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Organs-on-chips are microfluidic systems with controlled, dynamic microenvironments in which cultured
cells exhibit functions that emulate organ-level physiology. They can in principle be ‘personalised’ to re-
flect individual physiology, for example by including blood samples, primary human tissue, and cells derived
from induced pluripotent stem cell-derived cells, as well as by tuning key physico-chemical parameters of
the cell culture microenvironment based on personal health data. The personalised nature of such systems,
combined with physiologically relevant read-outs, provides new opportunities for person-specific assess-
ment of drug efficacy and safety, as well as personalised strategies for disease prevention and treatment;
together, this is known as ‘precision medicine’. There are multiple reports of how to personalise organs-
on-chips, with examples including airway-on-a-chip systems containing primary patient alveolar epithelial
cells, vessels-on-chips with shapes based on personal biomedical imaging data and lung-on-a-chip sys-
tems that can be exposed to various regimes of cigarette smoking. In addition, multi-organ chip systems
even allow the systematic and dynamic integration of more complex combinations of personalised cell cul-
ture parameters. Current personalised organs-on-chips have not yet been used for precision medicine as
such. The major challenges that affect the implementation of personalised organs-on-chips in precision
medicine are related to obtaining access to personal samples and corresponding health data, as well as to
obtaining data on patient outcomes that can confirm the predictive value of personalised organs-on-chips.
We argue here that involving all biomedical stakeholders from clinicians and patients to pharmaceutical
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Introduction

Organs-on-chips are microfluidic cell culture systems with
controlled, dynamic conditions that directly emulate the
physico-chemical microenvironment of tissues in the human
body. As a result, the chips exhibit tissue- and organ-level
functions that are not found in other, more simple, in vitro
cell models. Due to their physiologically relevant read-outs,
organs-on-chips are increasingly used for pre-clinical drug
testing and in broader areas of biomedical science." In addi-
tion to these applications in pharmaceutical and biomedical
research, there is a growing awareness that organs-on-chips
can also be regarded as controlled, physical representations
of specific patients and therefore be applied directly in the
clinic to inform strategies for treatment or prevention of dis-
ease. In this review, we will highlight how the controlled inte-
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companies will be integral to transition personalised organs-on-chips to precision medicine.

gration of person-specific cells, tissue samples and culture pa-
rameters based on biometric data enables the development of
organs-on-chips that are ‘personalised’, in that they reflect
the genetics, physiology and biometric parameters of specific
individuals. We will give examples of such personalised
organs-on-chips and will highlight how they can contribute to
the development and evaluation of treatment strategies for
specific groups of patients or individuals.

Precision medicine uses health data to improve treatment
accuracy

The concept of precision medicine, in which each individual
would receive tailored treatment for the promotion, mainte-
nance and restoration of their health, is becoming increas-
ingly important in medicine, toxicology, pharmacology and
biomedical science due to the increasing recognition of
groups of non-responders. This current lack of ‘precision’ in
medicine contributes to inefficient healthcare in which many
patients receive treatments that are not beneficial for them.”
For example, the total number of people that need to take a
drug in order for only one of them to benefit from its effects
ranges from 5-50 for some of the highest-grossing drugs in
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the world.> Even more alarmingly, many patients receive treat-
ments that have a negative impact on their health. Millions of
people are hospitalised annually due to adverse reactions to
their medication, resulting in hundreds of thousands of
deaths per year.? By developing methods that can make medi-
cine more precise, ineffective and harmful treatments can be
avoided, thus improving quality of life for patients and poten-
tially reducing the cost of healthcare.

The key challenge in precision medicine is to link health-
related data of an individual to functional outcomes in their re-
sponse to specific treatments. The standard approach is to use
person-specific data derived from genomics, transcriptomics,
imaging, biomarkers and biometrics, followed by longitudinal
studies with statistical and computational analysis to identify
which patients respond to which treatments. This approach is
fruitful and has yielded prime examples of how precision medi-
cine can be applied in practice, for example for selecting
person-specific treatments in lung disease and cancer.*”

However, the current approach typically relies on particu-
lar molecular and cellular data points that only capture a very
limited subset of the complex web of cellular and tissue-level
events that determine outcome in response to treatments. Es-
pecially when it comes to developing novel drugs and treat-
ment strategies, data is needed that captures more of the
complexity of the disease phenotype of a particular individ-
ual. Such an integral approach relies on recapitulating key as-
pects of the structure and function of patient tissues in vitro
in a controlled manner, capturing the dialogue between
heterotypic cells, followed by assessing the actual functional
response of these in vitro models to novel treatment strate-
gies; this is referred to as “functional testing’ (Fig. 1).%”

Functional testing relies on recapitulating patient complexity
in a controlled system

There are already multiple indications of how in vitro func-
tional testing can contribute to precision medicine, with nota-
ble examples being cultured tumor biopsies for selecting che-
motherapy, patient-derived bacterial cultures for selection of
antibiotics, and patient-derived organoids for identifying drug
efficacy.>*'* For example, samples can be isolated from pa-
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Fig. 1 Functional tests can be used to select, optimize or develop
treatment options for patients. The tests are based on patient material
and offer a functional read-out that is related to an aspect of patient
outcome.
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tients who suffer from a bacterial infection. The isolates are
then inoculated in various wells of a 96-wells plate that contain
a liquid broth as well as a specific antibiotic agent, after which
bacterial growth is followed automatically by imaging. By sys-
tematically diluting the antibiotic agent in the wells, their
mean inhibitory concentrations (MICs) for a specific bacterial
isolate can be determined. These MICs are then used to inform
the decision of which antibiotic will be effective in treating the
patient. Such functional testing is used routinely in the clinic,
because genotypic characterisation of bacteria will not always
reliably predict their susceptibility and potential resistance to
specific antibiotics. In an analogous fashion, primary adult
stem cells can be isolated from the rectum of patients with cys-
tic fibrosis and then be grown in a 96-wells plate to form
organoids. The function of CFTR, the anion channel affected in
cystic fibrosis, can be assessed by tracking the swelling of the
organoids in response to the biomolecule forskolin. Organoid
swelling correlates with CFTR function, and can therefore be
used to evaluate the efficacy of various drugs. Drugs that re-
store swelling of patient-derived organoids are deemed effective
and can then be used to treat the corresponding patient. Such
examples demonstrate that the key aspects of functional tests
are (1) they capture aspects of the structure and function of tis-
sues in a patient-specific manner; (2) they provide read-outs
that are directly related to functional patient outcome; and (3)
they are robust, reproducible and compatible with integration
in clinical or biomedical research.

The most advanced current functional tests rely on patient
stem cell-derived three-dimensional spheroids or organoids,
which capture important aspects of the structural complexity
of patient tissues. However, these models mostly rely on self-
organization of cells with limited control over the tissue cul-
ture microenvironment, which means that many aspects of
tissue function like transport, metabolism, inflammation,
vascularization, contraction, sensing and signalling, are chal-
lenging to recreate in a controlled and patient-specific man-
ner. Moreover, their self-organized structure makes it more
difficult to design tests that are reproducible, robust and
amenable for automation.

Organs-on-chips capture physiological complexity in
controlled, microengineered systems

Organs-on-chips are controlled microfluidic systems in which
(human) cells are cultured in engineered microenvironments
that recapitulate the essential aspects of tissue geometry, ac-
tuation, dynamics, flow and gradients as found in the human
body."""* Examples include a “breathing” lung-on-a-chip, cir-
culating (metastatic) tumor cells in networks of perfused
blood vessels-on-chips, a gut-on-a-chip with peristaltic actua-
tion and flowing microbes, a multi-organ chip with dynami-
cally cultured liver and pancreas spheroids that maintain glu-
cose homeostasis, and engineered neuromuscular junctions
with contracting muscle tissues."*®

Organ-on-chip technology offers unique benefits over
many current technologies for functional testing, in that it
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allows a high level of control over biological, physical and
chemical cell culture parameters in a single microsystem.
This controlled microenvironment promotes realistic tissue
physiology and allows integration of relevant functional read-
outs. In addition, the small size of organs-on-chips means
that they require only small amounts of primary tissue and
fluid samples, cells and growth medium, which makes them
particularly  suitable for standardized, cost-effective
manufacturing and automated testing. That aside, however,
the key challenge in applying organs-on-chips as functional
tests in precision medicine is to ‘personalise’ them so that
they are direct reflections of a specific individual.

Personalisation of organs-on-chips

Organs-on-chips can be personalised by using patient sam-
ples and health data to engineer aspects of the physical,
chemical and biological microenvironment (Fig. 2A)."°>" An
overview of these features with typical examples is given in
the following sections.

Primary tissue, blood and stool samples

The most direct method to develop a personalised organ-on-
chip is by including primary samples that have been acquired
from patients as biopsies, surplus or waste tissue from sur-
gery, and blood, stool or urine samples.

For example, airway epithelium obtained from lung tissue
of patients with chronic obstructive pulmonary disease
(COPD) has been used to set up personalised small airway-
on-a-chip models.”” Using these airway-on-chip models, it
could be shown that COPD patients have a different cytokine
release profile in response to inflammatory stimuli and ciga-
rette smoke compared to healthy controls (Fig. 2B).>

It has also been demonstrated that human blood samples
from specific individuals can be perfused through blood
vessels-on-chips with ‘generic’ vascular tissue while monitor-
ing platelet aggregation and thrombosis in response to endo-
thelial activation.>* Interestingly, blood samples from individ-
uals who were taking anti-platelet medication like aspirin
and clopidogrel showed significantly reduced patterns of
thrombosis in activated blood vessels-on-chips compared to
samples from control subjects, thereby demonstrating the po-
tential to assess drug response of individual patients.>® Simi-
larly, when blood vessels-on-chips were perfused with blood
samples from patients with sickle cell disease, they exhibited
fluctuating blood flow velocities, which is a hallmark of
sickle cell disease pathophysiology. Moreover, the fluctuating
flow patterns became more stable when the chips were per-
fused with blood samples from sickle cell patients who were
receiving hydroxyurea to treat their symptoms.>®

Multiple proof-of-concept studies have demonstrated that in-
testinal bacteria like E. coli and L. rhamnosus can be co-cultured
in dynamic equilibrium with intestinal epithelium in organs-
on-chips."®*” No studies have as yet reported co-cultured pa-
tient-derived microbiota with intestinal tissues in a gut-on-chip
but this possibility is widely acknowledged in the field.”*™°
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Fig. 2 Personalised organs-on-chips can emulate key aspects of a
specific person. A, The bar on the left depicts how every individual has
a profile of various aspects of their lifestyle, diet, physiology, genetics
and environment that determines their predisposition for specific dis-
eases and response to therapeutic interventions. Some of these as-
pects are unknown (grey), while some have been measured, and repre-
sented as ‘personal health data’. Examples are given in red, yellow,
green, orange. On the right side, an similar bar depicts the aspects of a
person’s health data that can be controllably represented in an organ-
on-chip system, thus making it ‘personalised’. Such personalised
organs-on-chips can potentially be used to make person-specific pre-
dictions about disease prevention and treatment. B, Small airway-on-
a-chip (left) can be subjected to defined ‘puff’ patterns of cigarette
smoking via an automated system (middle), to which airway epithelium
from COPD patients and healthy controls respond differently in terms
of interleukin-8 (IL-8) release (right). Reproduced from Benam, et al.??
C, Computed tomography data of a coronary artery with and without
stenosis (left) can be used to make personalised chips (middle) with
unique flow profiles that determine dynamics of thrombosis when the
chips are perfused with blood (right). Adapted from Costa, et al.**

Another potential source of patient-derived primary mate-
rial is decellularized extracellular matrix. It has been recog-
nized that the extracellular matrix of specific organs and tis-
sues have a strong effect on cells and tissues grown on them.
For example, tumor-derived extracellular matrix affects key
processes like cell proliferation and migration. There are cur-
rently no examples of person-specific or patient-specific extra-
cellular matrices incorporated in organs-on-chips, but multi-
ple examples have demonstrated how to controllably
integrate extracellular matrices in organs-on-chips, e.g. by lo-
cal hydrogel patterning or 3D-bioprinting.*"

Tissues derived from person-specific stem cells

Because primary patient tissue samples come from an inher-
ently limited source, patient stem cell-based models are a

This journal is © The Royal Society of Chemistry 2019
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powerful alternative.>” Somatic cells of a patient (e.g. skin fi-
broblasts, blood-derived mononuclear cells, or urine-derived
renal epithelial cells) can be re-programmed to a pluripotent
state by transient expression of four transcription factors.
The resulting human induced pluripotent stem cells (hiPSCs)
can in principle differentiate to any tissue of the human body
while remaining genetically identical to the original donor.
Similarly, adult human stem cells can be isolated from donor
tissue and be differentiated in the lab into the specific tis-
sues from which they originate, with skin, intestinal and gas-
tric adult stem cells being notable examples. Due to their in-
herent proliferative potential, both hiPSCs and adult stem
cells offer researchers an unlimited source of patient-derived
material. Moreover, stem cell technology offers unique advan-
tages, such as the reproducible production of stable batches
of cells by implementing robust differentiation protocols,
and the genetic modification of stem cells to generate spe-
cific genetic reporter lines, genetic knock-outs and isogenic
control lines. Many examples exist of in vitro disease models
based on complex hiPSC-derived tissues, and the field is
growing rapidly.*® The differentiation of hiPSC into specific
cells or tissues is a major technological challenge, and proto-
cols to generate stable sources of cells are constantly being
developed and updated. Still, an inherent challenge of cells
differentiated via these protocols is that they are usually im-
mature or ‘fetal’ in their gene expression patterns and func-
tional phenotype, which limits their relevance as a direct rep-
resentation of the person from which they were derived.*
Moreover, the reprogramming of patient cells into a pluripo-
tent state means that they will no longer capture cumulative
environmental and age-related aspects of a disease.

Despite these limitations there are already multiple exam-
ples of organ-on-chip systems that incorporate hiPSC-derived
or adult stem cell-derived cells and tissues, such as blood
vessels-on-chips, a blood-brain barrier-on-chip, heart-on-chip
and gut-on-chip systems.>*® The first examples of patient-
specific organs-on-chips based on patient-derived hiPSC-de-
rived cells have also been described. For example, micro-
engineered blood vessels based on cells derived from hiPSC
of Hutchinson-Gilford progeria syndrome patients exhibited
exacerbated inflammation as well as reduced vasoactive

function.>>*°

Biomarker levels

Biomarkers are biological molecules or cells that can be iso-
lated from a patient and then quantified in the laboratory to
diagnose or track diseases or disease-related processes. Ide-
ally, biomarkers have a high sensitivity and specificity, which
means that a biomarker - or a particular level of a biomarker
- is found in all or most patients, but not or hardly ever in
non-affected individuals. Most biomarkers, such as troponin
in cardiac injury, are simply downstream effects of a disease
process. However, some biomarkers are more directly and
causally involved in disease pathophysiology. Integrating
such pivotal biomarkers in organ-on-chips systems at the
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same levels as measured in a specific patient allows the con-
trolled engineering of patient-specific organs-on-chips, with-
out having to directly include patient-derived samples. Molec-
ular biomarkers are typically small biomolecules such as
RNAs, peptides and proteins, that can also be produced in
the laboratory. As such, the recombinant or engineered ver-
sions of biomarkers can be added to cell culture media for
organ-on-chip systems to mimic specific integral aspects of a
disease.

There are a number of examples of how the controlled
integration of biomarkers in organs-on-chips can be used to
mimic patient phenotypes. First of all, in a small airway-on-a-
chip model, many aspects normally associated with asthma,
such as increased excretion of inflammatory cytokines and re-
duced pulmonary epithelial ciliary beating frequency, could
be induced by controlled treatment of ‘healthy’ chips with
the cytokine interleukin-13 (IL-13).>> IL-13 is accepted as a
central player in asthma: its expression can be induced di-
rectly in patients after low-dose allergen provocations, and it
is used as a clinical biomarker to evaluate treatment
efficacy.”’** A second example is provided in a study that re-
volved around the use of a blood vessel-on-chip system to de-
tect thromboembolic side-effects of a (now obsolete) thera-
peutic monoclonal antibody against CD40 ligand (CD40L/
CD154).** The pro-thrombotic effect could only be detected
when normal blood samples were spiked with soluble CD40-
ligand (sCD40L) at levels that are typically only found in pa-
tients with auto-immune disease or viral infections. sCD40L
is considered to be a pro-inflammatory biomarker in those
patients.

Biomedical imaging data

Biomedical imaging is a routine part of diagnosing patholo-
gies, informing treatment strategies and evaluating treatment
response. Biomedical imaging is becoming increasingly more
sophisticated, with a strong increase in modalities that not
only visualise the structure of a tissue or organ, but also its
function in terms of blood flow, oxygenation, transporter
properties, etc. This rich source of clinical data can in princi-
ple be used to design personalised organs-on-chips in which
geometries, flow parameters, oxygen levels and other culture
parameters are based on patient imaging data. We have re-
cently published an example of this approach in which com-
puted tomography angiography data of a coronary artery was
used to engineer a 3D-printed microfluidic chip that was sub-
sequently lined by human endothelium and perfused with
human blood (Fig. 2C).*

Biometric data

Apart from the specific examples mentioned in the previous
sections, there is considerable person-specific data related to
bodily functions, environment and lifestyle that can in princi-
ple be used to design personalised organs-on-chips. Some ex-
amples of this ‘biometric’ data are dynamic heart rate pat-
terns, patterns of exercise, sunlight exposure, air quality,
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patterns of smoking, substance abuse, diet and blood glucose
levels. An increasing amount of this type of person-specific,
health-related data is being collected; not just in a strictly
clinical context, but also by wearables and mobile devices,
which are collectively known as mobile health, or ‘mHealth’,
products.

This source of biometric data has currently not been used
to systematically engineer personalised organs-on-chips, but
it is clear that many of the aforementioned biometric param-
eters can in principle be incorporated in organ-on-chip sys-
tems. For example, organ-on-chip systems have been exposed
to various patterns of cigarette smoking to examine small air-
way inflammation patterns (Fig. 2B); microengineered heart
tissues have been subjected to different ‘heart rates’ by pac-
ing them with external electrodes; microfluidically connected
cultures of hepatic and pancreatic microtissues have been ex-
posed to various external glucose levels to evaluate the regu-
latory, homeostatic response.’”**

Implementing personalised organs-
on-chips in precision medicine

The potential for personalising organs-on-chips is becoming
evident and from the examples above it is clear that features
such as soluble markers, genetics, geometries and flow pat-
terns can all be tailored based on person-specific data. How-
ever, personalised organ-on-chip systems have not yet been
applied in driving personalised treatment decisions in the
context of precision medicine. Key challenges for successful
implementation are related to (1) obtaining personalised
health data, that includes addressing any ethical issues, (2)
confirming results from personalised organs-on-chips by
comparing them with symptoms, drug responses and out-
come in patients, (3) mimicking aspects of multifactorial and
chronic diseases in organs-on-chips, and (4) implementing
the technology in a cost-effective manner.

Involving biomedical stakeholders will be essential for
application of personalised organs-on-chips in precision
medicine

Organ-on-chip development is interdisciplinary, with engi-
neers and biologists collaborating to design and build sys-
tems that recapitulate organ-level physiology. With the move
towards personalised organs-on-chips for precision medicine,
new groups of stakeholders are needed in the development
process, particularly biomedical scientists, clinicians and pa-
tients. Patients and clinicians will need to provide the tissue
samples as well as relevant personalised health data, taking
into account ethical aspects like proper consent, data protec-
tion and ownership. Moreover, biomedical stakeholders are
required to translate the promising findings (e.g. candidate
gene variants, biomarkers, metabolites, dietary supplements)
from their clinical studies into specific aspects of an organ-
on-chip that should be personalised. This input will be essen-
tial in the technical development of organ-on-chip systems,
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as it determines what level of complexity in terms of cell
types, microenvironment parameters, tissue interactions, is
required and which read-outs, assays or sensors need to be
included to evaluate relevant physiological effects in the
system.*®

Biomedical stakeholders will also play an essential role in
providing longitudinal data to confirm or refute the health-
related predictions from personalised organs-on-chips. This
will be the main method to improve personalised organ-on-
chip technology and to identify specific domains of precision
medicine in which the technology will have added value.
Confirmation of functional results from organs-on-chips can
be facilitated by implementing read-outs that are analogous
to those used in clinical settings.*® For example, measuring
clinical biomarker levels or applying imaging methods like
optical coherence tomography, ultrasound and micro-
computed tomography to analyse a functional response in an
organ-on-chip system could enable virtually direct compari-
son to patient health data that has been obtained with simi-
lar techniques.

Further biotechnical development and upscaling of
personalised organs-on-chips is necessary

Current organs-on-chips are mostly applied in drug develop-
ment and biomedical research, to evaluate toxicity and effi-
cacy of drug candidates and to understand mechanisms of
disease.”” These application domains are also the main mar-
kets targeted by companies in the field. However, the imple-
mentation of organs-on-chips in precision medicine will add
new requirements for organ-on-chip technology. First of all,
large numbers of personalised organs-on-chips will have to
be produced to confirm that their data indeed has predictive
value for the persons that they are supposed to emulate. In
addition, it should be practically feasible and cost-effective to
make personalised organs-on-chips in a short time-period so
they can be used to inform clinical decisions regarding treat-
ment or prevention strategies. Depending on the level of
personalisation, this means that major progress will have to
be made in optimising stem cell-differentiation protocols,
primary sample processing, customised device production,
and automated software to adjust culture parameters per in-
dividual chip. The economic challenges associated with cost-
effective engineering of personalised organs-on-chips will be
formidable, because of their inherent complexity and the
integration of patient-derived samples. Multiple cell types
from various tissues or organs, as well as tissue-specific dy-
namic culture parameters will have to be included and
customised based on personal health data to capture the es-
sential aspects of a complex disease phenotype. Because the
development of organ-on-chip technology is so recent, no sys-
tematic academic literature exists yet on the economic impact
of applying organs-on-chips in pharmaceutical settings, let al-
one in clinical functional testing. Early, non-peer reviewed lit-
erature on the economic impact of implementing organs-on-
chips in drug development suggest that doing so would lead

This journal is © The Royal Society of Chemistry 2019
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to cost savings.*®"? However, this statement is only based on
a small sample of expert interviews, expert review articles, or
on hypothetical scenarios of optimizing drug development.
For a more comprehensive, quantitative assessment of the
economic impact of implementing organs-on-chips as func-
tional tests in the clinic, it will be essential to get an estimate
of the savings associated with avoiding unnecessary patient
treatment, as well as a realistic estimate of costs (e.g. based
on the pricing of commercial organ-on-chip systems, com-
bined with typical costs per case for biobanking of patient
samples).”® Future cost savings can potentially be achieved
by collaboration with established biobanking initiatives to
obtain relevant tissue samples. Moreover, it may be feasible
to use a single personalised organ-on-chip as a ‘representa-
tive’ for multiple individuals within a specific patient sub-
group instead of developing personalised organs-on-chips for
each individual. Finally, cost reduction may come from fur-
ther standardisation, miniaturisation and parallelisation of
organ-on-chip culture systems. There are already multiple ex-
amples of how to parallelise organ-on-chip systems. Some of
such solutions are monolithic platforms with a small foot-
print that build on existing cell culture standards, e.g. by en-
gineering many microfluidic chips in a plate with the foot-
print of a single conventional wells-plate, or of a single
microscope slide, thereby taking full advantage from the
compatibility with existing laboratory equipment like
pipetting robots and microscopes.”™*> In contrast, other ef-
forts towards parallelisation are based not on single devices
with many side-by-side chips, but instead rely on a modular
platform with individual organ-on-chip building blocks and
standardised connections to a holder or pump system. Such
platforms allow flexible integration of multiple chip modules,
but are often quite large due to the interfaces of many indi-
vidual chips. The main advantage of a modular platform is
that it would in principle allow parallelised development and
exchange of individual modules, including ones that add sys-
tem functionality like pumping, sensing and analysis. How-
ever, for the free exchange of modules to become a reality, it
will be important for labs and companies to not rely solely
on in-house standards, but instead to develop common stan-
dards for microfluidic chips to interface with each other.
Stakeholders from the field are attempting to define such
standards via International Organization for Standardization
(ISO) documentation.”

Outlook

In the coming years, the concept of personalised organs-on-
chips will likely progress from its current position in aca-
demic proof-of-concept studies to confirmation in the context
of precision medicine. If it can indeed be demonstrated that
personalised organs-on-chips have added value in directing
personalised treatment and prevention strategies, they are
likely to become an integral part of broader advances in med-
icine towards a discipline that is increasingly predictive, pre-
ventive, personalised and participatory (‘P4 medicine’).>*
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With the recent advent of methods for collecting health-
related data (-omics, mHealth), strategies for treatment and
prevention will become increasingly person-specific and will
not just be based on broad demographics or symptoms. This
transition should lead to more effective healthcare, reduce
time and cost of drug development, and avoid casualties re-
lated to side-effects. Personalised organs-on-chips can play
unique roles in effecting this transition because they provide
a physical system to experimentally optimise new strategies
for treatment and prevention, thereby enriching all the
health data that is currently considered to be the primary
source of person-specific treatments.

Technically, the personalisation of organs-on-chips is cur-
rently limited by the availability of health data and person-
derived tissue samples, as well as by a relatively low-
throughput and sub-optimal automation of organ-on-chip
fabrication, tissue culture and system operation. As the tech-
nology matures, it is likely that many aspects of single organ-
on-a-chip systems will become personalised. In that case, the
controlled formats and biology of organs-on-chips will make
it possible to ‘reverse engineer’ how health-related parame-
ters (exercise patterns, diet, genetics) interact to affect per-
sonal health (Fig. 3).>®> For example, if a large-scale genomic
screening has led to the identification of genetic variants that
are associated with disease, then such variants can be
repaired or introduced by gene editing through CRISPR/Cas9
in personalised organs-on-chips of specific patients or non-
patients. This allows the systematic evaluation of the role of
a genetic variant in the disease mechanisms by comparing
‘mutated’ organs-on-chips directly with their isogenic control
counterparts (Fig. 3, left). Similarly, population studies may
point to significant contributions of diet (or other factors of
lifestyle or environment) in increasing the risk of a disease.
Personalised organs-on-chips can be used as experimental
systems to systematically study the functional effects of vary-
ing levels of specific dietary factors, while keeping all other
relevant aspects (like genetics, systemic inflammation) con-
stant between conditions. This approach of first setting up a

Genetic mutation with
isogenic control

Varying levels of toxicant
in culture medium

Varying biomarker
expression

Fig. 3 Personalised organs-on-chips can be used to understand how
particular health-related parameters affect functional outcome of an
individual. Specific aspects like genetic variation (left), exposure to tox-
icants (middle) or grades of particular disease processes (right) can be
systematically varied in different organs-on-chips while all other rele-
vant and personalised aspects are held constant. This approach allows
the ‘reverse engineering’ of the interactions that generate the func-
tional outcome for an individual.
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personalised organ-on-chip that includes a disease-related pa-
rameter as identified by observational studies, followed by an
experimental functional comparison with matched, person-
specific control organs-on-chips will lead to greater under-
standing of disease mechanisms, which in turn may lead to
identification of new drug targets and biomarkers.

Finally, the dynamic nature of organ-on-chip systems may
in the future make it possible develop organs-on-chips in
which cell culture parameters are controllably altered as new
or updated health data becomes available over time. This
may be important when analysing the effectiveness of life-
style changes for prevention. Such dynamic organ-on-chip
systems may even lead to personalised organs-on-chips and
body-on-chip systems that are always ‘online’, meaning that
their culture conditions are continuously updated based on
newly available health data. Such ‘avatars’ could either exist
inside a ‘pod’ in a laboratory, or even be connected to a per-
son's body as an extracorporeal device like the Badimon
chamber or an insulin pump. With proper online read-outs
and sensors, the systems could then serve as ‘sentinels’ that
make predictions about health-related events as they are be-
ing exposed to similar conditions as the person wearing
them, reminiscent of how canaries were used in the 20th cen-
tury to signal dangerous levels of carbon monoxide in coal
mines.

Conclusions

Organs-on-chips are well-suited to capture personal health-
related parameters in a controlled system, while providing
functional read-outs that are directly linked to tissue-level
and organ-level physiology. The first examples of
personalised organs-on-chips have appeared in literature,
with a current focus on integration of person-derived blood
samples, primary tissue cells and stem cells. However, other
examples of how to integrate personal health-related parame-
ters in organs-on-chips are also appearing, with examples in
geometry, flow and dynamic exposure to toxicants. By engag-
ing biomedical stakeholders in further development of
personalised organs-on-chips, the implementation of this
technology in precision medicine will likely be a matter of
time. Finally, because organs-on-chips are compact and have
a controlled fluidic circuitry, they might in the future even be
kept ‘online’ permanently, either in the lab or by connecting
them to the body of their personal hosts.

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

The authors acknowledge the funding received from the Neth-
erlands Organ-on-Chip Initiative, an NWO Gravitation project
funded by the Ministry of Education, Culture and Science of
the government of the Netherlands (024.003.001), the Euro-

204 | Lab Chip, 2019, 19, 198-205

View Article Online

Lab on a Chip

pean Research Council (ERC) under the Advanced Grant
‘STEMCARDIOVASC’ Program (Grant no. 323182) of prof.
Mummery and ‘VESCEL’ Program (Grant no. 669768) of prof.
Van den Berg. Wesley Buijsman is kindly acknowledged for
providing the chip artwork of Fig. 2.

References

1 E. W. Esch, A. Bahinski and D. Huh, Nat Rev. Drug
Discovery, 2015, 14, 248-260.

2 N.]J. Schork, Nature, 2015, 520, 609-611.

3 J. C. Bouvy, M. L. De Bruin and M. A. Koopmanschap, Drug
Saf., 2015, 38, 437-453.

4 E. A. Ashley, Nat. Rev. Genet., 2016, 17, 507-522.

5 P. G. Woodruff, A. Agusti, N. Roche, D. Singh and F. J.
Martinez, Lancet, 2015, 385, 1789-1798.

6 A. A. Friedman, A. Letai, D. E. Fisher and K. T. Flaherty, Nat.
Rev. Cancer, 2015, 15, 747-756.

7 J. F. Dekkers, C. L. Wiegerinck, H. R. de Jonge, I. Bronsveld,
H. M. Janssens, K. M. de W. Groot, A. M. Brandsma,
N. W. M. de Jong, M. J. C. Bijvelds, B. J. Scholte, E. E. S.
Nieuwenhuis, S. van den Brink, H. Clevers, C. K. van der
Ent, S. Middendorp and J. M. Beekman, Nat. Med., 2013, 19,
939-945.

8 T. G. Meijer, K. A. Naipal, A. Jager and D. C. van Gent,
Future Sci. OA, 2017, 3, FSO190.

9 J. H. Jorgensen and M. J. Ferraro, Clin. Infect. Dis., 2009, 49,
1749-1755.

10 M. Devarasetty, A. R. Mazzocchi and A. Skardal, BioDrugs,
2018, 32, 53-68.

11 S. N. Bhatia and D. E. Ingber, Nat. Biotechnol., 2014, 32,
760-772.

12 A. van der Meer and A. van den Berg, Integr. Biol., 2012, 4,
461-470.

13 D. Huh, G. A. Hamilton and D. E. Ingber, Trends Cell Biol.,
2011, 21, 745-754.

14 N. Santhanam, L. Kumanchik, X. Guo, F. Sommerhage, Y.
Cai, M. Jackson, C. Martin, G. Saad, C. W. McAleer, Y. Wang,
A. Lavado, C. J. Long and J. J. Hickman, Biomaterials,
2018, 166, 64-78.

15 D. Huh, B. D. Matthews, A. Mammoto, M. Montoya-Zavala,
H. Y. Hsin and D. E. Ingber, Science, 2010, 328, 1662-1668.

16 H.]. Kim, D. Huh, G. Hamilton and D. E. Ingber, Lab Chip,
2012, 12, 2165.

17 S. Bauer, C. Wennberg Huldt, K. P. Kanebratt, I. Durieux, D.
Gunne, S. Andersson, L. Ewart, W. G. Haynes, L
Maschmeyer, A. Winter, C. Ammili, U. Marx and T. B.
Andersson, Sci. Rep., 2017, 7, 14620.

18 M. B. Chen, J. A. Whisler, J. Frose, C. Yu, Y. Shin and R. D.
Kamm, Nat. Protoc., 2017, 12, 865-880.

19 C. Luni, E. Serena and N. Elvassore, Curr. Opin. Biotechnol.,
2014, 25, 45-50.

20 J. Zhang, X. Wei, R. Zeng, F. Xu and X. Li, Future Sci. OA,
2016, 3, 91.

21 A. Williamson, S. Singh, U. Fernekorn and A. Schober, Lab
Chip, 2013, 13, 3471-3480.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8lc00827b

Open Access Atrticle. Published on 03 December 2018. Downloaded on 8/27/2022 6:18:27 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip

22

23

24

25

26

27

28

29

30

31

32

33
34

35

36

37

K. H. Benam, R. Villenave, C. Lucchesi, A. Varone, C.
Hubeau, H.-H. Lee, S. E. Alves, M. Salmon, T. C. Ferrante,
J. C. Weaver, A. Bahinski, G. A. Hamilton and D. E. Ingber,
Nat. Methods, 2015, 13, 151-157.

K. H. Benam, R. Novak, J. Nawroth, M. Hirano-Kobayashi,
T. C. Ferrante, Y. Choe, R. Prantil-Baun, J. C. Weaver, A.
Bahinski, K. K. Parker and D. E. Ingber, Cell Syst., 2016, 3,
456-466.

N. K. R. Pandian, R. G. Mannino, W. A. Lam and A. Jain,
Curr. Opin. Biomed. Eng., 2018, 5, 29-34.

A. Jain, A. D. van der Meer, A.-L. Papa, R. Barrile, A. Lai,
B. L. Schlechter, M. A. Otieno, C. S. Louden, G. A. Hamilton,
A. D. Michelson, A. L. Frelinger and D. E. Ingber, Biomed.
Microdevices, 2016, 18, 73.

M. Tsai, A. Kita, J. Leach, R. Rounsevell, J. N. Huang, J.
Moake, R. E. Ware, D. A. Fletcher and W. A. Lam, J. Clin.
Invest., 2012, 122, 408-418.

P. Shah, J. V. Fritz, E. Glaab, M. S. Desai, K. Greenhalgh, A.
Frachet, M. Niegowska, M. Estes, C. Jéger, C. Seguin-Devaux,
F. Zenhausern and P. Wilmes, Nat. Commun., 2016, 7, 11535.
G.-S. Park, M. H. Park, W. Shin, C. Zhao, S. Sheikh, S. J. Oh
and H. J. Kim, Stem Cell Rev. Rep., 2017, 13, 321-334.

A. Bein, W. Shin, S. Jalili-Firoozinezhad, M. H. Park, A.
Sontheimer-Phelps, A. Tovaglieri, A. Chalkiadaki, H. J. Kim
and D. E. Ingber, Cell. Mol. Gastroenterol. Hepatol., 2018, 5,
659-668.

B. Gumuscu, H. J. Albers, A. Van Den Berg, J. C. T. Eijkel
and A. D. Van Der Meer, Sci. Rep., 2017, 7, 3381.

J. Wu, Q. Chen, W. Liu, Z. He and J.-M. Lin, TrAC, Trends
Anal. Chem., 2017, 87, 19-31.

R. Passier, V. Orlova and C. Mummery, Cell Stem Cell,
2016, 18, 309-321.

V. Orlova and C. Mummery, Cell Stem Cell, 2016, 18, 422.

M. R. Zanotelli, H. Ardalani, J. Zhang, Z. Hou, E. H. Nguyen,
S. Swanson, B. K. Nguyen, ]J. Bolin, A. Elwell, L. L. Bischel,
A. W. Xie, R. Stewart, D. J. Beebe, J. A. Thomson, M. P.
Schwartz and W. L. Murphy, Acta Biomater., 2016, 35, 32-41.
A. D. Van Der Meer, V. V. Orlova, P. Ten Dijke, A. Van Den
Berg and C. L. Mummery, Lab Chip, 2013, 13, 3562-3568.

G. Wang, M. L. McCain, L. Yang, A. He, F. S. Pasqualini, A.
Agarwal, H. Yuan, D. Jiang, D. Zhang, L. Zangi, J. Geva, A. E.
Roberts, Q. Ma, J. Ding, J. Chen, D.-Z. Wang, K. Li, ]. Wang,
R. J. A. Wanders, W. Kulik, F. M. Vaz, M. A. Laflamme, C. E.
Murry, K. R. Chien, R. I. Kelley, G. M. Church, K. K. Parker
and W. T. Pu, Nat. Med., 2014, 20, 616-623.

M. Kasendra, A. Tovaglieri, A. Sontheimer-Phelps, S. Jalili-
Firoozinezhad, A. Bein, A. Chalkiadaki, W. Scholl, C. Zhang,

This journal is © The Royal Society of Chemistry 2019

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

View Article Online

Perspective

H. Rickner, C. A. Richmond, H. Li, D. T. Breault and D. E.
Ingber, Sci. Rep., 2018, 8, 2871.

Y. I. Wang, H. E. Abaci and M. L. Shuler, Biotechnol. Bioeng.,
2017, 114, 184-194.

J. Ribas, Y. S. Zhang, P. R. Pitrez, J. Leijten, M. Miscuglio, J.
Rouwkema, M. R. Dokmeci, X. Nissan, L. Ferreira and A.
Khadembhosseini, Small, 2017, 13, 1603737.

L. Atchison, H. Zhang, K. Cao and G. A. Truskey, Sci. Rep.,
2017, 7, 8168.

J. Corren, Curr. Allergy Asthma Rep., 2013, 13, 415-420.

J. Prieto, C. Lensmar, A. Roquet, I. van der Ploeg, D.
Gigliotti, A. Eklund and J. Grunewald, Respir. Med., 2000, 94,
806-814.

0. Noga, G. Hanf and G. Kunkel, Int. Arch. Allergy Immunol.,
2003, 131, 46-52.

R. Barrile, A. D. van der Meer, H. Park, ]J. P. Fraser, D. Simic,
F. Teng, D. Conegliano, J. Nguyen, A. Jain, M. Zhou, K.
Karalis, D. E. Ingber, G. A. Hamilton and M. A. Otieno, Clin.
Pharmacol. Ther., 2018, 104, 1240-1248.

P. F. Costa, H. J. Albers, J. E. A. Linssen, H. H. T.
Middelkamp, L. van der Hout, R. Passier, A. van den Berg, J.
Malda and A. D. van der Meer, Lab Chip, 2017, 17,
2785-2792.

A. K. Capulli, K. Tian, N. Mehandru, A. Bukhta, S. F.
Choudhury, M. Suchyta and K. K. Parker, Lab Chip, 2014, 14,
3181-3186.

B. Zhang and M. Radisic,
2395-2420.

N. Franzen, V. P. Retel, M. J. Jjzerman and W. H. Van
Harten, Organ-on-Chip in Development - Societal and
Economic Impact, https://h2020-orchid.eu/, (accessed
October 22, 2018).

H. H. T. Middelkamp, Organs-on-chips, https://essay.utwente.
nl/67808/, (accessed October 19, 2018).

M. Albert, J. Bartlett, R. N. Johnston, B. Schacter and P.
Watson, Biopreserv. Biobanking, 2014, 12, 374-380.

S. J. Trietsch, G. D. Israéls, J. Joore, T. Hankemeier and P.
Vulto, Lab Chip, 2013, 13, 3548-3554.

O. Frey, P. M. Misun, D. A. Fluri, J. G. Hengstler and A.
Hierlemann, Nat. Commun., 2014, 5, 4250.

IWA 23:2016 - Interoperability of microfluidic devices -
Guidelines for pitch spacing dimensions and initial device
classification, https://www.iso.org/standard/70603.html,
(accessed October 22, 2018).

M. Flores, G. Glusman, K. Brogaard, N. D. Price and L.
Hood, Per Med., 2013, 10, 565-576.

D. E. Ingber, Cell, 2016, 164, 1105.

Lab Chip, 2017, 17,

Lab Chip, 2019, 19, 198-205 | 205


https://h2020-orchid.eu/
https://essay.utwente.nl/67808/
https://essay.utwente.nl/67808/
https://www.iso.org/standard/70603.html
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8lc00827b

