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Standardizing designed and emergent 
quantitative features in microphysiological 
systems

Dennis M. Nahon    1,7, Renée Moerkens    2,7, Hande Aydogmus3, 
Bas Lendemeijer    4, Adriana Martínez-Silgado5, Jeroen M. Stein    1, 
Milica Dostanić3, Jean-Philippe Frimat1, Cristina Gontan    4, 
Mees N. S. de Graaf    1, Michel Hu1, Dhanesh G. Kasi1, Lena S. Koch6, Kieu T. T. Le2, 
Sangho Lim5, Heleen H. T. Middelkamp    6, Joram Mooiweer    2, 
Paul Motreuil-Ragot3, Eva Niggl    4, Cayetano Pleguezuelos-Manzano    5, 
Jens Puschhof5, Nele Revyn3, José M. Rivera-Arbelaez6, Jelle Slager    2, 
Laura M. Windt1, Mariia Zakharova6, Berend J. van Meer    1, Valeria V. Orlova    1, 
Femke M. S. de Vrij    4, Sebo Withoff2, Massimo Mastrangeli3, 
Andries D. van der Meer    6 & Christine L. Mummery    1 

Microphysiological systems (MPSs) are cellular models that replicate 
aspects of organ and tissue functions in vitro. In contrast with conventional 
cell cultures, MPSs often provide physiological mechanical cues to cells, 
include fluid flow and can be interlinked (hence, they are often referred to as 
microfluidic tissue chips or organs-on-chips). Here, by means of examples of 
MPSs of the vascular system, intestine, brain and heart, we advocate for the 
development of standards that allow for comparisons of quantitative  
physiological features in MPSs and humans. Such standards should ensure that 
the in vivo relevance and predictive value of MPSs can be properly assessed as 
fit-for-purpose in specific applications, such as the assessment of drug toxicity, 
the identification of therapeutics or the understanding of human physiology 
or disease. Specifically, we distinguish designed features, which can be 
controlled via the design of the MPS, from emergent features, which describe 
cellular function, and propose methods for improving MPSs with readouts 
and sensors for the quantitative monitoring of complex physiology towards 
enabling wider end-user adoption and regulatory acceptance.

Microphysiological systems (MPSs) are cellular models that recapitu-
late aspects of physiology (typically, human physiology) by recreating 
the dynamic microenvironment to which cells are exposed in organs  
or tissues. They often integrate features such as gas or liquid flows and 
are hence often referred to as microfluidic organs-on-chips (OoCs). Their 
design may also allow the incorporation of mechanical stimulation (such 
as contraction, stretch or strain) into living tissue constructs. Many MPSs 
harbour multiple compartments that enable local microenvironments  

to be regulated independently to support different cell types while  
allowing communication between adjacent compartments. This  
facilitates complex co-culture in a single system and the coupling of 
multiple MPSs to model multi-organ interactions. The first examples of 
how these advanced model systems can impact toxicological, pharma
ceutical and biomedical science are beginning to emerge1,2.

With increasing interest in using MPSs, there is a pressing need to 
develop measurable standards to compare different systems and assess 
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conceivable functions or applications)6. This means that the designed 
features incorporated in an MPS should be limited to those necessary 
to induce the cellular organization and differentiation state required 
to obtain the physiologically relevant levels of the emergent features 
being investigated. Similarly, the sensors or readouts used should be 
limited to those sufficient for monitoring the emergent features of 
interest. Several causal relationships between designed and emergent 
features are well established; for example, the oxygen concentration in 
an intestinal model impacts the diversity of the microbiome. However, 
most often the exact implications of particular designed features have 
not been investigated. Quantification of both types of feature in MPSs 
will be necessary to reveal such relationships and to provide insight 
into which designed features are required to create useful models for 
each intended application.

The physiological relevance of MPSs depends on whether the 
quantified features actually reflect human physiological parameters. 
In-vitro-to-in-vivo translation requires critical evaluation of the sorts 
of data that can be collected, how they are measured and normalized 
and which units might be used. In the following section, we discuss 
these considerations for the vascular system, intestine, heart and brain 
and provide deeper understanding of the elements required to create 
physiologically relevant and fit-for-purpose MPSs.

Quantification of physiological features in MPSs
In this section, we describe examples of quantitative modelling of 
designed and emergent physiological features in MPSs and compare 
these with values measured in humans (Table 1). We chose to highlight 
quantifications in MPSs for which the methods and/or values were most 
similar to quantifications in humans; they can thus be used to assess 
the relevance of the model and to benchmark certain physiological 
features in MPSs.

Also, we report physiological features of the healthy state rather 
than those specifically associated with any pathology. This is to ensure 
broad relevance in fit-for-purpose applications of MPSs. Although the 
ultimate goal of MPSs is often modelling disease, these models usually 
depend on cellular processes that also occur in physiological healthy 
states. Quantifying healthy features therefore provides a baseline 
for pathological values, which are often aberrant values of the same 
physiological features.

Our selection of organs has a developmental focus: to include 
derivatives of all three germ layers—the mesoderm (heart), endo-
derm (intestine) and ectoderm (brain)—as well as the blood vessels 
linking all organs. We discuss a range of MPSs per organ, for which the 
general design principles and classifications are shown in Figs. 2–5. 
The majority of MPSs include microfluidics and are thus considered 
OoCs and referred to as vessel-on-a-chip (VoC), gut-on-a-chip (GoC), 
heart-on-a-chip (HoC) or brain-on-a-chip (BoC). Our approach and 
the inclusion criteria used in this Perspective are detailed in Supple-
mentary Discussion 1. We provide descriptions of the designed and 
emergent physiological features of the four selected organs in Supple-
mentary Fig. 1 and Supplementary Discussion 2 and describe quantified  
physiological features specific to a single organ in Supplementary 
Table 1 and Supplementary Discussion 3 and 4.

Designed features
We first describe physiological features that can be directly imple-
mented and controlled as part of the design of the MPS: organ archi-
tecture, fluid flow, structural deformation, tissue elasticity and oxygen 
concentration (Table 1). We focus on how these features have been 
modelled and measured in MPSs of the vasculature, intestine, heart and 
brain and emphasize considerations that should be taken into account 
when comparing in vitro and in vivo measurements. Additionally, in 
Supplementary Discussion 5 we discuss cell sources and the composi-
tion of the cell culture medium for the designed features, which are 
relevant for any in vitro model system.

their in vivo relevance and predictive value. For this, it is essential to 
quantify physiological features of tissues in MPSs and compare these 
with actual human (or animal) physiology in vivo. However, although 
MPSs allow strict control over the culture microenvironment and are 
thus well suited to quantifying physiological features, most studies 
to date have only described their qualitative features. Realizing a shift 
towards quantitative outputs will require control over features such as 
compartment dimensions, fluid flow rates and oxygen concentration, 
as well as the monitoring of cellular functions, such as barrier integrity, 
electrophysiological properties, metabolite production or immune cell 
recruitment. This will aid the development of measurable standards 
to qualify systems as fit for purpose (that is, suitable for measuring a 
parameter of interest) and will improve the reproducibility of models 
across users. Qualification and standardization will take the technol-
ogy to the next level and ensure that MPSs become accepted options 
for regulatory agencies and end users3.

In this Perspective, we define and categorize quantifiable physi-
ological features as part of the design of the MPS or as a readout of 
it, provide an overview of the physiological features of the human 
vascular system, intestine, heart and brain, show how the quantifica-
tion of physiological features enables the comparison of observa-
tions between MPSs and humans in vivo and identify notable technical 
advances that will probably improve the quantification of physiological 
features in MPSs.

Quantifiable physiological features for MPSs
Recapitulating specific organ or tissue functions via MPSs involves the 
use of reverse engineering to incorporate and emulate essential cellular 
and biophysical components4,5 on the basis of current understanding 
of human physiology. We define such components as physiological 
features. In the context of quantitative modelling, it is helpful to cat-
egorize these features as designed or emergent (Fig. 1). Importantly, 
features are not limited to one of the two groups; they can belong to 
both, depending on the model and functional readout.

Designed features are physiological features that can be directly 
controlled via the design of the device (for example, compartment 
dimensions) or through chemical or mechanical inputs (such as fluid 
flow dynamics and oxygen concentration). These features can be tightly 
regulated and are intended to be close mimics of in vivo conditions. 
Yet, technical limitations in the design or fabrication of the device 
may constrain whether designed features can be in a physiologically 
relevant range.

Emergent features are physiological features that describe cellular 
function. These features (such as the integrity of a cell layer acting as 
a barrier, the electrophysiological properties of a tissue or the migra-
tion of immune cells) cannot be completely controlled—at least not 
upfront—via device design or input; rather, they arise owing to the 
intrinsic properties of the cells and the cellular microenvironment in 
the culture system. Monitoring emergent features in MPSs requires 
specialized sensors or downstream readouts.

On the one hand, quantification of emergent features in MPSs can 
indicate physiological relevance and whether a given device design is 
suitable for the intended application. On the other hand, the quanti-
fication of designed features provides insight into how the choice of 
a design impacts the emergent features and physiological outputs. In 
addition, quantitative control of the designed features enhances the 
robustness of MPSs and their reproducibility. Therefore, the quantifi-
cation of both designed and emergent features is essential if they are 
to be used (directly or indirectly) in the development of measurable 
standards of physiological output in MPSs.

The selection of relevant features for any particular MPS depends 
on the specific research question. In general, the guiding principle is ‘as 
simple as possible, yet as complex as necessary’. This is in line with the 
widely accepted notion that MPSs should be fit for purpose (that is, an 
MPS should capture one or a few features rather than serve many of the 

http://www.nature.com/natbiomedeng
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Organ architecture. Organ function is highly dependent on its 
organization and architecture. Organoids can recapitulate aspects 
of tissue architecture accurately, but often suffer from heterogene-
ity and variability. MPSs provide a means to guide self-organization 
and to control tissue architecture by using physical confinement or 
compartmentalization.

Vasculature. To date, no single VoC has been designed to cover the 
entire range of true vessel diameters. Yet, VoC devices modelling large 
structures such as arteries and veins and incorporating endothelial 
and smooth muscle cells exemplify the power of the integration 
of pre-seeded three-dimensional (3D) tissues with technology for 
microfabrication and microfluidics. For instance, a biocompatible 
ink composed of alginate, gelatin methacrylate, sodium alginate and 
glycidyl-methacrylate silk was used to print tunable hollow microfi-
bres, with dimensions comparable to the in vivo setting, that could be 
attached to a microfluidic system to provide a physiological microen-
vironment for cell adhesion and proliferation7 (Table 1). VoC devices 
with small diameters are single tubular channels and typically model 
vessels of 100–500 μm in diameter. Instead, self-assembled vascular 
networks in hydrogels result in vessels with diameters in the range 
of 10–500 μm (refs. 8–11). Although these techniques lack flexibility  
or control of diameters, respectively, laser photoablation allows 
high-precision patterning of lumenized structures in hydrogels via 
focused pulsed lasers12,13.

Intestine. The same laser ablation technique used to design VoCs is also 
suitable for GoCs and generates perfusable tubular structures with 
diameters of ~150 μm and containing crypt- and villus-like architectures 
in a hydrogel14 (Table 1). Although the dimensions of the tube differ from 
those of the human intestine, the method shows promise for emulating 
the intestinal architecture in a controlled manner. Moreover, in most 
cases, the intention is not to build models that are the exact size of the 
human intestine; rather, it is to build scaled-down in vitro model sys-
tems, with the most relevant dimensions being the diameter-to-length 
ratio of the intestinal tube and the diameter-to-height ratio or 
diameter-to-depth ratio of the villus and crypt, respectively.

Heart. The heart consists of multiple open chambers with specific 
geometries that are essential for building up the internal pressure 

necessary to pump blood through the body. Most HoC devices do not 
model the entire geometry of the heart or its individual chambers; 
rather, they generate functional cardiac muscle tissues. Some HoC 
devices have modelled the entire architecture or individual heart 
chambers either at a macroscale or by scaling down to the microtis-
sue level. Steps towards macroscale heart chamber geometries have 
been made by creating ellipsoidal nanofibrous scaffolds, compatible 
with microfluidic systems and the application of exogenous pressure, 
seeded with ventricular cardiomyocytes derived from human induced 
pluripotent stem cells15 (hiPSCs). Ultimately, the chamber geometry 
and volume are crucial determinants of the forces generated on and 
by the cardiomyocytes in the engineered chambers. A microscale 
multi-chamber microfluidic device has been developed with inte-
grated sensors for measuring the pressure within the chambers. This 
pressure was induced by pneumatic membranes creating fluid flow 
in a closed loop covered with human umbilical vein endothelial cells, 
with four solenoid valves ensuring unidirectional flow through the 
four chambers16.

Brain. The most distinctive architectural feature of the brain is its 
spatial organization into different regions and the specific layer-
ing of cells within these regions. BoC models have been developed 
to mimic connections between and within different mature brain 
regions by linking compartmentalized co-cultures containing dif-
ferent region-specific neuronal cell types17,18 (Table 1). However, reca-
pitulating the architecture of the six neuronal layers of the cortex 
requires self-organization (which suffers from inherent variability) 
or the compartmentalization of different cell types. This has been 
achieved in a BoC model using a polydimethylsiloxane (PDMS) stencil 
to create separate microchambers for seeding different neuronal cell 
types19. Although this BoC model does not completely mimic cortex 
development in vivo, the layered cellular architecture of the cortex 
can be recreated. In the future, combining the approaches for brain 
region specification and cellular layering may enable the recreation 
of a full (micro)cortex.

Fluid flow. Organs depend on fluid flow to receive nutrients and 
immune protection and to dispose of waste products. In this subsec-
tion we discuss luminal fluid flow and in Supplementary Discussion 3 
and Supplementary Table 1 we discuss interstitial flow (for VoC models).

Designed features
Directly translatable into device design

Emergent features
Describing consequential cellular function

Electro-
physiological
properties

Permeability

Cytokine
secretion

Dimensions

Wall shear
stress

Oxygen
concentration

Quantification Quantification

[O2]

… …
MPS

Fig. 1 | MPSs can control and monitor physiological features. We distinguish 
two types of quantifiable physiological feature: designed and emergent. 
Designed features, such as compartment dimensions, wall shear stress and 
oxygen concentration, can be controlled via the design of the MPS or through 
inputs to it. Emergent features, such as electrophysiological properties, 

permeability and cytokine secretion, describe cellular functions and develop as 
the combined result of the design features and the responses of the cells in the 
MPS. Some features may be exclusively designed or emergent and some can be 
both, depending on the specific model and functional readout.
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Luminal fluid flow exerts mechanical forces on cells in a tubular 
wall and is proportional to the local flow rate, local lumen geometry and 
viscosity of the fluid. The resulting wall shear stress is sensed by the cells 
and transduced into biological responses, such as altered permeability 
and cellular remodelling. In the vasculature, large internal pressures in 
combination with wall elasticity result in circumferential strain as an 
additional force on these cells.

Several microfluidic solutions allow for the establishment of 
physiologically relevant fluid flow in OoCs. The highest flow rates in 
the human body are in the arteries and these can best be replicated 
using peristaltic piezoelectric pumps as they can produce pulsatile flow 
with high flow rates because of their inherent high-frequency output. 
This was shown experimentally by using a piezoelectric braille pin 
system to actuate a peristaltic pump that induced flow rates (30 mm s–1) 
corresponding to up to 1.2 Pa of wall shear stress on endothelial cell 
cultures20 (Table 1). As seen in vivo, endothelial cells align and elongate 
with increasing flow rates. Pneumatic systems are also used because of 
their high force output, which supports high flow rates. For example, 

the arteriovenous specification of hiPSC-derived endothelial cells, as 
quantified by the expression of arterial and venous markers, could be 
controlled in a microfluidic setup with six parallel cell culture chambers 
with shear stresses of up to 1.5 Pa (ref. 21). Arteriole-like flow profiles 
and flow rates can also be achieved in various microfluidic systems, as 
long as they have pulsatile flow options. For example, a microfluidic 
heart-like valve using a pressure system could reproduce pulsatile flow 
accurately22. However, 0.42 Pa was the maximum achievable wall shear 
stress and this amount is lower than that in vivo (Table 1). Capillaries 
and venules both require low flow rates with laminar profiles inside a 
channel of just a few micrometres in diameter. These requirements 
can be fulfilled in at least two ways: via hydrostatic pressure, where 
low flow rates can be approximated by the addition of different vol-
umes of media in the microfluidic reservoirs of the device10 (however, 
a disadvantage of this approach is the varying flow rate, and thus wall 
shear stress, over time); and via pressure-driven pumps, which are 
preferred for modelling veins because they can reproduce a steady 
non-pulsatile pattern with a high flow rate (this was exemplified in a 

a   Rectangular channel c   Perfusable self-
assembled vasculature

d   Perfusable bioprinted vesselb   Tubular channel

Template based Moulded/ablated

Single compartment Membrane separated Compartment 
flanked by hydrogel

Hollow
channel

Collagen
hydrogel

Endothelial
cell

Pericyte

Hydrogel

Membrane

Fig. 2 | Design principles of MPSs of the human vasculature. a, Left, a single 
patterned channel, usually made with PDMS or an agarose gelatin hydrogel, is 
widely used for monocultures of endothelial cells. Middle, two aligned channels 
separated by a porous membrane. Unidirectional pressure-driven fluid flow can 
be introduced in both channels. The device is made of PDMS and coated with a 
thin hydrogel layer. Cells can be cultured in both channels. The top channel is 
usually seeded with tissue-specific cell types (such as astrocytes, neurons, lung 
epithelium or intestinal epithelium) and the bottom channel is seeded with 
endothelial cells. Right, a two-channel device designed for use with gravitational 
bidirectional flow. One channel is used to seed endothelial cells and is flanked 
by a hydrogel-filled channel separated using a phase guide. Tissue-specific 
cells can be seeded in the hydrogel channel. b, Left, tubular channels that use 

templating are made by removing or replacing a structure within a hydrogel via 
needle removal or by using differences in fluid viscosity (as with viscous finger 
patterning). The tubular structure can be seeded with cells. Right, moulding or 
laser ablation can be used to pattern tubular structures within hydrogels. c, MPSs 
leveraging the ability of endothelial cells to self-organize into vascular networks. 
To enable the development of a 3D vascular network, endothelial cells are usually 
mixed with mural cells and the mixture is seeded in a hydrogel channel. Perfusion 
of the hydrogel channel is enabled by flanking it with channels filled with media. 
d, Perfusable cell-laden hydrogels within a predetermined structure can be 
bioprinted, seeded with cells and connected to a microfluidic setup. Panels 
adapted with permission from: a(left), ref. 70, Springer Nature Limited; a(right), 
ref. 72, Springer Nature Limited.
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study of the alignment of human umbilical vein endothelial cells upon 
recirculation flow at shear stresses of up to 1 Pa23.

Pressure-driven pumps are also commonly used to model luminal 
fluid flow in GoC models. One of the first GoC devices used this tech-
nique to expose the cells to a physiologically relevant wall shear stress, 
ranging from 0.6–6.0 mPa, depending on the flow rate24 (Table 1). To 
simplify device design, most VoC and GoC devices model the organ as 
a straight cylindrical or rectangular microchannel, thereby neglecting 
the irregular turns that can profoundly impact flow profiles25. In fact, a 
GoC model that integrated a nonlinear asymmetric flow profile allowed 
for a more precise representation of in vivo intestinal flow26 (Table 1).

Importantly, although various technologies now support the inte-
gration of physiologically relevant flow profiles in in vitro models, it is 
essential to verify the biological relevance of the resultant forces for 
the resident cells. Wall shear stress, instead of absolute flow rate, pro-
vides a single measure that can be used to compare OoCs with human 
physiology because it considers channel geometry, fluid properties 
and flow parameters. However, accurately modelling circumferential 
strain remains technically difficult, yet advances such as the use of a 
template-based tubular VoC model coupled to a syringe pump have 

allowed for the recapitulation of physiological values (Table 1)27. Future 
modelling of circumferential strain could be further improved by using 
new piezoelectric materials (as discussed in the section ‘Technical 
advances for the quantification of physiological features’).

Structural deformation. Many organs contain muscle cells that struc-
turally deform the tissue. MPSs exploit several principles to induce 
these types of structural deformation and strain on cells. For instance, 
several GoC models mimic peristalsis by including vacuum cham-
bers flanking the microchannels so as to induce rhythmic membrane 
deformation through cyclic suction. This approach can generate physi-
ologically relevant deformations of 0–30% at a frequency of 0.15 Hz24 
(Table 1). One recent GoC displayed a nonlinear curved channel in which 
the flanking vacuum chambers induced multiaxial cellular deforma-
tion rather than the biaxial deformation induced by linear microchan-
nels26 (Table 1). This setup better reflects complex human intestinal 
movement at both the macroscopic level and the microscopic level 
(in particular, villus motility). In these GoC models, the device design 
replaces muscle cell function; hence, they do not need to incorporate 
muscle cells.
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Fig. 3 | Design principles of MPSs of the human intestine. a, Left, two aligned 
channels separated by a porous membrane. The channels can either be linear 
or curved. Unidirectional pressure-driven fluid flow can be introduced in 
both channels. The device is typically made of PDMS and coated with a thin 
hydrogel layer. Cells can be cultured in both channels. The top channel is usually 
seeded with intestinal epithelium and the bottom channel with endothelial 
cells. Two smaller vacuum chambers are placed parallel to the microfluidic 
channels to pressurize and stretch the membrane and to recapitulate peristaltic 
movement. Right, two aligned channels separated by a hydrogel layer. Cells can 
be cultured in all three compartments. Bidirectional gravitational fluid flow 
can be introduced in both channels. The channels are coated with a thin layer of 
hydrogel. b, A tubular microchannel embedded in a hydrogel with villus–crypt 
architecture, created via laser ablation. The device contains two separate 

media compartments—one for perfusion of the microchannel lumen and the 
other for perfusion of the hydrogel surrounding the microchannel—to create 
a gradient through the hydrogel. Cells can be grown in the microchannel or in 
the hydrogel. Unidirectional fluid flow (via a syringe pump) can be introduced 
in the microchannel. c, Two microchambers separated by a porous membrane. 
The top compartment is usually used for cell culture. Left, pressure-driven 
unidirectional flow (via a peristaltic pump) can be introduced in both chambers. 
Right, a scaffold with villus–crypt architecture can be located on the membrane. 
Gravitational bidirectional flow can be introduced in both chambers. Panels 
adapted with permission from: a(left), ref. 26 under a Creative Commons license 
CC BY 4.0; b, ref. 14, Springer Nature Limited; c(right), ref. 74, Springer Nature 
Limited.
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The design of MPSs of the heart should ensure stimulation (and, 
optionally, control) of the contraction of the cardiac muscle cells. In 
this way, the design allows modelling of specific states of the heart, 
such as cyclic stretch or afterload (a period of systolic contraction 
when cardiac cells are exposed to increased strain, so that they can 
pump against the arterial pressure). Cantilever-based engineered 
heart tissues mimic afterload by organizing the cardiac tissues around 
pillars or micropoles on a flexible membrane so that strain can be 
increased pneumatically28. Alternatively, afterload can also be modi-
fied dynamically in engineered heart tissues that contain small mag-
nets controlled by a piezoelectric stage29. Piezoelectric materials and 
ionic polymer–metal composites (IPMCs) can also provide precise 
control of actuation and stimulation in MPSs (as discussed in the 
section ‘Technical advances for the quantification of physiological 
features’).

Tissue elasticity. Tissue elasticity influences many cellular responses 
and is often altered during disease as a result of fibrosis. Most cell types 
react to changes in the mechanical properties of the extracellular 
matrix (ECM) by converting mechanical cues into biological responses. 
Changes in ECM elasticity can cause pathological angiogenesis30, 

cardiomyocyte maturation (which may induce heart failure31), expan-
sion of intestinal stem cells (which may favour cancer progression32) 
and alteration of neuronal differentiation, wiring and plasticity33.

Tissue elasticity, which is described by the elastic modulus, can 
vary in the human body from <1 kPa for some soft tissues (such as the 
brain) to >10 kPa for muscle tissues33. Conventional in vitro experi-
ments are often carried out on glass or plastic, which are far stiffer (in 
the GPa range). Commonly used alternatives are soft natural hydrogels 
such as collagen, fibrin or Matrigel (<1 kPa)34,35. Many MPSs are com-
posed of stiff materials, such as PDMS (0.8–4.0 MPa)36 coated with a 
thin layer of ECM. Because these substrates do not accurately reflect 
the elasticity of soft tissue in vivo, natural hydrogels have been used to 
generate softer scaffolds for these systems. One GoC model used laser 
ablation to create a microchannel in polymerized hydrogel containing 
neutralized collagen and Matrigel, which resulted in an elastic modulus 
of 0.75 kPa14 (Table 1). This approach led to the generation of a perfus-
able microchannel containing villus–crypt architecture. Another way 
to model soft tissues is to use decellularized human tissue-derived 
ECM, as was shown for a microfluidic BoC system37 with hiPSC-derived 
brain organoids that led to physiologically relevant elasticity, improved 
cortical layering and electrophysiological function. The obvious 
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Fig. 4 | Design principles of MPSs of the human heart. a, Top left, standing 
rectangular micropillars, typically made of PDMS, that fit into 96-well plates. 
Top right, hanging cylindrical pillars, also typically made of PDMS, in a rack of 
four pairs (only one pair is shown) that fit into 24-well plates. Bottom, patterned 
polystyrene sheets (Biowire), where 3D cardiac tissue is anchored to two 
horizontal wires within a chamber with two carbon electrodes (not shown) for 
electrical stimulation. b, Top, open-top compartment with a dog bone-shaped 
cardiac tissue on top, separated by a porous polystyrene membrane.  

The bottom channel is perfusable and can be used as an endothelial cell 
compartment. Bottom, a channel confining cardiac tissue, with side 
microchannels stimulating the diffusion of nutrients from the flanking media 
channels. c, A polycaprolactone or gelatin-based heart chamber scaffold with 
inlet and outlet channels, as well as a catheter with a valve, for pressure and 
volume measurements. Panels adapted with permission from: a(bottom),  
ref. 194, Elsevier; b(bottom), ref. 195, Springer Nature Limited; c, ref. 15,  
Springer Nature Limited.
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drawback is the need for human tissue for ECM derivation (however, 
porcine-derived ECM may also be suitable).

Most other tissues, including certain parts of the intestine, have 
tissue elasticities >1 kPa and thus require modified hydrogels or other 
hydrogel chemistries. Moreover, because natural hydrogels are too soft 
to generate standing structures, for some applications stiffer materi-
als are necessary. One approach is to crosslink natural hydrogels, as 
exemplified by a non-perfused scaffold-guided intestinal tissue model 
that used chemically crosslinked collagen to increase the hydrogel 
elasticity to 9.46 kPa (ref. 38). This allowed for moulding of the hydro-
gel (via a PDMS stamp) into standing micropillars and microwells that 
led to recapitulation of the architecture of the human small intestine. 
Alternatively, tunable synthetic hydrogels can be used. Notably, these 
can be made to mimic the stiffened substrate of the heart during foetal 
states (1 kPa), normal states (13 kPa) and diseased states (90 kPa)39 and 
to model angiogenic sprouting with physiologically relevant elasticity 
(1–6 kPa; Table 1)40.

Therefore, the need to achieve a balance between ease of use 
and biological compatibility constrains tissue elasticity in MPSs. This 
could be resolved via recently developed materials, such as soft ther-
moplastic elastomers (TPEs) and chemically enhanced versions of 
PDMS, which allow for the modulation of elasticity in 3D cultures. Also, 
these materials can be used in standard fabrication methods, such as 
injection moulding, hot embossing, 3D printing and micromachining 
(Table 1)41–43. In addition, smart materials responsive to changes in pH, 

ion concentration, temperature or electric field44,45 could be used to 
control the mechanical properties of the tissue more accurately.

Oxygen concentration. The vasculature, intestine and heart have 
unique oxygen profiles with steep gradients from one region to another. 
Most MPSs are made of gas-permeable polymers such as PDMS and 
are cultured in standard incubators with supraphysiological oxygen 
conditions (21% O2). To recapitulate the in vivo oxygen concentration 
more closely, the most straightforward technique is to place the PDMS 
device in an anaerobic incubator. For example, a device integrating a 
BoC and a VoC to model the blood–brain barrier (BBB) under hypoxic 
conditions (5% O2) led to enhancements in the formation of the barrier, 
resulting in higher impedance between microfluidic chambers and 
selective shuttling of drugs and antibodies46. Similarly, HoC devices 
containing human 3D cardiac tissues can be placed in environmental 
chambers with varying oxygen concentrations (1, 5 and 21%)47 to study 
hypoxia, which is crucial to mimic myocardial infarction and the fibro-
sis that follows heart damage. Although no differences in viability were 
seen across the different levels of oxygen, the myofibroblast marker 
α-smooth muscle actin was upregulated and the contractile function 
was impaired47.

Active perfusion of a system in an oxygen-controlled environment 
can also be used to create aerobic and anaerobic compartments within 
the same device. Such a system is well suited for achieving physio
logically relevant oxygen concentrations in GoC models. For example, 
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Fig. 5 | Design principles of MPSs of the human brain. a, Left, specific 
cell–cell interactions can be modelled via devices with multiple cell culture 
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of different cell types (the cells are unable to migrate) while allowing their 
protrusions to extend into a nearby compartment. Right, two aligned channels 
separated by a porous membrane. Unidirectional pressure-driven fluid flow can 
be introduced in both channels. The device is made from PDMS and is coated with 
a thin hydrogel layer. Cells can be cultured in both channels. The top channel is 
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the bottom channel is seeded with endothelial cells. b, A perfused tissue chamber 
containing microwells to enable the culture of brain organoids in the presence 
of interstitial flow. c, An MPS with a linear growth factor gradient established 
over the cell culture area via the diffusive mixing of two inlet media. hESC, 
human embryonic stem cell. d, System with an integrated MEA for measuring 
the electrophysiological activity of neurons (either single neurons or neuron 
organoids). Panels adapted with permission from: a(right), ref. 46, Springer 
Nature Limited; c, ref. 51, Springer Nature America, Inc.
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perfusion of a PDMS-based GoC in an anaerobic chamber with deoxy-
genated medium in the top channel and oxygenated medium in the 
bottom channel48 created an oxygen gradient that ensured the survival 
of the anaerobic microorganisms in the top channel and the human 
epithelial cell layer growing on the membrane separating the top and 
bottom channels. Integrated sensors, which allowed for real-time 
measurements of oxygen tension, showed that physiologically rel-
evant oxygen concentrations were reached (<0.3% in the epithelial 
channel and ~10% in the endothelial channel), which supported the 
maintenance of complex human microbial cultures for 5 d (Table 1). 
The same system can be used to create oxygen gradients along the 
length of the intestinal epithelial channel. A more subtle solution for 
creating physiologically relevant oxygen concentrations in MPSs was 
shown in a VoC where temporal and spatial regulation of the distribu-
tion of oxygen was achieved in a hydrogel culture chamber by using an 
oxygen scavenger in the adjacent microfluidic channels49. This resulted 
in controlled and easily adjustable oxygen concentrations within the 
physiological range of 1–5% and allowed the study of angiogenic bias 
to hypoxic environments (Table 1). For MPSs to approximate physio
logically relevant oxygen concentrations without using an anaerobic 
chamber or oxygen scavengers, polymers with lower permeability to 
oxygen may be needed (see ‘Technical advances for the quantification 
of physiological features’).

Emergent features
In this section, we describe physiological features that develop as a 
consequence of device design, the microenvironment and the cell type 
and that can be measured as a system readout (for example, cell type 
diversity, cell localization and cell–cell interactions, inflammatory 
responses, barrier integrity, electrical signalling and tissue renewal; 
Table 1). We focus on how these features have been modelled and meas-
ured quantitatively in MPSs of the vasculature, intestine, heart and brain 
and emphasize factors that should be considered when comparing 
in vitro and in vivo measurements. The quantified emergent features 
that are specific to a single organ are described in Supplementary 
Discussion 4 and Supplementary Table 1 and include cellular contrac-
tion (for HoC models), microbiome diversity, immune cell infiltration, 
mucus layer thickness and digestion and absorption (for GoC models), 
neuron-specific morphological features that support electrical signal-
ling (for BoC models) and monocyte speed (for VoC models).

Cell-type diversity. Proper organ function relies on the presence of 
diverse and often organ-specific cell types. For most MPSs, only seed-
ing compositions are quantified to assess cell type ratios; however, 
these do not necessarily reflect the cell type diversity at the time that 
functional readouts are made because cell diversity will be influenced 
by the microenvironment and by whether the cells proliferate differ-
entially. Quantification of cell type diversity at the time of readout is 
therefore essential for comparing different in vitro systems and for 
assessing their in vivo relevance.

For most MPSs, cell types are quantified by immunofluorescence 
staining, which provides insight into both cell type diversity and 
localization. However, immunofluorescence is limited by the use of 
established markers and makes quantification difficult. Alternatively, 
single-cell RNA sequencing can be used to quantify cell type diversity 
in an unbiased manner and to compare gene expression profiles with 
human equivalents, as was shown for an hiPSC-derived GoC system50 
(Table 1). Single-cell RNA sequencing has also been used to profile brain 
organoid tissue and region-specific neurons in a BoC (albeit only for 
early-stage progenitors and neurons)51 (Table 1) and to investigate the 
effect of different flow profiles52 and endothelial autophagy in angio-
genic sprouts53 in VoC systems, but not yet to assess cell type diversity 
in VoCs and HoCs. Current VoC systems have not yet modelled the full 
complexity of the vascular tree and most HoC devices use a combina-
tion of cardiomyocytes and fibroblasts, typically in a four-to-one ratio. 

Certain HoC devices have been fabricated to facilitate specific cellular 
niches; for example, a microfluidic chip incorporating a bilayer mem-
brane allowed for the separation and transmigration of endothelial 
cells to the cardiac compartment54. However, for many systems, includ-
ing BoC, VoC and HoC models, high-resolution measurements of the 
heterogeneity of human cell types and comparisons with in vivo data 
have yet to be carried out.

Cell localization and cell–cell interactions. Tissue functionality 
depends on cell type diversity and the location of cells within a tissue  
and their interaction with each other. The spatial organization and  
co-localization of different cell types can provide insight into 
tissue-specific microenvironments and intercellular communication. 
These features have been quantified in different MPSs via immuno
fluorescence staining and microscopy.

A non-perfused intestinal tissue model that used a scaffold to cre-
ate growth factor gradients exemplified the possibility of controlling 
and quantifying the spatial organization of intestinal epithelial subtypes 
along the crypt–villus axis55. Specifically, immunostaining was used to 
distinguish proliferative and differentiated epithelial populations and 
to quantify their abundance and location along the crypt–villus length. 
The epithelial subtype distribution in the developing human intestine 
was reported using a similar approach, by scoring the position along 
the crypt–villus56. Hence, this approach allows for comparison with the 
human intestine and can be used in GoC models independent of whether 
the tissue is scaffold guided or self-organized (Table 1). Similarly, the 
spatial organization of neurons was modelled in BoC systems that incor-
porated microfluidics to recapitulate growth factor gradients along the 
rostral–caudal axis of the neural tube51,57. This technique allowed for 
microfluidic-controlled stem cell differentiation and regionalization 
and resulted in spatially organized neuronal subpopulations resembling 
those seen during the development of the human brain.

Besides using fluorescence readouts to quantify cell localization, 
fluorescence also allows for study of the co-localization of different 
cell types as an indication of cell–cell interactions. This was shown for 
a self-assembling model of the BBB by quantifying the coverage of the 
endothelial abluminal side by both pericytes and astrocytes through 
maximum projection images of confocal z stacks58. Similarly, the forma-
tion of synaptic connections in neuronal cells has been quantified in a 
BoC with two lateral chambers connected by a central channel through 
an array of microgrooves59. This allowed for controlled quantification 
of dopaminergic synapses in the central channel via fluorescent label-
ling of pre-synaptic and post-synaptic markers. However, quantifica-
tion was done on a z-projection of an area in a 3D chip; it is therefore 
challenging to directly compare with numbers in the human cortex, 
which were quantified as the number of synapses per volume (Table 1). 
A BoC system that applied high-temporal-resolution electroanalysis 
of neurotransmitter homeostasis demonstrated a more functional 
method of quantifying cell–cell interactions in neuronal synapses60. 
The dynamics of dopamine uptake and release were quantified via 
continuous monitoring in human neuroblastoma cells using electro-
chemical sensing in a microfluidic device. The approach allowed for 
monitoring of the kinetics on a 1 min timescale as an indirect measure 
of the synaptic responses that occur on much shorter time frames 
(~250 ms; Table 1)61. Furthermore, spatial transcriptomics62,63 and 
microwave technology could provide enhanced quantifications of 
cellular interactions and organization, cell type diversity and localiza-
tion in MPSs and primary tissues (as discussed in the section ‘Technical 
advances for the quantification of physiological features’). Also, in addi-
tion to the quantification of cell co-localization, functional readouts 
are necessary to confirm actual cell–cell interactions in MPSs.

Inflammatory responses. All organs contain immune cells surveilling 
the tissue and determining when tolerance or an immune response 
should occur. An inflammatory response is elicited via a complex 
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cascade of cellular interactions, typically to protect the body from 
harmful pathogens. This cascade involves the recruitment of circula-
tory or tissue-resident immune cells into the affected tissue and is 
mediated by the secretion of cytokines as a means of intercellular 
communication. The levels of transmigrated or infiltrated immune 
cells (as discussed in Supplementary Discussion 4 and Supplementary 
Table 1) and of cytokine secretion are thus clinically relevant proxies 
for the presence of inflammatory and disease states64.

Because cytokine secretion can be quantified in serum or blood 
samples, it is possible to make comparisons of in vivo and in vitro 
cytokine concentrations within the vascular system, as was shown 
for a VoC system that had physiological levels of interleukin-6 (IL-6;  
Table 1)65. However, as cytokine production is local and context depend-
ent, systemic measurements in bodily fluids should be viewed rather 
as useful indicators. Also, normalizations for cell number and media 
volume would be required to compare cytokine secretion profiles 
in MPSs of different dimensions (for example, in a tubular model 
system of the BBB, cytokine levels were normalized to endothelial 
cell area66). Moreover, because sampling of fluids from the intestine, 
brain and heart is often not possible, making direct in-vivo-to-in-vitro 
comparisons is challenging. One way to address this problem is to 
study relative changes in cytokine levels on exposure to reference 
compounds (such as model drugs) that have been studied extensively 
in vivo. This strategy was shown to be effective in a GoC model con-
taining two hydrogel-separated perfusable microchannels, one of 
which was seeded with primary intestinal epithelial cells. Cytokines 
were measured in the supernatant after stimulation with lipopolysac-
charide and interferon gamma to mimic the conditions of inflamma-
tory bowel disease67. TPCA-1, a known anti-inflammatory compound 
in vivo, decreased the production of this proinflammatory cytokine by 
intestinal epithelial cells in a dose-dependent manner. Such inhibition 
was more pronounced on the basolateral space than on the apical side, 
underlining location-specific dynamics and the relevance of having 
access to both sides of polarized cell layers in MPSs. Cytokine secretion 
has also been measured in a 3D multicellular BoC to study neuroinflam-
matory responses68. The model consisted of hiPSC-derived neurons 
and astrocytes grown together with primary human microglia. The 
activation of microglia was confirmed via the presence of proinflamma-
tory cytokines in the culture medium. Such a model could be useful to 
study relative changes induced by drugs or other reference compounds 
(as has been done for GoC models).

Because inflammatory responses are a feature that is often used 
in clinical diagnoses, the comparison of observations in MPSs and 
humans is valuable for disease modelling and drug discovery. As we 
have discussed via selected examples, data from MPSs can increasingly 
be compared directly with clinical outcomes. However, one should pay 
attention to the specifics of the quantification methods and to the scal-
ing parameters of the model system. When direct comparisons are not 
possible, MPSs can be benchmarked via analyses of relative changes 
induced by reference compounds that are well established in vivo.

Barrier integrity. Several organs in the body embed selective barri-
ers that aid the transport of nutrients and the protection of tissues  
from toxins. In particular, in the vasculature and intestine selective 
barriers arise from the combined effect of tight junctions and adherens 
junctions between endothelial cells (in the vasculature) or epithelial 
cells (in the intestine). Also, the intestine offers another layer of protec-
tion: the mucus covering the epithelium on the luminal side (as detailed 
in Supplementary Discussion 4 and Supplementary Table 1).

For both mucosal and non-mucosal tissues, the integrity of the 
barriers is often quantified in vitro or ex vivo by one of two methods: 
transendothelial/transepithelial electrical resistance (TEER) or the 
translocation of a fluorescent tracer. TEER is often used in MPSs, but 
may show inconsistency across models or even within the same model 
(the section ‘Technical advances for the quantification of physiological 

features’ provides considerations for the reliable quantification of bar-
rier integrity using TEER). Tracer translocation assays are somewhat 
easier to use in MPSs because compartmentalization and a controlled 
cell area for diffusion allow good reproducibility and standardization, 
as has been shown in models of the BBB—probably the most inten-
sively investigated barrier. Models of the BBB are usually based on a 
standard VoC system to which various types of brain cells are added 
(most commonly, astrocytes). Absolute values of solute permeability 
in vivo have been recapitulated with a range of VoC models69; how-
ever, some systems remain more suitable than others for direct in vivo 
comparison. It is important that designed features influencing barrier 
permeability, such as vessel geometry and flow rate, are standardized, 
which favours models with rectangular and tubular microchannels over 
those with self-assembling vascular networks, which typically show 
substantial variabilities in vascular diameter. For example, measure-
ments in microchannels under continuous unidirectional flow suitable 
for the long-term assessment of endothelial cell permeability led to 
permeability values of ~70 kDa (4 × 10–7 cm s−1), which is similar to the 
permeability of rat vessels in vivo (Table 1)70. Yet, the application of 
unidirectional flow requires more complex microfluidic setups, which 
generally limits the throughput of permeability measurements. This 
problem can be sidestepped by using microtitre plates that incorporate 
bidirectional flow and allow for real-time monitoring of fluorescent 
tracer translocation into a hydrogel lining the tissue channel71,72, as has 
been shown for both VoC and GoC systems. Also, distinct fluorescent 
tracers can be used to quantify the bidirectional permeability of a bar-
rier, as they are transported through passive paracellular absorption 
in the influx direction and through carrier-mediated transport in the 
efflux direction, as was shown for rhodamine 123 in a perfused GoC 
microchamber73,74.

Although fluorescent tracers are valuable for comparing the 
permeability of different model systems with ex vivo data, compari-
sons with human tissues in vivo require reference compounds with 
known translocation properties in humans, such as certain drugs and 
food-derived compounds. This was exemplified in a GoC study that 
described the apparent permeability values of two reference mole-
cules—caffeine and atenolol—for which the transmucosal permeability 
in vivo is well known75 (Table 1). This strategy can be enhanced via the 
integration of electrochemical sensors that allow real-time measure-
ment of a diverse range of compounds in the flow-through of OoCs with 
high sensitivity (as detailed in the section ‘Technical advances for the 
quantification of physiological features’).

Electrical signalling. Multiple tissues in the human body use electrical 
signals to propagate functional information from one cell to another. 
In the brain, electrical signals orchestrate neuronal communication, 
whereas in the heart they enable muscle contraction. These electri-
cal signals are the result of a highly regulated flow of ions across the 
plasma membrane of individual cells. Although this basic mechanism 
is conserved, the tissue organization and cell morphology differ to 
accommodate organ-specific functions (this is discussed specifically 
for neuronal morphology in BoCs in Supplementary Discussion 4 and 
Supplementary Table 1).

The efficient conduction of membrane currents results from the 
specific morphology of electrically active cells. The conduction veloc-
ity of these currents within tissues depends on cell geometry and the 
spatial patterning of the gap junctions that connect neighbouring 
cells76. Because PDMS is transparent, voltage-sensitive dyes can be 
used to measure conduction velocity in tissues. A pillar-based model 
of heart tissue revealed that the conduction velocity in human embry-
onic stem cell-derived cardiomyocytes was comparable to that of a 
healthy human heart (Table 1)77. Other electrophysiological parameters 
(such as resting membrane potential, action potential and excita-
tion threshold) are dependent on the abundance and localization of 
ion channels in the membranes of cardiomyocytes and neurons78,79. 
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Measuring these features in vitro involves impaling single cells with 
a glass electrode (known as the whole-cell patch clamp method80). 
Similar techniques are being used to assess the electrical activity of 
cells in MPSs. For example, by using 3D cardiac tissue on standing pil-
lars, impaled electrodes showed that the resting membrane potential 
was slightly lower than the physiological membrane potential, but 
that the action potential amplitude was ~97 ± 2 mV, which is close to 
that in mature cardiomyocytes81 (Table 1). Measurements with sharp 
electrodes showed that hiPSC-derived cardiomyocytes from dissoci-
ated cardiac Biowire models had resting membrane potentials (about 
−97 mV) that were similar to those of adult human cardiomyocytes. 
However, these types of measurement are low throughput and techni-
cally challenging; thus, it would be beneficial to integrate sensors for 
continuous electrical readout into the devices.

Multi-electrode arrays (MEAs) are an alternative option for obtain-
ing continuous electrophysiological measurements and are easier 
to use. In MPSs of the heart, MEAs have been integrated into flexible 
and patterned PDMS membranes, allowing for the measurement of 
electrical activity in aligned myocardium under the simultaneous appli-
cation of mechanical strain82. For MPSs of the brain, 3D high-density 
MEAs have been used to measure cellular dynamics in 3D brain orga-
noids83. These measurements revealed complex oscillatory waves that 
mimic neuronal activity in preterm neonates84. Also, highly synchro-
nous events were detected at a burst frequency of 0.2 Hz and a local 
field potential of 3 Hz, which are conditions similar to those in vivo 
(Table 1). Newer developments include MEAs made of flexible and 
optically transparent electrodes (particularly electrodes made of pol
y(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)), 
which allow for the imaging of cells simultaneously with the measure-
ment of electrical field potentials85 and the integration of flexible 3D 
electrodes into MEAs for the spatial mapping of tissue volumes86. 
Alternatives to these traditional electrophysiological measurements 
are voltage- and calcium-sensitive dyes or genetically encoded indica-
tors of voltage and calcium, which allow for the continuous monitoring 
of electrical activity in cell cultures79.

Renewal. Cell turnover and renewal rates can vary greatly. The intestine 
has one of the highest cell turnover rates, whereas the heart and brain 
have very little regenerative capacity87. The vasculature has a relatively 
slow and location-dependent turnover rate, yet retains the capacity for 
neovascularization and angiogenesis in wound healing.

To sustain a high turnover rate, intestinal epithelial cells undergo 
directional migration from the crypt to the villus tip. This process 
has been studied in perfused scaffold-based tubular GoC models by 
using 5-ethynyl-2′-deoxyurinidine (EdU) pulse–chase to monitor cell 
division over time14. Four days after the EdU pulse, all labelled cells had 
been shed into the luminal space and none remained in the epithelial 
layer, thus marking a full turnover, in line with the turnover rate of 
the human intestine. However, the distance that cells travel from the 
crypt to the villus tip in GoC models is often not representative of the 
distance travelled in the human intestine. An alternative approach is to 
quantify the migration speed of the epithelial cells; using the same EdU 
pulse–chase method, this was shown to be 40 μm d−1 in a non-perfused 
scaffold-guided intestinal tissue model38. This falls within the range 
measured in the small intestine of neonatal rats but is lower than the 
typical values measured in the intestine of mice (Table 1). A reference 
value for the human intestine has apparently not yet been reported.

The migration of endothelial cells during angiogenesis has been 
studied in VoC models using immunostaining techniques. Because 
angiogenesis is often associated with disease or development, extrapo-
lating in vivo values to benchmark in vitro assays is challenging. How-
ever, VoC models provide opportunities to study which parameters 
might influence the angiogenic process. One such model consisted of 
multiple parallel microfluidic channels that can be filled with either 
hydrogel or culture medium to investigate how mechanical cues, such 

as interstitial flow (modulated by hydrostatic pressure differences over 
the channels), affect angiogenesis (Table 1)88. Immunofluorescence 
imaging was used to quantify the number of angiogenic sprouts, sprout 
length and nuclear translocation within the sprouts at different time 
points. Another study quantified sprout formation kinetics using 
fluorescently tagged vascular and lymphatic endothelial cells in two 
parallel microchannels, allowing for investigation of vascular and 
lymph angiogenesis in the same system89. Incidentally, quantitative 
comparisons of angiogenesis in these VoC systems could benefit from 
consistent reporting of angiogenesis in units of μm per hour.

Technical advances for the quantification of 
physiological features
There are substantial limitations to the quantitative control of physi-
ological features in MPSs. This is in part owing to a lack of awareness of 
the importance of reporting quantitative data that can be correlated 
with in vivo physiology. Also, many quantitative parameters of cell 
culture are impossible to engineer or measure in current MPS systems. 
In this section, we describe upcoming methods and technologies that 
could improve or enable the quantification of physiological features 
in one or multiple types of OoC.

Designed features
Technical advances in device design (including its materials and any 
actuation and stimulation) could lead to better recapitulation of the 
in vivo tissue environment or architecture or improvements in the 
quantitative control of physiological features (Fig. 6).

Materials. The materials used in MPSs dictate biocompatibility, tissue 
stiffness, optical transparency, gas permeability, the absorption of 
small molecules and the manufacturability and reliability of the devices 
and can therefore profoundly impact the control of physiological 
features. PDMS is the most common elastomer used to manufacture 
MPSs; however, despite its many advantages, PDMS shows hydro-
phobic recovery90, high and non-specific absorption of small hydro-
phobic molecules91 and high gas permeability92,93, which challenges 
the control of some physiological features. For instance, maintaining 
hypoxia or an oxygen gradient in VoC and GoC models requires tight 
regulation of the oxygen concentration. Also, PDMS may interfere with 
establishing growth factor gradients or measuring secreted mole
cules (such as neurotransmitters, cytokines or metabolized drugs). 
Alternatives to pristine PDMS include PDMS-based elastomers with 
tailored long-lasting bulk94 and surface95,96 hydrophilicity, TPEs and 
off-stoichiometric thiol-ene polymers. TPEs are biocompatible97 and 
optically transparent and because they combine the properties of 
thermoplastics and elastomers they are amenable to high-throughput 
fabrication (for example, by injection moulding)98. Importantly, TPEs 
show lower small molecule absorption99 and oxygen permeability than 
PDMS (2–50 versus 500 Barrer)100. Thiol-ene polymers are also optically 
transparent elastomers featuring lower small molecule absorption and 
more stable surface modification capabilities than PDMS and a wide 
range of stoichiometry-dependent stiffnesses42. The lower oxygen 
permeability of both classes of material would enable better model-
ling of hypoxic conditions in vessels and intestines without the need 
for anaerobic incubators.

Actuation and stimulation. Stimulation and actuation in MPSs are 
necessary to recapitulate the dynamic microenvironment in some 
organs. Examples of actuation are mimicking the peristaltic movement 
in the intestine, recreating circumferential strain in the vasculature and 
modelling strains in the beating heart.

Piezoelectric materials can be used for the actuation of tissues 
within MPSs. Unlike piezoresistive materials commonly used for strain 
sensing101,102, piezoelectric materials can transduce electrical signals to 
mechanical movement and reciprocally sense mechanical motion to 
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convert it to an electrical signal. They can thus be used as both micro
actuators and sensors in MPSs. Piezoelectric cantilevers have been used 
to electrically induce mechanical bending (and when hiPSC-derived 
cardiomyocytes were cultured directly on the cantilevers, their con-
traction dynamics and alterations on drug exposure could be sensed 
by the cantilevers103). To a lesser extent, certain types of electroactive 
polymers also show reciprocal transduction between mechanical and 
electrical signals. IPMCs are one such type of material; they offer higher 
biocompatibility and softness than typical piezoelectric materials104. 
Additionally, IPMCs benefit from hydration with solutions containing 
ions (such as phosphate-buffered saline and cell culture media), making 
them well suited for use in long-term cell culture experiments. Owing 
to their biocompatibility and low driving voltage, IPMCs can also be 
used as artificial muscles105 for the mechanical stimulation of tissues106 
and as active microfluidic components such as micropumps107,108. 
Piezoelectric materials and IPMCs could conceivably be tailored to 
envelop tubular structures and thus induce mechanical motion; hence, 
they could be integrated to generate physiologically relevant circum-
ferential strain in a vessel model, as well as peristaltic movement in an 

intestine model, without the need for external pressure sources and 
vacuum chambers. Although these materials currently exert less force 
than pneumatic alternatives, they hold great potential to simplify the 
geometry and fabrication of MPSs by enabling electrically activated 
movements in specified locations of the device (for instance, in mem-
branes or pillars).

Optogenetics is an alternative method for stimulation, but it 
requires the genetic engineering of cells109. Optogenetics can be  
used to actuate muscle contraction accurately, and the optical 
transparency of MPSs would allow for local optogenetic stimulation  
of engineered light-sensitive tissues, as was shown with the light-driven 
stimulation of muscle contraction in an amyotrophic-lateral- 
sclerosis-on-a-chip110.

Emergent features
There are a number of technical advances—sensing via electrical,  
electrochemical, optical and microwave means (Fig. 7)—that could 
improve the quantification or real-time monitoring of physiological  
features in MPSs. Most commonly used MPSs lack embedded  
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Fig. 6 | Technical advances for the quantification of designed physiological 
features in MPSs. Technical advances in materials and actuation and 
stimulation methods may improve the recapitulation of in vivo observations 
and the quantitative control of designed features. a, Materials can be tailored 
for use in MPSs. In particular, new polymer formulations or targeted polymer 
surface functionalization could be developed to avoid the absorption of 
small molecules by common elastomers such as PDMS and might enhance 
long-term hydrophilicity to favour cell adhesion. b, Mechanical structures 

made of electrically responsive materials, such as piezoelectric materials 
and electroactive polymers, can enhance the local stimulation of tissues. For 
example, patterned piezoelectric cantilevers that bend on electrical input 
could provide controlled stretching to thin films of muscle or cardiac tissue. 
Displacement of the cantilever could be tracked by optical means and correlated 
to induced tissue deformation, and the inverse piezoelectric effect could in turn 
be exploited to detect inherent tissue motion. Panel b adapted with permission 
from ref. 103, Springer Nature Limited.
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sensors, which limits the number of physiological features that can be 
quantified. Advances in the techniques that we discuss in this section 
can be integrated into MPSs as sensors, which would enable higher 
sensitivity and reliability owing to a decreased distance between the 
biological cue and sensor (in situ sensing). In most cases, the sen-
sors integrated into MPSs need to be coupled to external input and/
or readout units, which may limit the portability of the MPS and its  
use in cell culture incubators and other conditioned environments.  
Ideally, portable or compact units would be embedded in the MPS  
under standardized interfacing (Supplementary Discussion 6).

Electrical, electrochemical, optical and microwave sensors  
can be used to quantify similar physiological features. Yet, because 
the integration of these sensing modalities within MPSs is in early 
development, it is premature to state which technique is best suited 
for the measurement of a particular feature.

Electrical sensing. TEER is probably the most widely used electrical  
sensing system. It is commonly employed in devices modelling barrier 
tissues, such as VoC, GoC and skin-on-a-chip models, for the quanti-
tative assessment of barrier integrity. TEER typically involves direct 
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Fig. 7 | Technical advances for the quantification of emergent physiological 
features in MPSs. Technical advances in electrical sensing, electrochemical 
sensing, optical sensing and microwave sensing can yield advanced readout 
systems that enable or improve the quantification of emergent features. Most 
of these sensing solutions are based on electrodes and thin-film technology 
originally developed for microelectronics. Hence, the readout systems can 
benefit from available expertise and advantages in miniaturization, integrability 
and scalability. a, Electrical parameters of tissues, such as their resistance and 
capacitance (that is, electrical impedance), can be monitored continuously 
and correlated with their functionality (such as the tightness of a tissue barrier, 
or tissue composition). Measurements of transepithelial or -endothelial 
resistance and, more generally, impedance spectroscopy can be conducted by 
flanking tissues with pairs of electrodes and subjecting them to electric fields 
with a range of frequencies. b, In electrochemical sensing—amperometric or 
voltametric—surface chemical reactions can be exploited to trigger electrical 
output that correlates with changes in the local microenvironment caused by, 

for example, tissue metabolism or the composition of the medium. Specific 
surface functionalization of the electrodes would enable higher selectivity 
and multiplexing. c, In addition to enabling optical inspection by microscopy, 
light waves are convenient sensing beacons because wave frequency and wave 
amplitude and their interference can be extremely sensitive to changes in optical 
path owing to medium density and transparency (as caused, for instance, by  
the release or selective binding of antibodies). This makes the integration of 
optical waveguiding structures, such as optical fibres, into MPSs appealing.  
d, Microwaves occupy a specific portion of the electromagnetic spectrum and 
can be injected and confined within engineered microstructures, such as ring 
oscillators based on microstrip lines. They are therefore useful as sensitive 
detectors of local changes in permittivity induced by, for example, a cellular  
layer or the composition of the medium. Panels adapted with permission from:  
b, ref. 130, Springer Nature Limited; c, ref. 134, American Chemical Society;  
d, ref. 196, Springer Nature Limited.
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current at a single and low frequency (12.5 or 75 Hz in commercial sys-
tems). In contrast, impedance spectroscopy uses voltage–frequency 
sweeps to additionally quantify capacitive contributions to impedance 
in combination with equivalent electric circuit analysis111. Impedance 
spectroscopy can be useful to quantify TEER and other features, such 
as villus-like fold formation in GoC models112 and the development of 
a multilayer epidermal structure in a skin-on-chip model113. However, 
although barrier integrity measurements are straightforward, they 
are prone to inconsistencies and difficult to standardize114 (owing to a 
non-uniform current density over the area of cell coverage). They are 
also prone to monitoring a whole cell layer rather than only around 
the electrodes, to differences in temperature, to system-to-system 
geometrical and material differences, to electrode placement and 
measurement reproducibility and to long-term saturation of the elec-
trodes. Nevertheless, there are correction factors for some of these 
parameters115,116. Also, sensitivity field calculations can help to optimize 
electrode geometry and configuration to focus the measurement on 
the desired device volume117. Higher sensitivity can be obtained via 
multiplexing and by specifically placing the electrodes either on the 
side of the culture area118 or on membranes119.

Sensors leveraging impedance spectroscopy can be combined 
with multi-electrode arrays120 and sensors monitoring pH, oxygen 
content or specific biomarkers. Also, measurements of electrical 
impedance can be carried out via functionalization of the electrode 
surface with selective chemistry121. Impedance spectroscopy can be 
further improved and adapted for 3D tissues and cellular constructs122 
by integrating electrodes within confining 3D geometries (such as 
microfluidic traps123 and pendant drops124) and in combination with 
3D scaffolds125. Although commonly used scaffolds are made from gels 
or hydrogels, which are electrically passive, there are electroactive 
polymeric scaffolds that can be used with impedance spectroscopy. 
For instance, hollow tubular PEDOT:PSS structures can be used to 
grow intestinal epithelial cells for 26 d. The electrical properties of the 
PEDOT:PSS scaffold promote coupling of cells to the electrode, and 
by choosing the position of the electrodes carefully, both electrode 
mode and transistor mode sensing are possible, meaning cell substrate 
coverage and cell-induced volumetric constriction can be monitored 
in tubular structures126.

Electrochemical sensing. Electrochemical sensors capture electrical 
signals arising from electrochemical interactions between analytes and 
electrodes. The surface of the electrodes can be functionalized with 
biomarkers that improve the selectivity and sensitivity of sensing127. 
Integrated within MPSs, miniature affinity-based electrochemical sen-
sors can be used for the continuous monitoring of biomarkers, and thus 
provide real-time readouts of biological responses and opportunities 
to correct and control fluctuations within an experiment128. Several bio-
chemical markers can be simultaneously sensed via multiplexing of the 
readouts from multiple selective electrodes121. Hence, electrochemical 
sensors can be powerful alternatives to standard protein measure-
ments via enzyme-linked immunosorbent assays in culture medium, 
and enable the quantification of multiple physiological features in 
OoC flow-through in real time, such as secreted cytokines, biological 
or drug metabolites and the transport of compounds through a cell 
layer129. Functionalized electrochemical sensors have been integrated 
into a liver–heart OoC to measure three different biomarkers (albumin, 
glutathione S-transferase α and creatine kinase–myocardial band). The 
reported detection limit of albumin (0.1 ng ml−1) suggests that electro-
chemical sensors can reach concentration ranges and sensitivities130,131 
that are superior to the common detection range of clinical tests on 
blood and urine (0.034–0.054 g ml−1 for albumin) and that quantitative 
comparisons of the concentration of biomarkers and small analytes in 
MPSs and urine or blood may be feasible.

The functionality of electrochemical sensors depends on the  
spatial distribution and position of the electrodes within the MPS. 

Hence, the integration of multiple miniaturized electrochemical sen-
sors (particularly those leveraging field effect transistors that inher-
ently amplify electric signals) would enhance the spatial resolution of 
the detection of analytes throughout the MPS132.

Optical sensing. By measuring changes in the properties of optical 
waves (amplitude, wavelength and phase), optical sensors can detect 
changes in optical or geometrical properties (such as colour, lumi-
nescence, absorption, scattering, refractive index, size and shape). In 
MPSs, the changes can be caused by tissue metabolism and dynamics 
and by shifts in the composition of the medium (owing to changes in 
the concentration of an analyte of interest or an optical reporter133).

Optical sensors can monitor cytokines and other small biomol-
ecules and thus provide opportunities for the standardization of MPSs. 
For example, the integration of an optical fibre-based sensing unit with 
a microfluidic setup was used to quantify IL-2 secreted by lympho-
cytes134 (IL-2 concentrations in the range of 50–1,000 pg ml−1 could 
be measured within 30 min). A multiplexed version of this system 
leveraging an array of silicon photonic micro-ring resonators may 
allow for the simultaneous and continuous quantification of multiple 
cytokines. Specifically, the shifts in resonance wavelength on binding 
of the target molecule to the ring surface would enable discrimination 
of the different cytokines without the need for specific labelling (which 
current techniques require135).

The quantification of tissue architecture, cell morphology, 
mucus layer thickness, cell surface area, fluid flow rates and many 
other physiological features in MPSs often relies on imaging technol-
ogies that can penetrate tissues and substrate materials while main-
taining good resolution. In particular, optical coherence tomography 
allows for real-time imaging of relatively large structures in MPSs 
without the need for immunostaining or fluorescent reporters136. 
The technique relies on measurements of the interference between 
a reference light beam and backscattered light for reconstruction  
of the profile of the sample. Although the depth of imaging of  
optical coherence tomography can reach >1 mm (ref. 137), the tech-
nique’s typical spatial resolution (~6 μm) is somewhat lower than  
that of conventional microscopy (<1 μm)138. Nevertheless, it enables 
the continuous monitoring and quantification of 3D structures in 
MPSs, as was shown for sprouting angiogenesis in a VoC model138 
and engineered microvessels in an MPS of the outer blood–retinal 
barrier139.

Microwave sensing. Similar to electrical impedance and optical sens-
ing, electromagnetic waves in the microwave range (~1–40 GHz) can 
also be used for contactless sensing. In this case, the sensing principle is 
based on measuring how the electromagnetic waves interact with mate-
rials. The degree of penetration of the waves into a material depends 
on the frequency and electrical characteristics of the material (mainly 
its permittivity). Electromagnetic waves at microwave frequencies can 
penetrate cells, leaving them intact140, and reveal information about 
intracellular composition141. Hence, microwave sensing allows for the 
label-free and non-intrusive real-time discrimination, localization and 
counting of cells142 and can be particularly useful for the quantification 
of cell type ratios in MPSs.

A microwave sensor based on impedance spectroscopy allowed 
for the label-free identification of cell diversity at the single-cell level 
at microwave frequencies140, and a flow-through sensor within an inte-
grated multimode microwave resonator was used to distinguish two 
different cancer cell lines in mixed cell populations143. Further integra-
tion of real-time microwave sensors may improve the quantification of 
different cell types within a culture system and reveal spatial informa-
tion of individual cells within 3D tissue. Real-time information about 
the numbers and ratios of different cell types in MPSs will facilitate the 
standardized quantification of physiological features that need to be 
normalized to specific cell type numbers.
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Additionally, microwave-supporting structures such as resona-
tors and microstrip lines can be embedded into microfluidic systems 
as part of highly sensitive sensors with an electrical readout for flow 
rates and fluid composition. For example, split-ring microwave resona-
tors coupled to an interferometric system allowed for high-sensitivity 
measurements of glucose concentration in a microfluidic setup144. 
Also, a fluid flow sensor embedded in a microfluidic device exploited 
the flow rate-dependent deformation of a thin circular membrane inte-
grated within a planar microwave ring resonator, as well subsequent 
alteration of the effective permittivity of the surrounding medium, to 
measure flow rates in the range of 0.5–300 μl min−1 with a resolution 
of 1 μl min−1 (ref. 145). These and similar systems need to be supported 
by accurate analytical and numerical models for the prediction of 
sensor performance146 and by electronic readout systems that can be 
integrated into compact layers (such as printed circuit boards) con-
nected to the sensors.

Outlook
MPSs are poised to substantially contribute to biomedical research. 
Yet, to advance the technology towards greater end user and regula-
tory acceptance, it is essential to understand its predictive value. With 
the growing number of users, it is widely accepted that consensus on 
qualification and standardization methods for MPSs is urgent. Quan-
tification of physiological features in MPSs may lead the way towards 
establishing accurate comparisons between different in vitro models 
and in vivo physiology, contributing to the development of measurable 
standards to qualify MPSs as fit for purpose in applications. We hope 
that the overview of quantifiable physiological features of healthy 
organ function in MPSs that we provide in this Perspective serves as a 
resource for the development of such measurable standards, and that 
these standards can be used as a basis for the quantification of disease 
phenotypes and of drug efficacy and toxicity (which can be defined as 
deviations in the same physiological features). These types of quantifi-
cation will be central to establishing the predictive value of MPSs and 
accelerating their implementation in the drug development pipeline.

MPSs are particularly suitable for providing quantitative approxi-
mations of physiological features, as the devices allow for versatile 
design and the integration of sensors and readout methods. Catego-
rizing the desired quantifiable physiological features as designed 
features (that can be controlled in MPS design) and emergent features 
(that describe cellular function) will facilitate quantification in MPSs, 
as both types of feature require different strategies. For quantifying 
designed features, it is essential to consider the relevant technology 
and materials needed to incorporate a specific feature in the desired 
range. Quantification of emergent features requires the incorporation 
of relevant sensing and readout systems to accurately monitor cellular 
responses using standardized methods and units. To further steer 
the exact value of an emergent feature, which might be required to 
qualify the system as fit for purpose, the designed features that influ-
ence the emergent feature need to be determined and adapted. The 
examples and considerations highlighted in this Perspective will help 
users to select the relevant design options and sensing technologies 
to optimize the quantification of the designed and emergent features 
of interest.

Although MPSs generally aim to mimic the in vivo architecture 
of a tissue, the main goal is to recapitulate one or multiple functional 
features of the tissue or organ. As such, they do not necessarily have 
to recapitulate the dimensions of the human body. When functional 
features are influenced by the dimensions of the tissue, scaling and 
normalization become a necessity. To compare in vitro MPSs with 
in vivo measurements, it is essential to correct for differences in 
surface-to-volume and cell-to-volume ratios147. In some cases, it might 
be sufficient to simply normalize to the liquid volume, number of 
cells and dimensions (in particular when converting the absolute 
fluid flow rate to wall shear stress). For more complex features and 

systems, in silico modelling may be necessary (as was shown for 
multi-organ systems148).

Quantitative comparisons of physiological features in MPSs with 
in vivo observations are limited, mostly by differences in scale, methods 
of quantification and resolution and duration. When the quantification 
method of a specific physiological feature differs between systems, it 
becomes more difficult to compare data accurately. For instance, for 
emergent features that describe complex cellular functions, many 
different quantification methods and units are used. More clarity is 
needed on how data are measured and reported in clinical settings 
and on whether it is feasible to replicate these data in model systems. 
For certain features, such as the measurement of secreted products 
in circulation and flow-through, it can be straightforward; for others, 
such as the measurement of barrier integrity, it can be difficult. For 
physiological features that are not amenable to using a single translat-
able measurement method, consensus should be reached on how to 
quantify and report the data in a standardized manner. For a few nota-
ble physiological features, in this Perspective we have outlined a basis 
for the standardization of quantification methods and data reporting. 
Some of these features, such as cytokine secretion, are location and 
time dependent and can be quantified at high resolution in MPSs but 
not in vivo. One solution is to focus on the relative changes in cellular 
function induced by clinically tested reference compounds. These will 
be valuable benchmark measures for drug development and should 
facilitate the uptake of MPSs by regulatory authorities and pharma-
ceutical companies. Coupling multi-organ chips may eventually allow 
for the modelling of local and systemic responses.

At present, MPSs are designed to recapitulate and facilitate the 
monitoring of aspects of tissue physiology and pathophysiology 
over relatively short periods of days or weeks. Likewise, in MPSs the 
responses of the tissues to drugs and their clearance are acute. Chronic 
responses cannot typically be monitored; in fact, there are only a few 
examples of long-term cell culture in these devices. Advances in mate-
rials, pumps and sensors, as well as culture media that better mimic 
body fluids, will be needed to model chronic phenomena and to couple 
multiple MPSs in series or parallel to recapitulate the organ–organ and 
tissue–tissue interactions in the human body.

Advancing MPSs will require greater precision in detecting what 
MPSs actually capture. Are the tissue responses typical of tissues and 
organs that are foetal, adult or aged? Are pathological responses cor-
rectable by therapeutic interventions, and are their timings relevant 
compared with the actual progression of the disease? The quantitative 
approach outlined in this Perspective should help to address these 
questions.

We regard the concept of quantitatively measuring designed and 
emergent physiological features as an important first step towards 
a publicly available database that facilitates the benchmarking of a 
diverse range of MPSs to other MPSs and in vivo data. One strategy 
would be to create a freely available MPS atlas akin to the Human Cell 
Atlas (https://www.humancellatlas.org). The adapted mission state-
ment could be similar: to create comprehensive references of all human 
MPSs as a basis for understanding human health and for diagnosing, 
monitoring and treating disease. Such an atlas could contain available 
quantifications of designed and emergent physiological features for a 
wide range of MPSs and function as a reference dataset that provides 
insight into which designed features are important to implement in an 
MPS in order to obtain a desired emergent feature.

In summary, the considerations described in this Perspective 
are relevant for improving the quantification, standardization and 
extrapolation of data from in vitro conditions to in vivo settings. Nota-
bly, with the many technical options available for designing MPSs and 
integrating sensors and readouts, it becomes increasingly important 
to report the rationale of certain design choices and how they relate to 
the physiology that is recapitulated. Moreover, reporting the quantita-
tive output of MPSs in a comparable and translatable way will highlight 
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the potency of these models for accurately predicting and replicating 
specific physiological processes. More emphasis and discussion on 
the quantification of physiological features in MPSs, rather than their 
qualitative implementation, will be essential to define measurable 
standards for model standardization in a time of rapidly increasing 
numbers of MPS designs and users.
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