, it is unlikely they can be completely elimi-
nated. Three approaches to this problem can be taken: (i)
reduce the quantity of elastomer contacting drug containing
medium; (ii) reduce the tendency of common elastomers
like PDMS to absorb through chemical or surface modifica-
tion”?; (iii) select elastomeric materials with inherently
lower sorption.*””® Finding practical solutions to the prob-
lem of drug sorption, and incorporating these into commer-
cially available devices will be key to offering end users
precision in vitro models.

Infrastructure

There is a world of equipment dedicated to the set-up,
manipulation, imaging and analysis of loose lid multi-
well plates and flasks. The adoption of MPS will undoubt-
edly be more rapid if methodologies can be found that
allow MPS to interface with these already existing technol-
ogies, thereby removing the need to additionally purchase
ancillary equipment to support any new MPS introduced
to the laboratory. However, care should be taken to ensure
that changes to MPS to facilitate alignment with current
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infrastructure do not compromise the function and quality
of the biology of the MPS.

Technical expertise

The end users for commercial MPS will be biologists, toxi-
cologists and pharmacologists, whilst those primarily
engaged in their development are engineers and physicists.
The technical skills and working practices of these groups
are different. The challenge comes in presenting MPS to the
end user in an integrated format, or package. This will
enable the user to focus on their research goals, rather
than having to learn new techniques and skills to operate
a device which is unfamiliar or counter-intuitive. For exam-
ple, biologists typically use open-well plates or flasks
in which cells can readily by accessed and dissociate from
the surface for analysis, whilst many MPS house cells in
closed micro-channels, where access to the cells is
restricted. Solutions are required that maintain the advan-
tages of culture in micro-channels, whilst giving biologists
the access to cells/tissues enabling them to perform a full
range of analytical techniques.

The need for movement of fluid in MPS, particularly
interconnected MPS, makes it inevitable MPS will be
more complex than simple monolayer cultures. Thus, a
key to increasing adoption of MPS is to find ways to pro-
duce fluid movement or flow systems which are easy to
use and intuitive for end users without a background in
fluidics. The requirement to connect MPS to ancillary
pumps with lengths of tubing, whilst tolerated in the
academic environment is often a frustration and concern
for pharmaceutical scientists. The ability to produce inte-
grated systems with either pumpless flow, on-board
pumps or simple sterile connection to off-board pumps
will be of importance.

Workflows

To be incorporated into pharmaceutical workflows, even for
investigational type applications, MPS must achieve a min-
imum throughput. In the near term, MPS will not compete
directly with high throughput formats such as 384- or 1536-
well plates, but conversely the ability to culture only one or
two MPS at any one time, seriously limits utility. The
authors’ believe the optimal throughput for MPS lies in sys-
tems able to culture simultaneously between 6 and 96 rep-
licates. This range is achievable with current
technologies.”**7* As MPS are scaled up to include more
replicates the challenge will be to retain usability and
robustness.

Cell sourcing

MPS often use primary human cells. The sourcing, quality
control, general fragility, and donor-to-donor variability of
primary cells restricts their use to a specialist community.
For MPS to achieve wide adoption, detailed handling proto-
cols or equipment which automates and simplifies the
manipulation of primary cells will be required. Mature lin-
eages derived from stem cells, be they embryonic or iPSC,
represent a promising alternative to primary cells, and have

already been cultured in MPS.”” The opportunity to derive a
potentially limitless supply of all cells used in an MPS, from
an autologous source, is appealing as it eliminates concerns
over lot-to-lot variability and immune compatibility.”® The
relative immaturity and consequent lack of function of
some stem cell-derived lineages when compared to primary
cells remains an issue.”> The opportunity to use MPS to
drive the differentiated state of stem cell-derived lineages,
closer to adult primary cells, is a promising avenue and
likely maturation of both technologies will be mutually
beneficial for wider adoption.

Summary

MPS have the potential to be a disruptive technology, pro-
viding unique insights into human biology, valuable to both
basic research and the pharmaceutical industry. There
remain key challenges to be overcome in commercializing
MPS and making them accessible to a wide group of users.
In the search for the most valuable applications in which to
deploy these technologies, the multidisciplinary nature of
MPS and pharmaceutical research makes development
through partnerships the logical strategy.
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