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Abstract

Microphysiological systems (MPSs), also known as organ-on-a-chip models, aim
to recapitulate the functional components of human tissues or organs in vitro. Over
the last decade, with the advances in biomaterials, 3D bioprinting, and microfluidics,
numerous MPS models have emerged with applications to study diseased and healthy
tissue models. Various organs have been modeled using MPSs technology, such as the
heart, liver, lung, and blood-brain barrier. An important aspect of in vitro modeling is
the accurate phenotypical and functional characterization of the modeled organ.
However, most conventional characterization methods are invasive, destructive and
do not allow continuous monitoring of the cells in culture. On the other hand,
microfluidic biosensors enable in-line, real-time sensing of target molecules with an
excellent limit of detection and in a non-invasive manner, thereby effectively
overcoming the limitation of the traditional techniques. Consequently, microfluidic
biosensors have been increasingly integrated into MPSs and used for in-line target
detection. This review discusses the state-of-the-art microfluidic biosensors by
providing specific examples, detailing their main advantages in monitoring MPSs, and
highlighting current developments in this field. Finally, we describe the remaining
challenges and potential future developments to advance the current state-of-the-art in

integrated microfluidic biosensors.
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Introduction

Microphysiological systems (MPSs, also known as “organs-on-a-chip”) that can
recapitulate human physiology in vitro provide valuable tools for understanding
disease mechanisms and accelerating the drug development pipeline.! Various
organs and tissues have been fabricated and -studied, such as the lung,* heart,> ¢
liver,” kidney,® gut,” 19 intestine,!! blood vessels,'? 13 and blood-brain barrier.'4-7
Recently, MPSs with multi-organ systems were built and used to simulate the
complex interactions between different organs in the body (body-on-a-chip).!'® 1
Meanwhile, novel MPSs have been reported, including skin-2°, bone-2!, and muscle-
on-a-chip?2, which can be integrated with body-on-a-chip systems to create more

complex physiological interactions.?3-26

Microfluidics and microfabrication play a crucial role in developing and utilizing
MPSs.?” Microfluidics is the technology of manipulating a small volume of fluids in
micro-size channels. The advantages of microfluidic chips include small scale,
dynamic fluid flow, and customized surface modification, which allow the
development of diverse MPSs platforms. Recent advances in microfluidic components
such as microvalves, micropumps, and micromixers allowed the development of
automated, integrated, and miniaturized MPSs.?%?° They also permit researchers to
precisely control the physiological microenvironment of cells and make it more in line
with the growth microenvironment in the body. Compared with static culture
conditions, MPSs have several attractive features as follows: 1) dynamic flow
conditions that can reconstruct more physiological related settings in vitro; ii)
miniaturization to reduce consumption of expensive reagents and cells, ultimately
reducing the cost; iii) automated and continuous exchange of nutrients for
downstream analysis. These features make MPSs ideal platforms to create
physiologically and pharmacologically relevant models for drug testing, disease
modeling, and personalized medicine. In addition, these MPSs can serve as pre-

clinical models that can complement and potentially replace animal model-based

3
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testing.

One of the most significant advantages of MPSs is that researchers can
investigate the responses of these tissues under biophysical and/or biochemical stimuli
to mimic and trigger physiological phenotypes and functions more efficiently and
affordably.3? In the early stage, researchers used modern tissue and cell analysis
methods for monitoring MPSs.3!-32 In principle, all modern tissue and cell analysis
methods have the potential for monitoring MPSs.?? These methods are robust with
accurate detection results. However, most assays were performed off-chip and relied
on end-point and single-point tests that were invasive and destructive. MPSs require
real-time and non-destructive monitoring of the dynamic process of drug interactions
with organoids to obtain detailed information on transient, delayed, and cumulative
drug effects. Thus, there is an increasing need for biosensors that can monitor the
cellular microenvironment and cell physiology in a continuous, real-time, non-
invasive, and non-destructive manner. These biosensors can be integrated into an “on-
chip” system for detecting physiological biomarkers, biomolecules, and cell functions.
Specifically, several electrical and optical biosensors have been reported and
reviewed in recent years.? 33-35 These biosensors have provided reliable results with

high sensitivity, high selectivity, and high-throughput capabilities.

Here, we review recent advances in microfluidic biosensors for monitoring
MPSs. First, different types of biosensors, according to the nature of the transducer,
are reviewed. For MPSs, electrochemical and optical biosensors are widely used due
to their easy integration, fast response, non-invasive, and label-free features. Then, the
capabilities of microfluidic biosensors are discussed, such as automation,
miniaturization, multiplexing, and integration. Next, the state-of-the-art of different
targets in MPSs is examined. We summarize these targets into physiological
biomarkers, biomolecule biomarkers, and cell functions. In addition, the applications
of microfluidic biosensors in MPSs are also discussed. Finally, we conclude with the

description of existing challenges and future advances in microfluidic biosensors for

4
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Biosensors for Monitoring MPSs

A biosensor is a device that utilizes a bioreceptor to “translate” biological events
into quantifiable signals.’® The biosensors come in various forms such as optical,
mechanical, or chemical-based on the mechanism of detection. Numerous biosensors
have been proposed to detect biomolecules from fluids such as sweat, saliva, urine,
etc.3” To create a functional MPS and to validate its functionality, one requires real
time and continuous monitoring. Biosensors are poised to play a key role in carrying
out this activity. Despite the advances in biosensors and MPSs, the applications
combining biosensors with MPSs are relatively few. To carry out this task, one needs

biosensors that are amenable with microfluidics technology.

Several different biosensing modalities have been proposed for monitoring MPSs.
However, the most common modalities found in the literature are optical and
electrochemical biosensors, probably due to their simplicity, cost-effectivity, accuracy
in measurements, and capacity to be miniaturized and integrated into microfluidic
platforms (Table 1). In this section, we review the recent advances in biosensors from
a transducer perspective. The goal is to provide the reader with a clearer
understanding of the biosensing modalities before discussing the importance of

microfluidic technology in enabling the detection performance of these biosensors.

Electrochemical Biosensors

Electrochemical biosensors have attractive features that have led them far ahead
of other sensing modalities for monitoring MPSs. In most cases, their working
operation relies on the binding of an analyte to its bioreceptor that is immobilized on
the working electrode, resulting in a variation of the electrical signal compared to the
bare reference electrode.?®#! In some other cases, for example, in enzymatic
electrochemical biosensors, such as glucose and lactate sensors, the sensors utilize

enzyme-catalyzed reactions. During these processes, the microcurrents of reactions
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are detected to measure the concentrations of analytes.*? As a function of the type of
electrical signal measurement, an electrochemical biosensor can be amperometric,
voltammetric, conductometric, and potentiometric.*> Amperometric biosensors
measure changes in electric current resulting from a chemical reaction on the
electrode surface while maintaining the potential constant. The change in current is
proportional to the concentration of target molecules. Conductometric sensors
measure the change in conductance of the medium while a constant AC potential is
applied between the electrodes. For example, the analyte of interest undergoes an
enzymatic reaction that changes the ionic composition that is measured by the
conductometric sensors. For voltammetric sensors, the change in electric current
between a working and reference electrode as a function of applied potential is
measured. The peak current value is used for determining the analyte, and the peak
current density reflects the concentration of the analyte. Potentiometric sensors detect
the concentration of analytes by monitoring the changes in potential between the
reference and working electrodes while keeping a constant current. Ions in samples
can change the electric potential of ISEs, which can be detected by measuring the
potential difference with respect to the reference electrode. Apart from the
electrochemical biosensors, miniaturized electronic systems, such as potentiostats,
that can detect these signals are developed.** Some of them are commercially

available.

The first papers regarding amperometric biosensors were published in the
1960s.% Since then, this sensing modality has been used for rapid biomarker detection
from environmental and physiological samples.*6-*® Amperometric biosensors were
developed to analyze mitochondrial stress in liver-on-a-chip by detecting glucose and
lactate.*> The amperometric glucose and lactate sensors were based on the enzymatic
reactions on the surface of platinum electrodes. Platinum electrodes detected the
catalyzed hydrogen peroxide under polarized conditions (Figure 1a). These glucose

and lactate sensors exhibited a linear detection range of 0.5 to 30 mM and 0.5 to 20
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mM, respectively (Figure 1b). Another novelty of this work was the development of
an automated microfluidic switchboard, which comprises sample and control
channels. The microfluidic switchboard was operated automatically in a specific

sequence to detect the target analyte reliably (Figure 1c¢).
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Figure 1. Amperometric glucose and lactate sensors for the real-time analysis of
mitochondrial stress in a liver-on-a-chip model. a). The principle of the amperometric
glucose and lactate sensors. Platinum electrodes were immobilized with an enzyme
(i.e., the bioreceptor), which can catalyze glucose and lactate to produce hydrogen
peroxide. b). The standard curve of the amperometric glucose and lactate sensors. c).
Automated microfluidic switchboard. This switchboard can operate automatically
with an integrated control unit. Reproduced with permission from ref (42). Copyright

2016 National Academy of Sciences.

Voltammetric/amperometric biosensors can monitor the binding activity across a
range of applied potentials/currents by detecting well-defined current/potential peaks.
Usually, voltammetry is based on a three-electrode system (working, reference, and
counter electrodes) in which the working electrode is immobilized with bioreceptors
specific to an analyte of interest. These electrodes can be fabricated using
microfabrication®, screen-printing?’, and 3D-printing*® methods. A voltammetric

biosensor was fabricated using screen-printing and was used for in situ and

Page 8 of 44
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multiplexed monitoring of tumor necrosis factor a (TNF-a) and interleukin 6 (IL-6)
secreted from a muscle-on-a-chip model.?> A highly sensitive and selective sandwich
immunoassay realized using gold electrodes functionalized with antibodies was used
to detect TNF-a and IL-6. These biosensors can detect IL-6 and TNF-a with a limit of
detection (LOD) of 8 ng/mL and 2 ng/mL, respectively. The calibration curves were

performed in 0- 2 pg/mL.

Electrochemical impedance biosensors are powerful and sensitive tools for
detecting changes in the interfacial properties of electrodes. Zhang et al. published
label-free and integrated electrochemical biosensors for the in-line and multiplexed
detection of albumin and glutathione S-transferasa a (GST-a) secreted by liver
organoids, and creatine kinase (CK-MB) secreted by cardiac organoids.’! In this
work, gold electrodes were coated with one layer of 11-mercaptoundecanoic acid,
followed by a streptavidin layer. Biotin-conjugated antibodies were immobilized on
the gold electrode via biotin/streptavidin interactions. The binding activity can change
the interfacial electron transfer kinetics of the labeled probe (Figure 2a). The three
impedance biosensors were calibrated to detect GST-a, albumin, and CK-MB with
standard titrations from 0 - 100 ng/mL (Figure 2¢). The GST-a, albumin, and CK-
MB biosensors realized high sensitivities of 1.105, 1.607, and 1.483 log(ng/mL)!,
respectively. Lastly, these three impedance biosensors were integrated with a
microfluidic breadboard, which allowed automated sensing cycles comprising
biofunctionalization, washing, sensing, and regeneration steps (Figure 2b). For
regeneration, electrodes were washed by 10 mM sulfuric acid to break the thiol-gold
bonds and etch the thin layers of gold. Then the functionalization reagents, i.e., 11-
mercaptoundecanoic acid, streptavidin layer, and biotin-conjugated antibodies, were

introduced sequentially.
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Figure 2. Electrochemical impedance biosensors for automated and in-line detection
of albumin, GST-a, and CK-MB secreted by MPSs. a). The functionalization,
detection, and regeneration steps of the impedance biosensors. The inset image is the
photo of the fabricated gold electrode. b). Schematic illustration of the microfluidic
breadboard design. This allowed multiple sensing cycles, including
biofunctionalization, washing, sensing, and regeneration. c). The detection
performance of these three impedance biosensors. All of them can detect targets from
0 to 100 ng/mL. Reproduced with permission from ref (51). Copyright 2016 National

Academy of Sciences.

Another popular application of sensors integrated into organ-on-a-chip devices is

10
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measuring trans-endothelial/epithelial electrical resistance (TEER). TEER is often
measured for characterization of barrier integrity to generate physiologically relevant
models of, for example, the blood-brain-barrier®? and gut>. TEER is influenced by
several factors such as the cell type (e.g., human brain microvascular endothelial cells
(hBMEC:) vs. intestinal epithelial cells), cell source (e.g., immortalized cells vs. stem
cell-derived cells), culture type (e.g., monoculture vs. co-culture), extracellular matrix
coating, and shear stress.’* 3 Typically, TEER values range widely from 30-150
Q.cm? for immortalized hBMECs and 400-1500 Q.cm? for induced pluripotent stem
cell-derived hBMECs to 1000-4000 Q.cm? for human Caco2 intestinal epithelial
cells.>3- 5657 There are multiple approaches available to enable on-chip measurements
of TEER. Henry ef al. integrated TEER sensors into a dual-channel organ-on-a-chip
device by depositing gold electrodes on a polycarbonate substrate.>> The substrate was
coated with 3 nm of titanium and 25 nm of gold using an e-beam evaporator and
assembled into the device.

Multi-electrode array-based TEER sensors have also been reported.® This
particular type of TEER sensor improved the overall experimental efficiency by
simultaneously measuring TEER in 16 different chambers. In addition to the
aforementioned sputtered electrodes, platinum-wire-based electrodes have been used
as TEER sensors.>’ Incorporation of such sensors is done via manual insertion of
platinum wires into an assembled chip through dedicated channels. While the sensing
abilities of all the TEER sensors described above have previously been demonstrated,
the sensor designs, and chip architectures are appreciably different from each other.
Given the sensitive nature of the sensors to these variables’®, currently, comparing
reported TEER values across different studies is nearly impossible. Moreover, the
integration of TEER sensors comes with additional challenges, such as the loss of
optical transparency due to the presence of electrodes and potential incompatibility
with the chip fabrication processes.’® Therefore, addressing these limitations will be
critical for the future development of TEER sensors. Future research is warranted to

catalyze the efforts to standardize TEER measurement methods and protocols and

11
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allow an alternative approach to enable multiple study comparisons to achieve better
reproducibility. Additionally, permeability assessment using FITC-dextran is another
widely used method to assess barrier integrity. While TEER measurements are highly
sensitive to different factors, such as substrate coverage by cells, and tend to vary
substantially across different culture platforms, the permeability assay may provide a
more platform-agnostic metric to compare barrier properties. As is the case for most
previous studies,> TEER measurements and permeability assays using tracer
molecules will present a comprehensive and thus valid way to characterize

microfluidic-based barrier models in contrast to either of the methods alone.

Several other electrochemical biosensors have been used to monitor MPSs.
Potentiometric biosensors based on ion-selective electrodes (ISEs) are widely used to
monitor ions (i.e., sodium ion, potassium ion) and pH.%% ¢! These ISEs are modified
with ion-exchange resins that can selectively pass-through specific ions. lons in
samples can change the electric potential of ISEs, which can be detected by measuring
the potential difference with respect to the reference electrode. These sensors are
highly suitable for monitoring cellular ions release, particularly in BBB and
adenocarcinoma cancer MPSs.%% 3 Due to its high surface-to-volume ratio, nanowire
arrays-based microelectrodes can sensitively detect nitric oxide in a vascular lumen
MPS with high temporal and spatial resolution.®* Field-effect transistors (FET) also
endow significant impact on real-time monitoring of biomarkers in MPS platforms.
This allows the detection of low concentrations of secreted proteins and nucleic acids

without enrichment or amplification.33> 63

Optical Biosensors

Optical biosensors are desirable for monitoring of MPSs without the need for
electrical wires.%¢-%® They can quantitatively measure analytes of interest and provide
information on molecular interactions. Optical biosensors generally involve

monitoring the changes in luminescence intensity, reflective index, and angles of

12

Page 12 of 44



Page 13 of 44 Lab on a Chip

263  incident/reflected lights. It is worth mentioning that monitoring the color change has
264  been integrated and miniaturized for the quantitative analysis of physiological

265  parameters, such as pH and oxygen.”® Some fiber-coupled on-chip sensors that allow
266  optical detection of pH, oxygen, and carbon dioxide are developed’! and some of
267  them are commercially available. However, the cost is still high, and the lifetime is

268  short, thus limiting their applications for long-term monitoring.

269 Fluorescence biosensors have been utilized in numerous applications including
270  biomedical diagnostics and environmental monitoring.”?7> The fluorescence signal
271 can be monitored by intra-incubator microscopes. Different dyes, fluorescence probes,
272  and nanoparticles can be used to detect various analytes.”® 77 Meanwhile, researchers
273  can utilize genetically encoded markers and green fluorescent protein to track the

274 cellular distribution of MPSs. For example, silica microparticles encapsulated with
275  tris(4,7-diphenyl-1,10-phenanthroline) ruthenium(II) dichloride (an oxygen-sensitive
276  dye) were introduced into a micro-chamber to form an oxygen-sensitive layer (Figure
277  3a).”® The oxygen levels in the microchamber were detected using these silica

278  microparticles. In this manner, fluorescent images captured by a camera showed the
279  distribution of oxygen concentration inside the microchamber (Figure 3b). In another
280  work, on-chip AlamarBlue assays were conducted to evaluate the metabolic activity
281  of cardiac and stem cells.” In this paper, a non-toxic and cell-permeable dye

282  (resazurin) was used to detect oxidation levels during cell respiration. Using

283  microfluidics, these biosensors have the following advantages: low maintenance,

284  higher analysis speed, low cost, enhanced process performance, and reduced reagent

285  consumption.

13
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Figure 3. Oxygen levels in the microchamber were measured by silica microparticles
encapsulated with an oxygen-sensitive dye. a). Schematic illustration of the silica
microparticles inside the microchamber. b). Fluorescent image captured by a camera.
These images demonstrated the distribution of oxygen concentration. Reproduced

with permission from ref (78). Copyright 2017 Springer.

Fluorescence biosensors have been used to detect various cellular metabolites in
MPSs.80-84 For example, fluorescence biosensors that detect hydrogen peroxide or
reactive oxygen species (ROS) have been developed to monitor cellular metabolism
and processes.?> 86 Total internal reflection fluorescence microscopy has a spatial
resolution below 100 nm, providing real-time single-molecule imaging of Fzd8 and
Lrp6 in human colon organoid models.?” Another common fluorescence sensor is
based on the Forster resonance energy transfer (FRET). The coupling between a
fluorophore and a quenching molecule can be observed by measuring the change in
the fluorescence signal. FRET sensors have been used for monitoring cellular ions,3%

8 and proteins,””

14
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Among the different optical biosensors, label-free surface plasmon resonance
(SPR) biosensors have aroused because they can measure analytes of interest in real-
time. SPR has been employed for detecting proteins (i.e., enzymes, antibodies, and
antigens) and nucleic acids (i.e., DNA and RNA).”!- 92 Some low-cost paper-based
SPR sensors are developed for single use.>? For these kinds of biosensors, gold
nanomaterials are desirable for the excitation of localized surface plasmons. For
example, gold nanorod arrays were fabricated on a glass substrate, and their surfaces
were assembled in one layer of 11-mercaptoundecanoic acid and then functionalized
with a capture antibody (Figure 4a).”* In the presence of a specific target, the binding
between antibody and antigen can change the wavelength of the peak extinction. This
sensor showed a LOD of 0.85+ 0.13 pg/ mL in an islet-on-a-chip system. In addition,
an optofluidic sensor utilizing Fano resonance was developed to monitor live cell
secretomes with gold nanoslits (Figure 4b).°* Microchambers contained an
arrangement of cell traps that was assembled on the surface of gold nanoslits arrays.
The binding events between antibody and cell-secreted matrix metalloproteinase 9
(MMP9) were detected by the transmitted light. In a similar work, Liu et al.
developed a real-time monitoring platform using gold nanoparticles-based SPR
biosensors to detect the biomarker expression in carcinoma cells.” In these
biochemically stimulated MPSs, the biosensors permitted the detection of cells with

an accurate temporal and spatial resolution.
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Figure 4. Representative SPR sensor for monitoring MPSs. a). Left: the detection
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principle of gold nanorods-based SPR sensor. Right: the detection performance of this

sensor. This sensor showed a LOD of 0.85+ 0.13 pg/ mL when detecting insulin.

Reproduced with permission from ref (93). Copyright 2021 MDPI. b). Fano

Resonance optofluidic sensor was used to monitor live cell secretomes. Left: the

detection principle of gold nanoslits-based SPR sensor. Middle: microchamber

contains an array of cell traps for capturing cells. Right: The photo and SEM image of

gold nanoslits. Reproduced with permission from ref (94). Copyright 2013 Wiley.
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The Merits of Microfluidic Biosensors

The development of microfluidics has revolutionized the field of biosensors
owing to its unique characteristics over conventional biosensors. Significantly, the
synergistic approach from different areas such as science, engineering, and
technology has made microfluidics a popular tool.”?*1% As a result, microfluidics-
based biosensors have shown potential for commercialization, mainly because they

are easy to use, robust, portable, automated, fast, and accurate.!01-103

The inherent merit of microfluidics is the manipulation of small volumes of
fluids. Most microfluidic biosensors work non-invasively, which is a crucial feature
for monitoring MPSs precisely. Microfluidic biosensors can be miniaturized and
integrated into complex systems.!%* 195 For example, Zhang et al. reported a label-free
and multiplexed electrochemical biosensor for in-line detection of albumin and GST-
a secreted by liver organoids, and CK-MB secreted by cardiac organoids.’!
Simultaneously, physical parameters (i.e., pH, oxygen, and temperature) were
monitored in their system. The computer-controlled fluid flow to each sensor or
organoid was realized with the support of microfluidic technology (i.e., the use of on-
chip microfluidic valves and micropumps). Another example is the development of
body-on-a-chip.?3 1% In this paper, eight organ chips (blood-brain barrier, liver, brain,
lung, skin, intestine, heart, and kidney) were connected and cultured for 3 weeks.3?
The authors used microfluidics for automated manipulation of fluids to achieve
multiple processes, which includes reagents perfusion, sample collection, and in situ

microscopy imaging.

Another merit of microfluidics is the unique micro/nano-domain effects. Indeed,
microfluidics offers a high surface-to-volume ratio, specifically for the reactions
within microchannels. Also, the mass transfer, heat transfer, and reaction are efficient
due to the available surface area.'%” This allows short diffusion distances and rapid

mixing within the microfluidic devices. This feature allows researchers to precisely
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control the cellular microenvironment and accelerates the detection process. As a
result, most microfluidic biosensors have shorter detection times compared to
conventional methods.!%%-11% The flow inside the microfluidics follows the laminar
flow regime. This feature allows researchers to generate oxygen and chemical
gradients and to study their influence on cell behavior.!!'!- 12 The use of microfluidics
here is very beneficial since the generation of oxygen and chemical gradients by

traditional methods is laborious and consume many reagents.
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365 The Biomarkers detected in MPSs

366 In MPSs, it is crucial to detect physical parameters related to the

367  microenvironment and biochemical parameters related to cellular metabolism and
368  function.’* '3 In addition, we can apply different physical and biochemical stimuli to
369 MPSs and measure their physical and biochemical response. This is crucial for testing
370 their functionality and their response to drugs. Physical parameters (i.e., oxygen,

371 temperature, and pH) are widely monitored and studied using commercial and

372  customized physical sensors. The primary purpose is to achieve and maintain a

373  controllable and reproducible cell culture microenvironment. For biochemical

374  analytes, such as glucose, lactate, ROS, and cell secretome, most of these are

375  considered as indicators of the metabolic activity of cellular constructs within MPSs.
376 By monitoring these analytes, researchers can study, evaluate, and control cellular
377  maturation, viability, differentiation, and function of MPSs for many biomedical

378  applications.

379  Parameters of the microenvironment

380 The changes in oxygen, temperature, and pH can dramatically influence cellular
381  maturation, viability, differentiation, and function. Therefore, sensors to monitor the
382  microenvironment of MPSs have been extensively developed in past decades, and
383  some have been commercialized since. Recently, Tanumihardja et al. developed a
384  ruthenium oxide (RuOx) based electrode to monitor human pluripotent stem cell-
385  derived cardiomyocytes’ metabolism by measuring extracellular acidification rate
386 (ECARs) and oxygen consumption rates (OCRs) (Figure 5a).!'* They have used a
387  single electrode to monitor both parameters with a precise spatial resolution by

388 measuring OH-, a by-product of oxygen reduction that increases the pH of the

389  microenvironment. Moreover, their multi-analyte optical sensing module enabled the
390 continuous monitoring of the microenvironments within MPSs. To allow seamless

391 and in situ detection of temperature, a silicon-based temperature sensor was integrated
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onto a complementary metal oxide semiconductor (CMOS) chip. Cells were directly
cultured on the temperature sensor surface (Figure 5b).!!'> This sensor provided
results in approximately 15 seconds with a resolution of & 0.2°C within a temperature

range of 30 to 40 °C.

Monitoring multiple physical parameters is important for maintaining proper
microenvironments for MPSs. Optical oxygen and pH sensors were integrated with
microfluidics bioreactors for real-time monitoring of the human dermal fibroblasts
culture microenvironment.” In this work, the change in pH caused a color change of
the phenol red solution. The oxygen was measured using tris(4,7-diphenyl-1,10-
phenanthroline)ruthenium(II) chloride (an oxygen-sensitive fluorophore). A multi-
analyte sensing module was used to monitor the color and fluorescence intensities in
real-time which was converted into an oxygen level. Another study reported a liver-
on-a-chip integrated with multiple electrochemical sensors located along the
microfluidic channel to monitor oxygen with high temporal and spatial resolution.
Three electrochemical sensors were integrated on the bottom part of a very thin,
porous membrane to allow the local measurement of oxygen gradients for primary

human hepatocytes.!!6

Electrical and mechanical cellular activities are important physical parameters to
assess the function of specific tissues such as the heart, muscle, and brain.'!” Oleaga
et al. reported a platform that allowed organ-to-organ communication between four
human organs, namely the heart, liver, skeletal muscle, and nervous system. This
multi-organ-on-a-chip module monitored electrical and mechanical activities in real-
time and non-invasively. Importantly, they demonstrated and monitored long-term
cellular viability for up to 28 days.!'® They used a custom multi-electrode array
integrated into a microfluidic device to measure the electrical activities of neurons and
cardiac cells and the mechanical activities of cardiac and skeletal muscle MPSs.
Another example is the integration of microcantilevers with different geometries into

human heart MPSs. Researchers not only applied specific forces but also measured
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the mechanical activities and modeled the elastomechanic responses. !9 120

Another critical parameter of the microenvironment that requires monitoring is
osmolarity. Fernandes et al. developed an osmotic hydration sensor using a semi-
permeable membrane as a core element to monitor osmotic pressure.'?! They
integrated piezo resistors into the membrane and arranged them in a Wheatstone
bridge configuration to detect 20% of dynamic hydration change, which is the limit of
hydration that a human body can resist. When water passed through the membrane,
osmotic pressure was generated by the ions restricted to one side of the membrane.

The output signal from the dual pressure transducer was amplified and detected.
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Figure 5. Representative biosensors for monitoring the microenvironment. a). A
ruthenium oxide (RuOx) based electrode measured extracellular acidification rate
(ECARs) and oxygen consumption rates (OCRs). This nanorods electrode
continuously measured ECARs and OCRs in cardiomyocytes cultures over 48 hours.
Reproduced with permission from ref (114). Copyright 2021 American Chemical
Society. b). A silicon-based sensor integrated into an organ-on-a-chip for temperature

monitoring. The sensor could respond in about 15 seconds. Reproduced with
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permission from ref (115). Copyright 2021 Elsevier.

Biochemical Parameters

Glucose and lactate are widely detected in MPSs as cellular stress and
dysfunction indicators.?® By detecting glucose, lactate, oxygen, and pH, researchers
can evaluate the toxicity of drugs. Most glucose and lactate sensors are based on their
respective oxidase enzymes to catalyze hydrogen peroxide production. Since this
process is accompanied by electron transfer, electrodes can detect the reaction
process.®- 122124 Ag a by-product of the reaction, these enzymatic sensors consume
oxygen and generate hydrogen peroxide, which may affect cell viability if the sensors
are in the same chamber as the device. Enzyme activity changes with reaction
conditions. The enzymatic degradation is also an important issue. This results in poor
sensor stability that requires calibration for long-term use. Electrode biofouling
typically involves the passivation of the electrode surface by forming an impermeable
layer on the electrode that inhibits the direct contact of the target analyte. The use of
valves is critical in the calibration of these biosensors.!?* In this paper, an automated
multi-pumps system was used for in-situ calibration of an electrochemical glutamate

sensor. The sensor was calibrated every four hours during the 76-hour experiment.

Glucose and lactate from human colon carcinoma cell spheroids within hanging
drops were detected by integrating microsensors into the base of hanging drops. !
They used 400 um diameter platinum electrodes for each drop. In this case, electrodes
were functionalized with a hydrogel containing glucose or lactate oxidase that
catalyzed the oxidation reaction upon glucose or lactate binding. Sensitivities were
calculated as a function of the specific area of the electrodes, 322 nA/ mM*mm? for
glucose and 433 nA/ mM*mm? for lactate. In another work, electrochemical
microsensors monitored lactate production and oxygen consumption in real-time.!'?’
When the microsensors were inserted into the culture medium, lactate oxidase

immobilized on the surface of the electrode could convert lactate to hydrogen
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peroxide. The concentration of lactate was measured by the oxidation current density

with a LOD of 5 uM and a detection range of 0-1 mM.

Monitoring the cell secretome can assess the function of organoids and related
responses under stimuli.'?® For example, Wilmer et al. developed a kidney-on-a-chip
to test the drug efficacy by studying drug-induced kidney injuries. Biomarkers for
nephrotoxicity for these in vitro chip models are kidney injury molecule 1, clusterin,
heme oxygenase 1.!2° As organs on a chip models advance, there is a strong interest in
coupling immune components to these models.!3? Some of the immune cells are
cultured with cancer cells to study the crosstalk in the era of immunotherapy.'3! These
cells can be characterized with the following electrochemical sensors. Cytokines
secreted from the immune cells represent and regulate many cellular functions of
MPSs. Cytokines, such as interleukin and TNF-q, are key immune regulators of
inflammation.!'3? However, the sizes of cytokines are small, and the concentrations are
low, which are hard to detect even by traditional methods. In a muscle-on-a-chip
model,?° the release levels and release time of IL-6 and TNF-a secreted from muscle
cells were on-site measured by amperometric biosensors. Gold electrodes were
screen-printed and then functionalized with antibodies. Zhou et al. reported a
voltammetry sensor for monitoring transforming growth factor-p (TGF-B) secreted
from the liver-on-a-chip model.'3? In this sensor, a gold electrode was modified with
aptamers that specifically capture target analytes. This sensor can perform in real-time
and carry out label-free detection of TGF-3 from hepatocyte-stellate cell co-cultures
with a LOD of 1 ng/mL and linear range of 0- 250 ng/mL. Another work used
aptamer-functionalized electrodes to detect interferon-gamma (IFN-y) and TNF-a
secreted from activated T-cells.'3* They measured these two cell-secreted cytokines

from the same microelectrode over 2 hours.

For monitoring biochemical parameters, the saturation of the electrode sensor
surface is a potential problem. This hinders the long-time stability of these sensors.

The development of regenerative processes to clean the electrode surfaces allows the
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reusability of electrochemical sensors in long-time monitoring of MPSs. Ideally,
regenerative processes should be fast and not affect the detection performance. In this
paper,’! the author conducted repeated regeneration of the electrode surface for up to
four cycles without significant change in electrode performance, which allows five

total measurements.

Applications of Microfluidic Biosensors for Monitoring MPSs

Due to advances in microfluidic-based biosensors over the past decade, there
have been several publications that demonstrate the use of biosensors for in situ and
real-time monitoring of MPSs. Thus, we will highlight the ability of microfluidic
biosensors to be used as a versatile tool for various biomedical applications inherent
in MPSs. This section outlines some typical applications of microfluidic biosensors
for monitoring MPSs, such as drug discovery and screening, personalized medicine,

and pre-clinical models.

In tissue models, detecting physical and biochemical cues is crucial to studying
disease and evaluating drugs efficacies. For example, CK-MB was detected by an
aptamer-based electrochemical biosensor with very high sensitivity, selectivity, and
stability compared to antibody-based sensors (Figure 6a).'3 In this work, the CK-MB
secreted by the cardiac organoids was correlated with the beating rates and cellular
viability. Modular biochemical, physical, and optical sensing platforms have been
integrated into MPSs using a microfluidics breadboard that connects multiple MPSs
and routes fluids in an automated, continuous, and dynamic manner. Using this
platform, microenvironmental parameters (temperature, pH, and oxygen),
biochemical parameters (CK-MB, GST-a, and albumin), and organoid morphologies
were monitored. Also, the group demonstrated acetaminophen-induced toxicity using
a normal human heart-liver-on-chips and doxorubicin-induced organoid toxicity using
a heart-liver-cancer-on-chip MPSs (Figure 6b).°! All measurements were performed

automatically and non-invasively using on-chip pneumatic valves for 5 days. The
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performance of this platform demonstrated a high potential in drug screening

applications. The liver plays a crucial role in metabolizing drugs, and many in vitro

liver-on-a-chip devices were developed for continuous monitoring of drug-induced

toxicity or drug efficacy. To this end, Shin ef al. have developed microfluidic

biosensors for continual and non-invasive measurement of the metabolic activity of

liver organoids in response to acetaminophen (a toxic drug to liver) by measuring

GST-a and albumin secretion from the liver organoids for 7 days. Finally, they

validated the accuracy of their biosensors by comparing their results using in vitro cell

viability assays and ELISA (Figure 6¢).!3¢

icentration
(pg/mi/10° cells)

CK-MB con:

6hrs 30 hrs 78 hrs 126 hrs

Time (h)

Human Heart-Liver-Cancer-on-Chips (DOX)

i o " Multiple Biomarkers
uman i cardiomyocytes Monitoring

O,
-“_d\
7/[

L J
¥ ¥a
g 4—'~{—’s v - T -
Bare EDC/NHS Media

SAM Biot-Ab

electrode SPV blocking Antigen

CN)
il Cleaning Solution

[Fe(CN)**

o
: , i‘if?@‘g:’)'

= \\—{\T w P P

Electrical Sweep potential

: 17 Ve

e

Albumin (ng/dayi10° cell)

Microenvironment

GST-x (ng/day/10° cell)
»

e T e e m e ———————

@

®

» Monitoring

-

___________________________________________

Figure 6. Applications of microfluidic biosensors for monitoring MPSs. a). CK-MB

was detected by an aptamer-based electrochemical impedance spectroscopy

biosensor. Reproduced with permission from ref (135) Copyright 2016 American

Chemical Society. b). Automated multiple biosensors for monitoring acetaminophen-

induced toxicity in normal human heart-liver-on-chips and doxorubicin-induced

toxicity from heart-liver-cancer-on-chip MPSs. Reproduced with permission from ref

(51) Copyright 2016 National Academy of Sciences. c). Sensors for monitoring the

metabolic activity of the liver organoids in response to drugs for 7 d. Top: The
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principle and surface chemistry of electrochemical impedance spectroscopy-based
biosensor. Middle: Schematic illustration of the electrode and regeneration process.
Bottom: Real-time monitoring of GST-a and albumin for 7 d. Reproduced with

permission from ref (136) Copyright 2017 Wiley.

For cardiac and neural tissue, another important parameter is their electrical
activity, which indicates myocardial and neural functions.'3’ In this context,
researchers have developed microfluidic heart-on-a-chip models for real-time
recording of electrophysiological signals from cardiac tissues. In most cases, the
electrode signals were measured with micro-electrode arrays (MEAs), on which cells
were cultured. For example, a cardiac MPS used a platinum wire electrode for
applying electrical stimulation, gold MEAs for acquiring electrophysiological signals,
and a microfluidic chamber for long-term culturing cells (Figure 7a).!3® Real-time
electrical stimulation and monitoring of cultured cells can significantly increase the
maturation of cardiomyocytes and enhance the generation of functional cardiac

tissues.

In a similar work, MEAs with 3D hollow nanostructures were integrated on the
bottom of microfluidic channels (Figure 7b).!3° The 3D hollow nanostructures
delivered calcein-AM and propidium iodide into cardiac cells. The MEAs recorded
extra- and intracellular activity of electrogenic cells with high-quality spatial-temporal
control during the whole process. Using this platform, they were able to study the
pathologies at an early stage and examine the toxicity of nanoparticles and drugs on
single cells. Developing tools capable of monitoring transient neurochemical
dynamics is vital in many areas such as understanding brain physiological function,
drug development, and personalized medicine. Mishra and Vazquez have developed a
brain-on-a-chip model with the ability to monitor neural cell migration in response to
electrical and chemical stimuli either alone or in combination. Using real-time
imaging, they demonstrated that in response to a combination of stimuli, neural cells

migrated longer distances with higher velocities, thus implicating cooperative
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behavior.!40

Researchers have developed microfluidic chips for monitoring developmental
activity and inter- and intra-nodal connectivity of the formed neural networks. Using
their chip, they demonstrated the ability of their microfluidic chips to measure nodal
dynamic responses to chemical stimulation and examine the immediate activity
response of the neural networks in response to nodal functional connectivity
disruption.'*! Booth et al. developed potentiometric fiber electrodes for monitoring
pH and transient neurometabolic lactate (Figure 7¢).'4? Microfluidic channels and
electrodes were integrated into this fiber sensor. The pH and lactate sensors showed
responses to pH and lactate levels varying between 5- 8 and 0- 3 mM, respectively.

These sensors can be used to directly monitor lactate levels inside a brain following

injury.
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Figure 7. Applications of microfluidic biosensors for monitoring MPSs. a). An
integrated cardiac MPS with a platinum wire electrode for applying electrical

stimulation, a gold MEAs for acquiring electrophysiological signals, and a
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microfluidic chamber for long-term culturing cells. This platform can test drug
responses with local field potentials. Reproduced with permission from ref (138)
Copyright 2021 Elsevier. b). An integrated cardiac MPS. The MEAs were decorated
with 3D hollow nanostructures that could deliver calcein-AM and propidium iodide
into cardiac cells. The MEAs could monitor this process. Reproduced with permission
from ref (139) Copyright 2018 Royal Society of Chemistry. c). Potentiometric fiber
electrodes were used to monitor pH and transient neurometabolic lactate in neural
tissue. Left: Schematic illustration of the fiber-based biosensor. Middle: Real-time
monitoring pH. Right: The detection principle of lactate sensor and the real-time
monitoring lactate. Reproduced with permission from ref (142) Copyright 2021

American Chemical Society.
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592 Conclusions

593 MPSs are powerful in vitro tools for understanding disease mechanisms and

594  accelerating the drug development pipeline. In these MPSs models, researchers can
595  input different stimuli and monitor the response of physiologically relevant tissues for
596  pre-clinical applications. Thus, the integration of biosensors into MPSs is mandatory
597  and urgently needed to advance the potential of MPSs to be used as pre-clinical

598  models and guide clinical trial design. This review summarizes the latest progress of

599  microfluidic biosensors for monitoring MPSs.

600 For biosensors, several different biosensing methodologies have been proposed
601  for monitoring MPSs. The most popular are optical and electrochemical biosensors
602  for their simplicity, cost-effectivity, accuracy in measurements, and capacity to be
603  miniaturized in microfluidic platforms. To develop and fabricate integrated MPSs,
604  sensors that can detect and maintain microenvironments in MPSs and monitor

605 molecules from a small volume of liquid are highly needed.'** However, most of the
606  current sensors mentioned in this manuscript are academic exercises rather than

607 commercially feasible technologies. As biosensors applied in MPSs, these are the

608  following requirements for future development:

609 Non-invasive. To make MPSs recapitulate the physiology of human organs, the
610  detection process should be performed in a non-invasive and non-destructive manner.
611  Microfluidics has excellent potential in this regard. For example, researchers can

612  build in vitro organ models directly on the sensor surface, non-invasively extract

613  culture fluid/cells for subsequent detection or acquisition of high-resolution images. In
614  modular multi-organ-on-a-chip systems, the ability to connect and disconnect the

615  organ modules and sensor systems will enable the long-term operation of the devices

616 by removing the nonfunctional chips.

617 Real-time and fast response. In integrated MPSs, researchers need to know the
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status of the system in real-time. This is easy for physical parameters such as
temperature, pH, and oxygen because they exhibit a fast sample-to-answer time.
However, monitoring the cell secretome relies on biochemical reactions or
interactions on the sensor surface that often takes a relatively long time. As such,
biosensors with fast responses are still warranted. For example, some label-free and
real-time protein sensors are recommended and could be the future direction in this
field.'#* 145 In this article, a microwell-based impedance sensor was developed for
real-time and in vivo detection of cytokine (interleukin 8, IL-8).!4¢ This kind of sensor

could be applied to real-time and continuous monitoring of cell secretome of MPSs.

Long time monitoring. MPSs often run for extended periods that can be weeks
or months. This requires that biosensors can also provide long-term and high-quality
signal recording data. However, most biomolecular biosensors are still limited to
single and end-point use. Since the detection signal is related to the surface state of
the sensor, researchers should focus on developing reusable biosensors with
reproducible and regeneratable surfaces. To avoid the saturation of the sensor, a
surface with regeneration properties should also be developed. The ability to resist
biofouling also needs to be improved for long-term monitoring. For example, the use
of Nafion film to prevent protein fouling of electrodes used for measuring oxygen and
pH.'#7 This is particularly important for the Clark electrode used to measure
oxygen.'* Meanwhile, there is a strong need for making modular sensing systems

with plug-and-play biosensors to move this field forward.

Sensitivity and selectivity. For biosensors, detection performance depends on the
sensitivity, selectivity, detection range, and detection time. It can be noted that each
sensor has its benefits and limitations. Therefore, the selection of suitable biosensors
is crucial for developing integrated MPSs. In other words, the detection performance
of the biosensor needs to be consistent with the requirements of the detection targets.
Meanwhile, high-sensitivity biosensors are still lacking when the concentration of

cellular secretion reaches sub-picogram/ml concentrations.
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Easy to use. Ideally, MPSs should operate in a fully automated manner to reduce
variability and errors introduced by human operations and increase the robustness of
the integrated MPS platform. This requires biosensors to be easily integrated and can
withstand long-term repeated usage. Microfluidic components such as microvalves,
micropumps, and micromixers have been well developed in recent years. For
example, traditional pneumatic valves are widely applied in the microfluidic area in
the last 30 years. However, this technique requires bulk high-pressure air tank and
control systems. Some recently developed on-chip valves are easier to use.!25 149 150
The on-chip valves are actuated by rolling the roller and pressing the PC bar with
through hole. These technologies offer the possibility of developing fully automated,
integrated, and miniaturized MPSs, which could provide a better understanding of

disease mechanisms and accelerate the development of drugs in the future.

Multiplexing and high throughput. To utilize MPSs in the early stages of drug
discovery and development, attention must be paid to the parallelization and
automation of MPSs to increase the throughput. Using microfluidics, several HT-MPS
have been recently reported.'>1-153 They utilize multi-well plate and microscale
manufacturing methods to achieve multi-cellular cell culture environments in one
chip. During drug development, the companies need to screen a large library of
compounds. Accordingly, there is a strong push to build HT-MPS. In parallel, there is
a strong need to develop HT sensors for monitoring the MPS. Individual MPS are
custom designed for their intended applications. Corresponding biosensors will also
need to be designed appropriately for sampling fluids from MPS. Interfacing HT-MPS
(e.g., 1000 MPS) with HT-biosensors (e.g., 1000 biosensors) remains an unmet
challenge in the field which needs to be addressed. Several papers reported integrating
sensors next to the MPS systems within the same chamber, yet the complexity of
fabrication prevents facile translation to industry. Current approach of connecting the
MPS with biosensor chips using tubing works fine for small number of chips, yet this

approach is not amenable to HT systems. Another key area to consider is the readout
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methods and/or biosensor selection. Electrical biosensors can be fabricated with HT
yet the need for wires increase the complexity specifically when the number of chips
exceed 100.13% 155 Optical sensors do not require wires yet may not have the needed
sensitivity and face the same problem of building HR-readout systems in excess of
100 chips. Another area that needs work is the fluid control between the MPS and the
biosensors. Since many biosensors require an incubation period, there is a strong need
to be able to start and stop flow to the biosensor chips. These operations can be done
with on chip valves yet increase complexity of the fabrication or require additional
fluid control chips. Meanwhile, machine learning and big-data technologies capable

of handling the results are still needed.

In conclusion, fully automated, non-invasive, real-time, and easy-to-use
biosensors are critical before the eventual realization of commercially available in
vitro systems for disease modeling and pre-clinical applications. From the papers
outlined in the review, it is clear that significant development has been achieved in the
field of biosensors and MPSs. These sensors can detect physical parameters related to
the microenvironment and biochemical parameters related to the cellular metabolism
and function of MPSs. Meanwhile, some fully integrated MPSs with multi-sensors
and multi-organs are proposed for pre-clinical applications. This makes MPSs more
relevant and valuable in understanding disease mechanisms and etiologies while
potentially accelerating the drug discovery, development, and screening processes.
The development of integrated MPSs is a very interdisciplinary endeavor that requires
the efforts of chemists, materials scientists, physicists, and biologists. We believe that
MPSs are an important topic in various disciplines because they have immense
application potential, and they will eventually benefit human beings all over the

world.
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Lab on a Chip
Sensor Classification Target LOD Probe Advantages/disadvantages Represent
linear range reference
Amperometric | Glucose | N/A Glucose oxidase | Relatively mature technology 42
0.5-30 mM Fast response
Lactate N/A Lactase Changes in enzyme activity
0.5-20 mM Calibration required
Voltammetric | IL-6 8 ng/mL Antibody Relatively high sensitivity 2
0- 2 pg/mL Multiplexing
TNF-o 2 ng/mL Antibody Changes in antibody 'acti\fity
0-2 pg/mL Rglatwely lon‘g reaction time o
Electrochemical Signal saturation for long-term monitoring
Biosensors Impedance CK-MB | 0.0024 ng/mL Antibody High sensitivity >
0.01- 10 ng/mL Regeneratable
GST-a 0.01 ng/mL Antibody Relatively high linear range
0.1- 100 ng/mL Relatively long reaction time
Albumin | 0.09 ng/mL Antibody Signal saturation for long-term monitoring
0.1- 100 ng/mL
Potentiometry | pH 59 mV/pH (sensitivity) | Polyaniline Easy to configure and cheap 62,63
5-8 Fast response
Low sensitivity
Limitation in targets
TEER Electrical | N/A None High sensitivity 34,55
resistance Continuous monitoring
) Relatively high linear range
Electrical . . .
Biosensors FET CEA 1 fg/ml Antibody High sensitivity 64
10 fg/mL to 1 ng/mL High detection range
miRNA | 0.1 tM Nucleic acid | High cost
1 fM t0 10 pM probe Relatively complex manufacturing process
Optical Fluorescence | Oxygen | NM Silica Provide temporal and spatial information 8
Biosensors microparticles | Lack portable device
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Lab on a Chip
SPR Insulin 0.85+0.13 pg/ mL Antibody Label-free 23
0- 100 pg/ mL Fast response

Relatively low sensitivity

Relatively high cost
FRET Calcium | NM Fluorescent Provide intracellular information %0

probe Relatively high sensitivity
Lack portable device

Table 1. The state-of-the-art biosensors integrated within MPS.
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