1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Sens. Author manuscript; available in PMC 2019 November 25.

-, HHS Public Access
«

Published in final edited form as:
ACS Sens. 2019 June 28; 4(6): 1454-1464. doi:10.1021/acssensors.8b01549.

Monitoring of Microphysiological Systems: Integrating Sensors
and Real-Time Data Analysis toward Autonomous Decision-
Making

Ashlyn T. Young™8, Kristina R. Rivera®8, Patrick D. Erb, Michael A. Daniele™T*

TJoint Department of Biomedical Engineering, North Carolina State University and University of
North Carolina, Chapel Hill, 911 Oval Drive, Raleigh, North Carolina 27695, United States

*Department of Electrical & Computer Engineering, North Carolina State University, 890 Ovall
Drive, Raleigh, North Carolina 27695, United States

Abstract

Microphysiological systems replicate human organ function and are promising technologies for
discovery of translatable biomarkers, pharmaceuticals, and regenerative therapies. Because
microphysiological systems require complex microscale anatomical structures and heterogeneous
cell populations, a major challenge remains to manufacture and operate these products with
reproducible and standardized function. In this Perspective, three stages of microphysiological
system monitoring, including process, development, and function, are assessed. The unique
features and remaining technical challenges for the required sensors are discussed. Monitoring of
microphysiological systems requires nondestructive, continuous biosensors and imaging
techniques. With such tools, the extent of cellular and tissue development, as well as function, can
be autonomously determined and optimized by correlating physical and chemical sensor outputs
with markers of physiological performance. Ultimately, data fusion and analyses across process,
development, and function monitors can be implemented to adopt microphysiological systems for
broad research and commercial applications.
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Microphysiological systems (MPSs) (i.e., “organ-on-chip”) that replicate human organ
function are promising technologies for drug discovery, disease modeling, therapeutic
efficacy testing, toxicology, and personalized medicine.1~13 Nevertheless, incomplete
characterization, inefficient data collection, and inconsistent analyses significantly impede
cost-effective translation of cell and tissue engineering strategies for MPSs. The state-of-the-
art methods for manufacturing and operating MPSs are labor intensive, expensive, and lack
standardization. For analyses, researchers rely on downstream and post facto methods of
data collection, including histology, fluorescence imaging after sample fixation, and
biomolecular assays. To monitor temporal changes in MPSs, replicates are fabricated, and a
portion are sacrificed at specific time points throughout the duration of a study. Underlying
this method are flawed assumptions: during data collection, every MPS represents a
biological replicate, and all MPSs in an experimental group have negligible variability to
make statistically significant comparisons. These methods and assumptions are often not
amenable to scale-up or high-power evaluation, as variability is often compounded during
downstream analysis.

An idealized model of the MPS manufacturing and operating pipeline is summarized in
Figure 1a. This figure illustrates the proposed, central role of nondestructive, in-line sensors.
Viewed collectively, the ideal MPS pipeline will contain inline sensors that continuously
assess development and function without the need for off-line assays or batch testing. These
sensors will be integrated into an *“on-chip” network for monitoring intraconstruct
environmental parameters such as oxygen, pH, fluid perfusion, electrophysiology, and
metabolite concentration. Furthermore, on-chip sensor data would be fused with label-free
methods for assessing tissue morphology, quality, and function, such as optical microscopy,
microcomputed tomography (~CT), ultrasound, and photoacoustic imaging. Such
automated, self-contained platforms for monitoring MPSs will provide both scalability and
autonomous decision-making potential. The fusion of process, development, and function
monitoring via advanced data harnessing and artificial intelligence are necessary to “close-
the-loop™” and generate a complete cyber-physical system.

Although one may argue if he or she is provided with the material or supply purchased, then
the metadata is unnecessary, an ideal manufacturing setting requires synergistic data sharing
between all steps of the MPS manufacturing process. For example, a research MPS
workflow including (1) a biological resource company manufactures biologics, validated
with necessary process sensors, and sends them to (2) the research scientist developing and
assembling the MPS. The research scientist introduces the raw materials to the device,
monitors via developmental sensors to ensure proper maturation, and then (3) runs
experimental protocols with incorporated functional sensors or sends to a collaborator to test
developed technologies. This workflow ideally would generate large data sets from all steps
of MPS fabrication and operation, although this data is rarely communicated back to adjust
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preceding protocols or materials. Lack of upstream data movement results in the absence of
beneficial feedback loops in all areas of MPS development and function, therefore limiting
MPS reproducibility while increasing variability.

With this vision in mind, the primary technological questions of this perspective are as
follows: “What controllable, extrinsic parameters can noninvasively measure MPS
manufacturing and operation? What developmental and functional sensors currently exist,
and which novel sensors will achieve continuous monitoring that will lead to next-generation
MPSs?”

TAXONOMY OF SENSING FOR MICROPHYSIOLOGICAL SYSTEMS

The central pivot in developing such cyber-physical systems is the integration of sensors (see
Figure 1b) (i.e., noninvasive, nondestructive, and connected sensors) that will collect
phenotypic and genotypic data in both cell cultures and engineered tissues. To achieve
comprehensive monitoring of MPSs, technologies must be exploited that span the gamut of
sensing modalities, including thermal, acoustic, optical, chemical, and electrical sensors. For
a comprehensive overview of sensing techniques, we refer you to the following reviews.
14-16 The target analytes for a comprehensive monitoring system for MPSs span the
physiochemical gamut, from small molecules and proteins to microanatomical imaging and
force mapping.1’~19 Therefore, identifying and characterizing types of sensors for
monitoring MPSs requires classifying the stages of MPS manufacturing.

A recommended sensing taxonomy for MPSs is presented in Table 1. Sensors, which
analyze the entire MPS from manufacture through operation, can be categorized into (1)
process, (2) development, and (3) function monitors. We suggest the use of the term
“monitors”, instead of sensors, as the physical embodiment of a sensor may be used to
gather quite different information at stages in the lifespan of an MPS. Process monitors
include all sensors employed to evaluate the “raw materials” of the MPS, such as cells,
culture media, scaffolds, and growth factors. Development monitors quantify the growth and
maturity of the integral cell population from a milieu of heterogeneous cells and
biomaterials inside the MPS. Lastly, function monitors record physiological performance to
ensure proper operation or identify and record changes—pathological, experimentally
induced, or otherwise. MPS characterization can be classified based on position of the
sensors in the operation pipeline (i.e., in-line, at-line, on-line, or off-line). In-line and on-line
analysis provide data collection in real-time; in-line sensors are engineered directly into the
MPS, whereas on-line sensors analyze automatically collected samples from the MPS. In-
line and on-line sensors are integrated sensors. At-line and off-line analysis are not realtime
and require manual sample collection, which is tested on-site or at an off-site laboratory,
respectively. Of these characterization modalities, in-line and on-line sensors provide a
means to initiate feedback control of MPS operation, whereas information generated from
at-line or off-line sensors can only be integrated to pre and postoperational analyses.
Although the in-line characterization of cell and biomaterial products for MPSs is actively
being explored, robust design criteria and nondestructive monitoring of the development and
function have not yet been fully realized.20-24
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PROCESS MONITORING

Comprehensive characterization of all biological and synthetic materials introduced to an
MPS is vital to ensure the system operates as designed (i.e., a basic tenet of quality control
demands that all material inputs should be defined such that the product outputs are both
predictable and within specification). For MPSs, well-defined inputs provide support to
realize more physiologically relevant outputs. Defining material inputs is often challenging
when considering cell-based and bioderived materials. Variability in raw biomaterials arises
in both sourcing and processing. As a system comparable to biomanufacturing, process and
quality control would be beneficial for ensuring reproducibility across other bio-products.
Passing data collected during the upstream production of cells or biomaterials directly to the
MPS developer can ensure consistent biological materials (Figure 1b). To date, the role of
cell and material validation falls on the MPS developer; this is an untenable model for the
future scale-up of MPS fabrication and use. Manufacturer characterization of cells and raw
biomaterials assures MPS developers receive the starting materials, thereby standardizing
initial MPS conditions and decreasing MPS variability. When the material validation is the
responsibility of the MPS developers, raw materials may be well-defined but not
standardized across MPS development sites. Furthermore, standard equipment used for
materials characterization, such as high-performance chromatography, requires both
expertise and equipment and may not be readily available to MPS developers.

Process sensors have been utilized in large-scale biomanufacturing for centuries, often to
streamline production of biologics, such as in the food, cosmetic, and pharmaceutical
industries.2>-2% Biological components, such as hydrogels, media, and cells, are tested
stringently before they are sent to MPS research laboratories.30-34 For cell culture, media
components are manufactured with high yield and low variability to reduce researchers’
concerns of confounding variables during experimentation. Although process sensing is
highly optimized to guarantee low variability in biological materials, the data gap between
manufacturers and researchers may limit MPS functionality. Researchers are provided
simplistic validation data sheets ensuring cell types are as advertised and media or scaffold
material is per specifications, but quantitative processing data beyond general ranges are
seldom provided. Furthermore, many materials that come from biological sources are poorly
defined because of variability in source and overall sample complexity (i.e., too many
growth factors or proteins to reasonably define). For example, batch-to-batch variability in
tumor-derived cellular scaffolds, such as Matrigel, is a reoccurring hurdle in tissue
engineering.3® As biological processing techniques improve, well-characterized materials
should become standard in the fields of regenerative medicine and, therefore, in MPSs.

Characterization issues that arise in biomaterial inputs are exponentially more detrimental
when considering cell line, primary human cell, and stem cell inputs. As cell sources have
become more commercialized, there is extensive quality control in production, but quality
assurance concerns remain. Cells are sold with minimal validation, and there are often
doubts that the cells are as identified. Commonly misidentified cell lines are compiled within
a database (http://iclac.org/databases/cross-contaminations). Stem cells would allow all
biological materials to come from the same germline, providing seamless interactions, with
limited immunological responses, within a multicellular-engineered tissue structure. For
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application in MPSs, preprocessing facilities could differentiate pluripotent stem cells before
introduction to a system. From a biomanufacturing point of view, inventories of pluripotent
stem cells and in-house differentiation could allow research laboratories to order multiple
cell types from the same germline. Alternatively, pluripotent stem cells could be introduced
to an MPS, exposed to the relevant mechanical and chemical stimuli, and differentiation
could be monitored on-chip. Current technologies are being developed that would allow in-
line and off-line sensing of stem cell differentiation; these sensors will be discussed in the
following section.36-38

DEVELOPMENTAL MONITORING

Biosynthetic tissues, composed of cells and hydrogels, which are inherently variable, are
difficult to create in isolation and even more difficult to create in replicate; thus,
developmental monitoring ensures that an MPS organ is consistently achieved. During MPS
fabrication, there are many variables that will affect the ultimate output, including but not
limited to media formulations and cell secretions, geometry, and function of incorporated
structures (i.e., 3D scaffold macro and micro-geometry and chemistry), and cell phenotype,
genotype, and epigenetic lineage. Sensing modalities include biochemical sensing,
fluorescent tagging and subsequent imaging, impedance monitoring, and mechanical testing.
Many of these sensors have been incorporated into biological assays and cell cultures, but
the future for developmental monitoring is vast when considering integration into MPSs.
Multiplexed sensing, recording, and processing of real-time MPS data could provide novel
insights into the optimal nutrients and culture conditions needed to maintain cell viability
and growth for weeks. Beyond optimization, we can use data analytics in real-time to
respond to changes in culture conditions, adjusting inputs to obtain desired results. For
example, media composition can be tracked as a stem cell differentiates to determine how
differentiation is progressing and allow growth factors to be removed or added to encourage
further differentiation or even quiescence.

Furthermore, by creating a system with all integrated sensing and pumping mechanisms
needed to function, a device typically limited for laboratory use may have off-the-shelf
applications. This could range from cell culture identification, stem cell differentiation, or
even full tissue and MPS functional monitoring. Herein, we describe specific classes of
sensors that need to be integrated into a viable MPS. Achievement of development
monitoring could improve throughput limitations that restrict translational potential of
MPSs, as a major problem with MPSs is the lack of scalability.141°

Measurement of Nutrients and Metabolites.

Quantifying concentrations of media components and metabolites is key to define how an
MPS is operating, ensuring a cell population is receiving proper nutrients to operate. Aseptic
sampling techniques are available that allow at-line monitoring of such molecules with high-
performance liquid chromatography (HPLC), though HPLC requires separate sample
preparation steps and does not offer real-time data.3 Integrated biosensors show potential
for providing real-time information regarding media composition.%41 Furthermore,
biosensors currently being explored provide in-line, real-time quantification of oxygen levels
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in an MPS, offering information on the MPS environment as well as cell proliferation and
death.#2 At-line monitoring systems can also be used to investigate cellular secretions; for
example, Clark et al. demonstrated the use of an on-chip analysis to look at glycerol
secretion from adipocytes.3 An enzyme assay kit was incorporated in the MPS, which was
able to sample supernatant media via capillary connection and mix with agents from a
commercial enzyme assay for glycerol. With only a 5 min mixing and incubation time,
glycerol concentration could be determined via fluorescent microscopy. Other sensing
mechanisms are used to monitor nutrients and metabolites in MPMs, though these
mechanisms are often limited by lifetime. As shown in Table 1, electrochemical sensing
modalities offer the chance to sample more often, as compared to electrical or optical
measurements, but often with shorter total run times for experiments. For example, Misun et
al. developed a lactose and glucose enzyme-based electrochemical sensor for monitoring
hanging-drop culture with extreme sensitivity, although only for 1 day.*4 Sensing lifetimes
can be extended by designing chambers with interchangeable sensors or sampling small
volumes of liquids at single time points, though these methods may not be realistic to
achieve continuous monitoring.4°46

Discussed in more detail concerning function sensors, these types of sensing techniques
could offer valuable real-time information on cell health based on concentrations of gaseous
species to understand what is happening within the MPS. Ideally, we would like to input
known media, gas, and temperature into our system while reading resultant oxidative
species, nutrients metabolized, and temperature fluctuations to gauge not only the reliability
of the MPS setup but also cellular health and function.

Measurement of Proteins and Growth Factors.

Along with sampling nutrients, monitoring MPS development includes sampling media for
in-line or at-line measurement of introduced or secreted proteins and growth factors.
Standard measurement of proteins or nucleic acids, such as enzyme-linked immunosorbent
assays (ELISA), nucleic acid amplification (NAA), and lateral flow assays (LFA), require
intensive sample preparation and back-end analysis while only providing information at a
single time point. Furthermore, without specialized equipment, these analyses must be sent
to collaborating laboratories or companies for off-line monitoring, eliminating instantaneous
feedback control. Many at-line microfluidic measurements of cell products exist, though
these technologies are more commonly used in point-of-care diagnostics.#’~4 To use these
techniques for MPS sensing, perfused culture media can be sampled and analyzed for cell
secretomes. Riahi et al. designed an automated microfluidic electrochemical immunosensor
for on-line testing of media perfused through a microfluidic bioreactor.3® Magnetic beads
were functionalized with an antibody to test the liver biomarker transferrin secreted by
hepatocytes. Media was sampled from the bioreactor via connected tubing, and automated
valves were used to move the sample through the reaction chamber into the detection
chamber. Electrochemical immunosensing was performed with an electrode setup to
measure a current differential dependent on the concentration of transferrin. This platform
could be slightly modified with different antibodies to detect various biomarkers.
Furthermore, incorporating parallel microchannels would allow the monitoring of a variety
of cell secretomes for multiplexed detection of media composition.
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Electrical Measurements.

In-line impedimetric methods can monitor cell proliferation and barrier selectivity, similar to
technologies available for static well-plate cultures.>%> To quantify proliferation, a low-
frequency current is driven across two electrodes, and the measured voltage is used to
determine impedance within the system.52-54 Higher impedances correlate with a higher
number of cells or full coverage of closely oriented cells within the well. Lei et al.
demonstrated similar technology in an MPS of human oral cancer within an agarose
scaffold.5® Higher cell-seeding densities resulted in higher impedance measurements, and
impedance decreased with increasing cancer drug concentration and incubation time.

As an alternative, similar technology is used to measure the impedance across an MPS
barrier, resulting in measurements that can be directly compared to those of in vivo systems.
Electrode-based sensing mechanisms have facilitated in-line measurement of epithelial MPS
barrier permeability with physiologically relevant air-liquid or liquid-liquid interfaces as
well as flow rates.?8 To assess barrier permeability in static cell culture systems,
measurements of transepithelial electrical resistance (TEER) are performed on monolayers
of epithelial cells cultured on permeable polycarbonate membranes inside Transwell
systems.®” TEER is measured across the epithelial monolayer, driving a low-frequency
square wave across the barrier and reading the resultant voltage to determine the system
resistance. When the barrier is tightened, as cells are connected via tight junctions, the
TEER goes up. Low TEER values mean that the barrier is compromised or not fully formed.
When the TEER values indicate that an MPS is underdeveloped, supplemental factors can be
introduced to induce proliferation, or the barrier can simply be given more time to develop.
Specifically, such techniques have been used in an lung and intestinal MPS over months,
validating cell proliferation and barrier formation over time. Similar technology is also used
to monitor vasculature tissue MPSs, referred to as transendothelial electrical resistance.
Wang et al. built an MPS of the blood-brain barrier (BBB) to study endothelial barrier
permeability (Figure 2b).58 Pellet-based silver electrodes inserted inside the MPS measured
TEER with and without the treatment of the drug doxorubicin, indicating barrier damage
and disruption. TEER measurements were coupled with fluorescence imaging to calculate
values of endothelial barrier permeability. At the state-of-the-art currently, it is necessary to
pair electrical measurements with fluorescent imaging, such as with fluorescein-tagged
dextran molecules with varying molecular weights, to confirm conclusions made by TEER.
Unfortunately, low-frequency TEER is limited to resistive values, only providing
information on gaps in cell growth caused by antagonist-induced cell death. To learn more
dynamic characteristics of cell cultures in an MPS, impedances at higher frequencies can be
obtained to determine capacitive characteristics of the system.® Therefore, electrical
measurements can be used to identify specific biological phenomena instead of relying only
on overall cell viability.

On-Chip Microscopy.

Optical techniques characterize biological phenomena, typically via immunofluorometry and
fluorescence microscopy. Standard microscopes are composed of a single optical objective,
limiting users to a single field of view at a time. Automated mechanical stages are often
integrated with microscopes to collect images from different fields of view and fluorescent
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wavelengths.84 With many pictures, machine learning can be used to automate data analysis,
identifying morphological features of cell populations to determine biological results
without user bias. Matsuoka et al. has developed this technology to track mesenchymal stem
cell differentiation in a dish.59 Although microscopy partnered with computational machine
learning allows for real-time optical sensing of parallel devices while eliminating the user
interface, such set ups are large, stationary, and expensive.

For image-based quantification to be practical as a sensing technique for MPSs, microscopes
must be integrated into the chip design. This on-chip microscopy offers the possibility of a
fully integrated, ready-to-use MPS, expanding on technology that is typically limited to a
laboratory setting. Some groups have made headway in this area.51:62 An on-chip
microscope was developed by Zhang et al. by simply repurposing a webcam CMOS chip
and lens to create a fully integrated “mini-microscope”.%2 Similar CMOS-based technology
has been used to integrate contact fluorescence microscopy and microfluidic chips
containing cell culture on thin-film glass, though resolution is limited for most microscopes
incorporated on MPSs.%3 Higher-resolution objectives are possible from a technical
standpoint, but even with such a high data density, images are commonly only presented as
representative, failing to provide quality quantitative data. Furthermore, mechanical
automation of on-chip microscopes has never been demonstrated, limiting high-resolution
objectives to a single field of view and wavelength. On-chip microscopes must also be
adaptable to culture conditions and incorporate mechanisms to collect images in different
focal planes for 3D culture. Adapting hardware for incubator conditions and including
mechanical components may not be a cost-effective solution for collecting real-time data on
MPSs. Sensor integration for parallel monitoring has a much lower data density, but the
information obtained can be maximized with design or postprocessing techniques.

Supplemental Sensing.

MPSs incorporate microfluidic controls, especially in MPSs that seek to recapitulate
microvasculature. Angiogenesis has been demonstrated in a myriad of MPSs, though
quantification is limited to immunohistochemistry in fixed tissue structures or fluorescently
labeled molecule tracking through formed lumens and endothelial barriers.55:66 Temiz et al.
created an on-line flow monitor for very low flow rates that has a sub-nanoliter dead volume.
67 As the interest in connected, multiorgan MPSs arise, there will be more demand to
maintain stable perfusion throughout the system using on-line flow monitors. For example,
Liu et al. introduced a method for sensing pressure within a microfluidic device with
embedded electrofluidic pressure sensors.1’ Wheatstone bridge resistor configurations are
arranged within the sensing portion of the device to determine hydrostatic pressure at
different locations because of deformed PDMS. Measured values were compared to
predicted values, and flow rates were adjusted to achieve desired pressure. This system
provides a well-controlled mechanical environment for shear sensitive cell populations and
has possible applications in determining pressure differentials in more complex tissue MPSs.

In addition to flow sensing, the mechanics of incorporated tissue scaffolds influence cellular
proliferation and architecture as MPSs develop. Cells respond to matrix mechanics,
reorganizing and degrading hydrogel scaffolds while synthesizing and secreting native
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collagen. Scaffold reorganization is difficult to measure without sacrificing the MPS, though
strain sensors have been integrated for real-time quantification of scaffold properties.
Recently, Liu et al. integrated carbon nanotube (CNT) strain sensors into a skin MPS to
measure hydrogel stiffness continually over time.68 Using this platform, it was found that
degradable hydrogels with embedded human mesenchymal stromal cells (MSCs) softened
over time when statically cultured, whereas hydrogels containing MSCs cultured under
cyclic tensile stimulation for 15 days initially softened but recovered stiffness over time. The
results, along with end point histological analysis, revealed that the MSCs produced more
collagen when under cyclic stimulation. Strain sensors have also been used to detect
contractile stresses of developing cardiac tissues (Figure 2c).38 The contractile development
of human induced plupotent stem cells (hiPS)-cardiomyocytes was measured via continuous
electronic readout from a cardiac MPS. The longitudinal contractile stress was measured
daily to reveal a gradual increase, while the spontaneous beating rate decreased, supporting
increased cardiomyocyte maturity. Twitch stress also increased with time to show the
structural development of the laminar cardiac tissue with increasing sarcomere packing
density, sarcomere length, sarcomerogenesis, and myofibrillogenesis. The integration of soft
strain gauges into the cardiac MPS allowed for streamlined data acquisition and knowledge
concerning functionality to be realized in real-time. Another common strategy for
monitoring the mechanics of cardiac tissue is by culturing tissue between micropillars.
Engineered tissue is cultured between or on top of flexible micropillars, and contractile
forces are measured by determining pillar displacement.6%-71 Although this displacement is
most commonly determined by optically tracking micropillars, electrodes can be integrated
into micropillars to track beating rate as well as pace cardiac tissue.”2 Metrics of cardiac
development are variable in both amplitude and frequency; therefore, real-time assessment
and optimization of development require a continuous data stream for adaptive feedback.

FUNCTIONAL MONITORING

Although it may take many days, if not multiple weeks, to complete the fabrication of an
MPS, the experimental run for a single MPS may be less than 10 h (Table 1). Once an MPS
has been fabricated, and the desired cell structures or 3D tissue constructs have been formed,
developmental sensors take on a new role—monitoring the function of the MPS. For
example, it has been posited that an ideal MPS for testing toxicology or pharmacodynamics/
pharmacokinetics would include a network of connected organ systems that “monitors
epithelial and endothelial barrier functions, exposure to environmental and infectious agents,
and absorption and metabolism of drugs in real-time and at high-resolution inflammatory
responses.”’3 Functional sensors can be used to suggest therapeutic windows in injury
models, such as drug toxicity and efficacy, streamline discovery of key cellular players in
disease progression, and even elucidate fundamental biological pathways. To date however,
there have been few examples of such a comprehensive MPS. Below we describe the few
reported examples.

Cell secretomes, or protein secretions by cells into the extracellular space, are important
functional readouts. Researchers have integrated biosensors into MPSs to monitor changes
in cell secretomes and other cell byproducts.19:36:45.46,74.75 Because the liver has been a
popular MPS to build for nearly two decades’®-85 and was the first MPS commercialized for
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drug development studies (LiverChip, CN Bio Innovations), it is not surprising that many
examples of functional sensors integrated into MPSs are for the liver. Zhou et al. fabricated a
device with integrated biochemical sensors for detecting liver cell signaling from both
hepatocytes and stellate cells following alcohol injury (Figure 3a).86 They fabricated a
multicompartmented device that allows for initial separation of different liver cell types and
sensing chambers. Each sensing chamber has patterned gold electrodes and immobilized
aptamers for electrochemical sensing of secreted cytokine transforming growth factor-beta
(TGF-p). By manipulating the exposure of certain chambers to each other at different times,
they detected changes in TGF-g concentrations because of different cell—cell interactions
after injury via ethanol. Because TGF-AL concentrations were significantly higher in the
MPS, as compared to conditioned media and transwell experiments, the MPS showed that
the close proximity of two native liver cells in culture promoted paracrine crosstalk and
potentially activated the epithelial-to mesenchymal transition (EMT) of hepatocytes. By
integrating the functional sensors for TGF-g, they measured electrical changes (current) over
time for 24 h. Although the results are informative, aptasensor saturation remains a limiting
factor in monitoring secretion rates for longer experiments. Further developing the
aptasensors to be regenerative on the liver MPS would alleviate this limitation. Recently, the
commercialized liver MPS, LiverChip, has been used to identify secreted inflammatory
cytokines that promote cancer growth and proliferation.8” By coculturing hepatic stellate
cells with breast cancer cells and comparing this to the LiverChip stellate cell secretome, key
cytokines, interleukin 8 (IL-8) and monocyte chemoattractant protein 1 (MCP-1), were
identified to promote metastatic outgrowth in otherwise dormant breast cancer tissue.

Ambitious connections between MPSs of different organ systems have been realized that
integrate multiple developmental and functional sensors. One such multisensor-integrated
device was previously discussed, and it includes a modular system capable of perfusing a
liver MPS and a heart MPS while detecting a biomarker along with physical and chemical
parameters (Figure 3b,c).88 Zhang et al. use in-line microfluidic sensors to achieve
automated monitoring. The first sensor is an immunosensor that is based on antibody, or
aptamer, immobilization on gold electrodes via streptavidin/biotin bonding. Multiple
biomarkers can be detected, including albumin, glutathione S-transferase a, and creatine
kinase MB (CK-MB), and multiplexed on the same sensor. A second set of developmental
sensors detected pH changes, via optical measurements, oxygen, via fluorescence of
ruthenium dye, and temperature, via a thermistor probe. Mini-microscopes were added
under the two connected MPSs to monitor cell behavior via real-time imaging, as previously
described. The combined liver-chip and heart-chip modular system was challenged with the
addition of the drug acetaminophen. Results revealed stable pH, oxygen, and temperature
throughout the experiment and detection of significant differences in secreted biomarkers at
different doses of the drug as well as cell morphological and viability changes. Zhang et al.
demonstrate the value of integrated sensors, as a two-organ drug toxicity study was
performed in real-time, without sacrificing either MPS. Although their system used PDMS,
which can have problems with absorbing molecules, it is an incredible step forward in the
space of instrumented MPSs.

These findings using data provided by sensors on an MPS show that complex cell signaling
can be investigated on ex vivo platforms. Whether an injury, such as from alcohol, promotes
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upregulation of protein production or a drug induces toxicity across multiple organs,
functional measurements can reveal important human responses. Often, MPSs are designed
to provide information concerning how two organs interact or affect one another;
furthermore, as disease research focuses more on the mechanisms of action between and
within cells, functional MPS sensors can provide significant insight into specific pathways
that promote or mitigate disease progression.

Unfortunately, much of the sensing techniques required to provide a multiplexed output
beyond pH and oxygen require single use antibody-based sensors. In some applications, this
is reasonable, as an array of sensors can provide data at multiple time points, still
maintaining at-line operation though with no real-time output. To expand the use of this
technology and the possible data output that can be obtained through multiplexing, an
extended lifetime or regeneration of biological recognition interfaces would be necessary.8°

FUTURE MONITORING: MULTIPLEXED SENSING, LEARNING, AND
DECISION-MAKING

Challenges facing MPS research are myriad. Creating sufficient biological complexity while
maintaining control to gain valuable insights is paramount, but reproducibility is a major
hurdle. To predict systemic response, an MPS must contain multiple, connected engineered
organs, but synergistic interactions between engineered organs cannot be elucidated without
real-time recording and analyses. Continuous, noninvasive sensing of development and
function is the vital next step to prepare MPSs for adoption across research laboratories and
translation to clinical applications.%

In 2014, John Wikswo posed the question, “how does one diagnose the “health” of an
individual organ construct or an entire microphysiological system?”% This is the current
crux of validating and using any MPS. MPS post facto measurements are detrimental,
because they are used to draw broader conclusions about an evolving system. This low data
density is a major issue and limits the potential for next-generation analysis and decision-
making. Including more sensors or multiplexing sensors will increase resolution and allow
for continuous monitoring. Sparse data can also be improved by including many points of
measurement that are then fused via algorithmic methodologies to resolve multiform
problems that arise in complex biological systems.

We believe that the answer will be enabled by the fusion of sensors systems and data science
technologies (i.e., cyber-physical systems). Cyber-physical techniques and technologies will
enable (1) better understanding and predictive labels for identifying cell viability,
performance, and function to be used in engineered tissues and (2) the development of an
automated methodology to identify and confirm the optimal conditions for manufacturing,
which then subsequently responds with knowledge-based selection of cells and supporting
cells to optimize the function and reduce variability of engineered tissues. Once powerful
data sets are accumulated from nondestructive and destructive analyses, next-generation
learning and pattern-recognition analytics can be deployed to close-the-loop between
selection of raw materials, engineering of human tissue, and optimized function of MPSs,
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and such capability will directly translate into a means for studying complex physiologic and
pathophysiologic phenomena.

For any such cyber-physical system to be realized, we will have to overcome multiple
barriers across hardware and software platforms. Integrated sensors will need to store
extended data sets across developmental and functional stages of MPS fabrication.
Electrochemical sensors capable of longer lifetimes and optical sensors with higher
resolution and sensitivity could help close the gap in integrated MPS sensor technologies.
Multiplexed sensing schemes with diverse data are paramount, though data fusion is a
roadblock in realizing autonomous decision-making for MPSs. Comparing and integrating
multiple data sources from heterogeneous conditions, with varying spatial and temporal
resolutions, requires complex analytical tools. Even further, acquiring and labeling input
data to create the ground truth for autonomous decision-making systems is a tedious and
user intensive task that is subject to bias. As MPS sensing techniques become commonplace
and many laboratories output data sets, the required ground truth data may be available to
develop and support decision-making systems. Machine learning for automation of single-
sensor measurements or identification of key candidates in a drug screen have been
implemented, though use in a multiplexed MPS has yet to be realized.92:92 This technology
has enormous potential in both single-organ systems and the emerging efforts toward body-
on-a-chip and is key in achieving technology transfer from the research laboratory to clinical
settings and personalized medicine.%3
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Figure 1.
(a) Schematic illustrating the significance and central role of sensors in next-generation

MPSs. (b) For improved translational potential and impact, data fusion and feedback must
be continuous between all steps in the life of an MPS, from manufacture to operation.
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Figure2.
Microphysiological systems with developmental sensors. (a) On-chip electrothermal

micropumps (1), interdigitated electrodes (2, 3), oxygen sensors (4), and pH sensors (5) are
all integrated into a single MPS to observe cell proliferation and viability. Reprinted with
permission from Bonk 2015.%4 Copyright 2015 MDPI AG. (b) A blood-brain barrier MPS
includes neural and endothelial cell growth chambers with applied shear as well as
embedded electrodes connected to a volt-ohm meter to measure transendothelial electrical
resistance as a metric of BBB development. Reprinted with permission from Wang 2017.58
Copyright 2016 Wiley Periodicals, Inc. (c) 3D printed strain sensors are integrated into an
MPS, using cantilever deflection to determine cardiomyocyte self-assembly in engineered
tissue. Reprinted with permission from Lind 2017.38 Copyright 2017 Macmillan Publishers
Limited.
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Integrated Sensor for Measuring Single Output
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Figure 3.
Microphysiological systems with integrated functional sensors. (a) (left) Bright field image

showing gold electrodes (black rectangles) integrated in a liver injury MPS to monitor
transforming growth factor (TGF)-gand the principle of TGF-g detection. (right)
Monitoring TGF-g release in an MPS while (1) hepatocytes were exposed to culture media
containing alcohol, (2) intercellular communication occurred between injured hepatocytes
and stellate cells, and (3) stellate cells were sequestered from hepatocytes. Squares curve
(O) represents control experiment where neutralizing antibody was used at the hepatocyte—
stellate cell communication stage. Reprinted with permission from Zhou 2015.88 Copyright
2015 The Royal Society of Chemistry. (b) (left) Photograph of automated multiplexed
regeneration microfluidic chip. (middle) Schematic showing the design of the multiplexed
microfluidic chip for precisely timed injections of the chemicals for electrochemical
detection. (right) Schematic diagram showing the functionalization and regeneration process
for measuring soluble antigens. Reprinted with permission from Zhang 2017.88 Copyright
2017 National Academy of Sciences. (c) (left) Schematic diagram of biomimetic human
heart-liver-cancer-on-chips. (right) Graphs of in-line automated electrochemical
measurements of albumin and GST-a secreted from the liver cancer organoids,
electrochemical measurements of creatine kinase MB (CK-MB) from the cardiac organoids,
and beating analysis of the cardiac organoids. Reprinted with permission from Zhang
2017.88 Copyright 2017 National Academy of Sciences.
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