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1 Introduction

The impact of in vitro diagnostics (IVDs) on modern medicine
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Simplifying the complex: accessible microfluidic
solutions for contemporary processes within
in vitro diagnostics

Nathan K. Khosla, @+ Jake M. Lesinski, @+ Monika Colombo, Léonard Bezinge, ©
Andrew J. deMello @ and Daniel A. Richards @®*

In vitro diagnostics (IVDs) form the cornerstone of modern medicine. They are routinely employed
throughout the entire treatment pathway, from initial diagnosis through to prognosis, treatment planning,
and post-treatment surveillance. Given the proven links between high quality diagnostic testing and overall
health, ensuring broad access to IVDs has long been a focus of both researchers and medical professionals.
Unfortunately, the current diagnostic paradigm relies heavily on centralized laboratories, complex and
expensive equipment, and highly trained personnel. It is commonly assumed that this level of complexity is
required to achieve the performance necessary for sensitive and specific disease diagnosis, and that making
something affordable and accessible entails significant compromises in test performance. However, recent
work in the field of microfluidics is challenging this notion. By exploiting the unique features of microfluidic
systems, researchers have been able to create progressively simple devices that can perform increasingly
complex diagnostic assays. This review details how microfluidic technologies are disrupting the status quo,
and facilitating the development of simple, affordable, and accessible integrated IVDs. Importantly, we
discuss the advantages and limitations of various approaches, and highlight the remaining challenges within
the field.

treatment  planning/monitoring, and  post-treatment
surveillance.”® IVDs are also routinely exploited in scientific
research, and as such are an essential tool in the

is hard to overstate. Over the last century, IVDs have led the
shift from primarily physician- and symptom-led diagnosis, a
process hindered by associated biases and confounding
factors,"”*> to a more empirical approach based on the
identification of disease-specific biological and chemical
markers. As advances in basic research have led to the
discovery of biomarkers for an ever-expanding array of
ailments, IVDs have in turn been developed to help clinicians
detect such biomarkers and diagnose the presence and extent
of a disease. The omnipresence of IVDs within modern
medicine is perhaps the best indication of their impact -
IVDs are routinely employed within almost every field of
medicine, including infectious and parasitic diseases,’®
oncology,” cardiology,” and endocrinology.® Furthermore, for
many diseases, IVDs are integral to the entire treatment
pipeline, from initial diagnosis through to prognosis,
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development of the next generation of therapeutics. This
ubiquity has not gone unnoticed by pharmaceutical and
biotech companies, and it is not uncommon to see
companion IVD programs running alongside the development
of novel drugs and treatments.’

Whilst it is clear that IVDs have had a positive global
impact, it is important to acknowledge and understand
regional inconsistencies. Access to high quality IVDs is
dictated by multiple social and geopolitical factors, though is
broadly correlated to wealth.'®™* This leads to large
discrepancies between populations. Given the well-
established links between access to high quality diagnostics
and overall health (both personal and public),"* addressing
these discrepancies is a priority. To this end, there has been
a conscious push within the research community to develop
more accessible diagnostic technologies. Such a drive
towards accessibility has taken many forms, including the
development of completely novel assay formats, the
simplification of existing assays through automation and
miniaturization, integration with smartphones and other
personal electronics, and improvements in prototyping and
manufacturing techniques, to name a few. There have also
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been advancements outside of basic research, including

improving user-interface and user-experience (UI/UX),
enhancing communications infrastructure, streamlining
governmental  approval  processes, and  expanding

transportation routes. All of these factors are important for
improving diagnostic accessibility, and will be discussed
throughout this review. From a scientific and engineering
perspective, the vast majority of novel diagnostic assays have
been developed through highly multidisciplinary and
collaborative research programs. Diagnostics developers are
continuously assessing novel chemical reporters,” chemical/
biochemical processes,’* and nano- and micro-scale
materials for their capacity to act as biosensors for
disease.""® These are then typically combined with emerging
engineering tools to create increasingly integrated diagnostic
platforms. Of these engineering tools, microfluidic
technologies have arguably had the greatest impact.'’
Microfluidic ~ systems provide diagnostics developers
unprecedented control over multiple aspects of their assays,
such as sample filtration, analyte transport, mixing, heating,
and even analysis through integrated optical and electrical
sensors. Virtually every process required for an effective IVD
can now be integrated within a chip-based platform and at
increasingly miniaturized scales. Moreover, the vast majority
of these processes can be automated and parallelized. Thus,
the increasing dependence of IVDs on microfluidics is
unsurprising.

Despite the impressive progress, challenges still remain.
Whilst the majority of the processes required for diagnostic
assays can now be performed within microfluidic devices,
combining these complex operations into a fully integrated
device/workflow remains a major challenge. Individual
microfluidic processes can interfere with each other, a fact
which is exacerbated when performing these processes in
close proximity on a single device. Additionally, increasing
chip complexity often leads to increased manufacturing
complexity, which ultimately drives up costs and limits
accessibility. Thus, despite their potential, most microfluidic-
based diagnostic assays never make it to the market as fully-
fledged IVDs. Indeed, the majority of the commercially viable
examples perform more basic and established diagnostic
assays such as lateral flow immunoassays (LFIAs) and
polymerase-chain reaction (PCR). Though useful, these assays
do not represent the state-of-the-art in terms of diagnostic
potential.

The intention of this review is not necessarily to provide a
comprehensive overview of the use of microfluidics in IVDs.
Several excellent reviews have already been written on this
subject; we would like to highlight recent articles from
Berlanda et al. and Sachdeva et al. as being particularly
informative."”'® Rather, we aim to highlight paradigm-
shifting advances in microfluidics that have the potential to
disrupt the status quo by enabling increasingly complex
assays to be performed on progressively simpler devices. We
will first discuss how disruptive microfluidic technologies are
being integrated into every aspect of IVD assays, from sample
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preparation through to data acquisition, and discuss the
merits and limitations of the technologies. We will then
highlight several integrated microfluidic systems capable of
performing complex diagnostics assays in simplified formats.
Finally, we will detail the remaining challenges within the
field, and discuss the best routes forwards.

2 Processes

The assays which underpin IVDs are complex, multi-step
processes that often require several chemical, biological,
mechanical, and even electrical manipulations to work
sequentially (or even simultaneously). In this section we will
detail how microfluidics can be leveraged to implement these
processes (Fig. 1).

2.1 Sample collection

In general, the first step in any diagnostic workflow is sample
collection. It is well established that the choice of sample
collection method can have a dramatic effect on the overall
performance of a diagnostic assay.>**' Despite this,
traditional approaches often treat sample collection as a
completely separate procedure, and give minimal thought to
integration with down-stream diagnostic workflows. By
enabling more efficient integration of sample collection with
other diagnostic processes (such as sample processing and
target detection), emerging microfluidic technologies are
poised to change this modus operandi.

Microfluidic approaches to sample collection can be
broadly subdivided into two categories; capillary-driven and
vacuum-driven, although it should be noted that researchers
have recently begun to explore hydrogel-based sampling
methods which rely on the swelling properties of hygroscopic
materials to collect samples.>*>* Capillary-driven approaches
exploit the innate properties of certain natural materials (e.g.
nitrocellulose), or specifically engineered micron-scaled
features and geometries (e.g. porous materials and narrow
microchannels). This approach holds advantages in regard to
simplicity and ease of use, as capillary action requires no
external power or user input to function. Thus, it is
unsurprising that capillary-driven sample collection has
become the dominant strategy within the growing field of
wearable sweat-based diagnostic devices. Historically,
wearable sweat-based biosensors relied on naturally
absorbent materials such as cotton and paper to collect sweat
samples for continuous monitoring.>"** Unfortunately, whilst
fairly absorbent, these materials are not well suited for
precisely transporting samples to defined locations. More
recently, researchers have begun to develop wearable
microfluidic devices with modern elastic materials such as
silicones. These so called epidermal microfluidic systems
(“Epifluidics™) were pioneered by Rogers and co-workers.?*>®
Such devices are able to interface closely with human skin,
and are highly efficient at sampling sweat and delivering it to
a sensor. An excellent example of this was reported by Bolat
et al., who fabricated a silicone-based conformal microfluidic

Lab Chip, 2022, 22, 3340-3360 | 3341


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2lc00609j

Open Access Article. Published on 15 8 2022. Downloaded on 2026-02-06 4:32:25.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical review

View Article Online

Lab on a Chip

Creating an Integrated Diagnostic Device

Sample
Collection and
Processing

N

Swab (nose, cervical, etc.)

A<

Pressure Driven Flow

‘6 ¢ <m0
L]
Blood/Serum L]
Electrowetting on
a Dielectric

Saliva

:_>
\ Exhaled Air /

Capillary Driven Flow
[S3515F)

\_ Droplet Based Flow /

Assay
Implementation

vy

Colorimetric

9

Electrochemical

Localized Heating

Compartmentalization

\\ﬂﬂ,\ ke,
ELISA Fluorescence

Imaglng and
Machine Learning

¢~

DNA/RNA
\ Amplification /

T

o |
ool
*

et
X
A
e
n

o,

3,
s

STaTaTaTals e 'a e Tatate]

Fig. 1 Overview and selection of the various components that contribute to forming an integrated microfluidic chip for diagnostics. Example chip:
the SIMPLE chip.'® Reproduced/adapted from ref. 19 with permission from Science.

device capable of stimulating, collecting, and analyzing sweat
in an automated manner.>® The device is fully integrated and
includes the supporting electronics to transmit assay results.
Despite this, the technology has significant room to grow,
particularly in regard to the integration of more complex
fluid control for sample mixing and flow control, as well as
its capacity to operate over extended periods of time.

Worthy of special mention is the growing field of aerosol
collection. For diagnostic purposes, exhaled breath is the
most common aerosol of interest, with target analytes
typically being microbes, tumor markers and organic
compounds implicated in chronic lung diseases.***

Historically, aerosols were collected using dedicated
equipment and then analyzed offline using a variety of
spectroscopic and spectrometric methods.*> More recently,
researchers have begun to develop devices capable of online
target detection in aerosols by embedding sensors directly
into breath analyzers or wearables.>*** These devices collect
breath aerosols by wicking them via capillary action into
embedded sample pads, which are integrated into
microfluidic sensing assays. Research in this area has
accelerated somewhat in the last two years, most likely due to
the COVID-19 pandemic and the increased use of mouth
coverings. Face masks provide an ideal interface for
collecting aerosols, and the presence of SARS-CoV-2 virus
particles in exhaled breath is well-established.***® Nguyen
et al. recently reported a face mask-based wearable biosensor
capable of detecting SARS-CoV-2 viral particles after 90
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minutes of continuous mask use (Fig. 2). The device is fully
integrated with sample collection, transport, lysis, and target
detection being performed on the mask.’” Although the field
is relatively nascent, initial results are undeniably positive.
Whilst capillary flow is the standard approach for sweat-
and breath-based sampling, where the specimen is fully
aqueous and of low viscosity, the limitations of such a
passive approach has hindered the efficient sampling of
other specimen types (e.g. blood and saliva). In these
situations, active sampling methods are required. Vacuum-
driven approaches to sample collection rely on pressure
differentials to drive the flow of a sample from the source to
the device. This has traditionally been achieved by pre-
evacuation of specific areas of the device, which are
connected to the sample drawing mechanism by breakable
barriers. Once the device is interfaced with the patient (for
example using a microneedle), the barrier can be broken,
and the sample driven in the direction of the vacuum. This
approach has been iteratively improved upon over several
decades. These improvements have focused on increasing
blood draw volumes, introducing automation, simplifying
device operation, and decreasing patient discomfort.*® An
excellent example of this is the “TAP” device developed by
Blicharz and coworkers, which uses an array of microneedles
and a vacuum-driven draw to painlessly draw 0.1 ml of
capillary blood from a patient at the push of a button.*
Although studies have shown that the blood collected by the
TAP device is suitable for down-stream analysis, this step has

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Image of lateral flow assay in a mask for aerosol sample
collection. (a) Photos of a SARA-CoV-2 sensor in a mask. (b)
Representative images of the LFA outputs for various human
coronovirus strains. Images adapted with permission from ref. 41.
Copyright © (2021) Nature Publishing Group.

not yet been integrated and must be performed offline. One
limitation of pre-evacuated chambers is the loss of vacuum
over time, rendering the device inoperable after extended
periods of storage. To overcome this limitation, researchers
are now exploring positive pressure generated in situ by gas-
generating chemical reactions, and how this can be used to

This journal is © The Royal Society of Chemistry 2022
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manipulate liquids within microfluidic chips.*® The next step
in this process is to combine such in situ pressure generating
methods into integrated devices able to sample blood directly
from a patient.

2.2 Sample processing

After a patient sample has been collected, it is almost always
necessary to perform some degree of sample purification and
preparation to isolate the target analyte from the sample
matrix. These processes are used to enrich the analyte and
remove species that might inhibit downstream chemistry and
hinder test performance. Historically, sample purification
has normally been performed off-chip, using affinity resins
on solid supports such as magnetic beads,">* or
chromatography columns.**™*® For more complex samples,
such as whole blood, a centrifugation step is often employed
to separate the target from the matrix.*’~>°

A great deal of effort has been dedicated to moving these
processes to microfluidic formats. One such example is the
affinity-based cell capture presented by Smejkal, et al.”" Here,
microfluidic channels were coated with various recombinant
protein binders that target surface receptors on cells. Cells
were incubated in the channel and then washed out, with
captured cells remaining bound to the surface for future
analysis. Such a technique allows for cellular purification and
subsequent imaging within a microfluidic device. Alternative
methods of sample purification also include on-device
centrifugal processes as well as novel microfluidic geometries
which promote sample separation.'”*>*® Ramachandran
et al. recently reported a novel electrical sample enrichment
method that utilizes electric fields to perform
isotachophoresis (ITP). The utility of the device was
showcased by extracting and concentrating RNA from raw
nasopharyngeal swabs.>® Here, the target is focused with two
buffers, a high ionic mobility leading electrolyte and a low
mobility trailing electrolyte. Upon application of an electric
field the ions in the leading electrolyte outrun the RNA
analyte ions, while the analyte moves faster than the trailing
electrolyte ions. This serves to focus the analyte in an region
as thin as 10 um at the buffer interface. The RNA is
subsequently utilized within a quantitative reverse
transcription loop-mediated isothermal amplification (qRT-
LAMP)/Cas12 CRISPR assay. Significantly, this system takes
approximately 35 minutes from sample input to answer and
is fully automated. However, operating the device does
require the delicate tuning of electric fields, which raises
questions over robustness.

Beyond simple purification, cell lysis is often used to
make target analytes available for downstream
detection. Lysis is most commonly achieved chemically, by
incubating the sample with specific reagents and buffers
known to disrupt the cell membrane.>® This is typically
done manually by a technician, and is thus susceptible to
human error. A simple way of lysing cells within
microfluidic devices is to directly integrate chemical lysis

more
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chambers. The sample is introduced into the lysis chamber,
and mixed with lysis reagents to release the target material.
Such an approach has also been used to lyse cells directly
inside of droplets generated microfluidically.’®®” One
limitation of chemical lysis is the requirement for liquid
buffers and reagents, which increases costs and complicates
device portability.

To avoid the wuse of liquid reagents, a range of
mechanical lysis techniques have been developed. These
techniques rely on breaking cell membranes through
physical puncturing or mechanical homogenization through
exposure to high shear forces.’®®° One recent example of
note by Huang et al. uses a series of single cell channel
restrictions with sharp edges to induce cell lysis.°" Cells are
serially passed through eight silicon constrictions of
approximately 10 pm width (placed in a significantly wider
channel) with fluid flow speeds in excess of 10 m s ',
forcing membrane rupture. Through this process the
authors achieve DNA yields that are statistically similar to a
standard chemical lysis method. A more in-depth survey of
mechanical lysing techniques can be found in the recent
review article by Grigorov et al.®?

2.3 Sample handling and transport

A key part of any integrated microfluidic system is the fluid
handling architecture and transport system. Depending on
the chemistry/biology being performed, fluid metering,
particle handling, mixing and compartmentalization must be
performed, and often with high precision. Multiple methods
for fluid handling exist, including various pressure-driven
approaches, such as segmented flows, electrowetting-on-a-
dielectric (EWOD) and capillary-driven flow. Each of these
locomotion methods has distinct advantages and
considerations, which we will discuss here.

Standard pressure-driven approaches,
external pumps, are cheap, ubiquitous, and robust.
good example of the use of pressure-driven flows was
reported by Xu et al., who used pressure-driven flows to focus
and isolate circulating tumor cells (CTCs) from whole blood
prior to single cell whole exome sequencing.®> A major
limitation associated with externally-driven systems is that
the pumps are typically large and expensive, with the
performance of the dependent assay often being heavily
impacted by the performance of the pumps.®®®” Beyond
these externally equipped pressure-driven systems, several
techniques, such as the use of pre-pressurized chambers and
hand-driven flows,*®®" have shown promise as tools for self-
contained pressure-driven flows.”” Hand-driven flow systems
exploit pressure gradients that result from a user applied
force, typically upon a flexible membrane.”’ Glynn et al.
utilized finger actuation to drive fluidic transport in their
point-of-care test for HIV.”> The system is both elegant and
simple, utilizing a single depth channel and monolithic chip
structure for ease of manufacture. Pressure is introduced to
the system via manipulation of an elastomeric membrane,

which employ
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which can easily be done by hand. Unfortunately, whilst the
device integrates all the necessary chemistry and fluidic/
particle handling to perform the assay, an external bright
field microscope is required for signal detection. In a similar
vein, Reboud et al. utilized hand manipulation to drive a
paper-based multiplexed LAMP assay for detecting malaria at
the point-of-care.”> Though finger-actuated pressure-driven
devices are operationally simple, they are also limited with
regards to assay complexity, and questions remain regarding
their robustness.

Several integrated diagnostic devices achieve fluidic
locomotion via EWOD. In EWOD, droplets containing
sample, reagent, buffer are spatially motivated through the
application of an electric field.”* In a typical setup, the
driving force behind fluid flow is electrostatic, driven by a
matrix of on-chip electrodes.”* By actuating individual
electrodes in a particular spatial/temporal pattern, droplets
can be directed.””> EWOD platforms can easily be automated
to perform complex fluidic operations.”®”” Importantly,
electrodes can also be used to detect the presence or
absence of fluid during an assay, effectively serving as an
in-built quality control.”® However, since the movement of a
droplet depends on its resistance, and therefore ionic
concentration, the specific EWOD layout and applied power
must be optimized for each assay/running buffer
combination.””®®  Furthermore, traditional EWOD-based
chips require complex electrode structures to operate,
increasing manufacturing complexity, and typically rely on
external power supplies for fluidic actuation.®™**> However,
recent developments have begun to address these issues.
Wang et al. used mechanical stimuli-controlled EWOD
powered by a triboelectric nanogenerator to circumvent
need for bulky external power supplies.** Similarly, Peng
et al. utilized piezo-elements and finger actuation to control
and power an EWOD-based microfluidic circuit (Fig. 3).%*
Both devices demonstrate progress toward more portable
EWOD systems.

Capillary-driven systems exploit specific material, channel
geometries and features (such as porosity) to maximize
capillary forces and direct the flow of liquids. Capillary-
driven flow circumvents the need for pumps and is thus
commonly employed when developing diagnostic devices for
point-of-care applications. Nitrocellulose is the most
commonly employed substrate for capillary-driven
microfluidics, and is ubiquitous in two/three-dimensional
lateral flow microfluidic systems, as well as vertical flow
architectures.®®” Unfortunately, due to the fact paper is
difficult to structure into complex geometries (such as
micron-sized channels and valves) paper-based analytical
devices (WPADs) have historically been employed only for
relatively simple assays. However, this is beginning to
change. For example, Sun et al. reported a paper-based circuit
that integrates cell lysis, molecular recognition, amplification
and visual detection on a single device.®® Similarly, Xue et al.
utilized an origami pPAD to perform cell lysis, DNA
extraction, and a terminal deoxynucleotidyl transferase nick

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Finger-actuated EWOD transport of a water droplet where
actuation voltage pulses were provided by bending a series of
piezoelectric elements. Reproduced/adapted from ref. 84 with
permission from the Royal Society of Chemistry.

end labeling (TUNEL) assay.®® These origami uPADs integrate
several steps within a compact paper-based circuit, though
do require operator handling/folding and are reliant on
external imaging equipment.

Beyond the use of paper, silicon and glass have been
used to form micron-scale features and create more complex
microfluidic circuits whilst maintaining capillary flow.’**"
For example, Hemmig et al wused silicon microfluidic
circuits to create an immunoassay for the cardiac marker
troponin 1. This device exploits self-coalescing capillary
flows to reconstitute the dried down reagents (capture
antibodies, fluorescently tagged detection antibodies) and
perform a bead-based immunoassay. The beads are
subsequently captured in a channel and imaged.”> The
operation of the device perfectly mimics that of a paper-
based lateral flow immunoassay (LFIA), but the use of
silicon rather than paper opens up the possibility for more
extensive customization and engineering. That being said, it
is worth noting that this approach relies on the use of an
external camera, microscope and computer detection
system. This is a disadvantage that should be addressed in
future iterations of the technology.

This journal is © The Royal Society of Chemistry 2022
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2.4 Assay implementation

At the core of any microfluidic IVD is the assay that links the
presence of a particular disease analyte to an interpretable
signal. Although the fundamental chemistry/biology that
governs microfluidic-based assays is often assumed to be the
determining factor in assay performance, of equal
importance is the supporting microfluidic architecture. In
addition to facilitating automated handling of liquid
samples, reagents, and buffers (see section 2.2), unique
characteristics of microfludics can also be leveraged to
fundamentally improve the performance of an assay. These
improvements can arise from multiple factors, including

more efficient heat transfer, and precise
compartmentalization for ultra-sensitive detection and assay
multiplexing.

Efficient heat transfer in microfluidic systems is a direct
result of the low-volume nature of microfluidics. Put simply,
heat energy is transferred much more rapidly through small
volumes as compared to larger volumes. This can be readily
exploited for temperature-dependent assays (such as PCR, as
discussed in section 3.2). Heating in microfluidic devices is
typically achieved using external heating elements such as
metal rods/blocks or laboratory hotplates and Peltiers,”
though this can cause problems when precise zonal heating
or a low device footprint is desired. Another common
approach is to integrate micro-Peltiers directly into
devices,”"% though this requires relative complex fabrication
processes and external electrical equipment.

More elegant solutions have been developed which allow
for precise zonal temperature control using features that can
be integrated into the microfluidic chip. One such approach
is to leverage Joule heating, which exploits the relationship
between supplied potential and produced heat within
conductive solids or liquids.”®®” By carefully placing a
conductive material in close proximity to the zone of interest,
it is possible to precisely control the local temperature. One
limitation of Joule heating is the need to place additional
channels or materials into the chips to facilitate the heating
material. This can preclude the use of very small microfluidic
chips or certain geometries. One way to circumvent this issue
is through the use of electromagnetic radiation, such as
infrared lasers, to induce localised heating.”® These
approaches require no internal modifications to the
microfluidic chip itself and are capable of rapid and precise
heating.”® Several groups have reported on using laser-
induced heating for droplet PCR, demonstrating the excellent
localised control that can be achieved using these
methods.'***°" Though electromagnetic approaches do rely
on external components (such as lasers), these are
themselves becoming increasingly miniaturized,'*'°® and we
anticipate that integration within microfluidic-based IVDs
will become increasingly common.

The ability to segregate samples into micro, nano, pico,
and even femtolitre volumes is frequently leveraged within
microfluidic IVDs to improve performance and facilitate

Lab Chip, 2022, 22, 3340-3360 | 3345
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assay multiplexing and parallelization.'**™%”  Digital
biosensing assays rely on compartmentalization to obtain
binary ON/OFF signals - this feature grants digital assays
substantially improved sensitivity and lower detection limits
when compared to their analogue counterparts.'®® Droplet
digital PCR (ddPCR) and digital immunoassays are good
examples of compartmentalization being used to significantly
improve sensitivity and limit of detection (LoD), even down
to the single molecule level.'*>''° Compartmentalisation in
microfluidic systems is commonly achieved using droplet
systems, in which two immiscible phases, most commonly
an aqueous solution and an oil, are mixed to form stable
droplets.'” The vast majority of droplet generators rely on a
specific microfluidic geometries, such as a T-junctions or
narrow flow-focusing channels, to generate droplets as a
function of channel width, flow rate, and fluid viscosity.""*
Since the performance of these units is highly dependent on
the flowrate, it is generally necessary to use bulky and
expensive pumps which can precisely modulate the pressure.
This massively increases the footprint of devices that rely on

these droplet generators, negating many of the
miniaturization benefits of microfluidics.
Realising the need for more accessible

compartmentalisation methods, researchers have begun to
develop droplet generators that can operate with minimal, or
even no, external equipment. These systems typically rely on
some form of step-emulsification, in which the dispersed
phase (commonly aqueous) is flowed through rectangular
channels directly into the continuous (commonly oil)
phase.’® Because this process relies on interfacial tension
between the two phases, rather than shear forces, to generate
droplets, it is relatively invariant to flow rate.'** Thus,
monodisperse droplet populations can be generated without
the need for precise pumps - this is a significant boon for
simple, integrated devices. Yuan et al. recently exploited step-
emulsification to develop a hand-powered droplet-based
LAMP assay for detecting several strains of pathogenic
bacteria."'* By combining step-emulsification with a hand-
powered syringe to drive flow, the group were able to do away
with the majority of the equipment typically required for
droplet-based assays. Though the detection aspect of the
assay still required a relatively complex fluorescence
microscope, this work is certainly a step in the right
direction. One limitation of step emulsification compared to
traditional methods is flexibility. In step emulsification,
droplet diameters are determined predominately by the chip
design, and cannot be altered through variation of the flow
rate. This means that new devices must be redesigned and
manufactured whenever a new droplet diameter is required.
However, since most chips are created bespoke for their
desired application, this factor is not overly limiting.

Assay parallelization is a process by which multiple assays
are performed simultaneously. This powerful approach can
be leveraged to multiplex several complementary assays on a
single sample (to improve specificity or identify co-
morbidities), run multiple samples against a single target (to
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improve throughput), or a combination of both. In any case,
parallelization can dramatically increase the amount of
information gleaned from samples. Unfortunately, the sheer
volume of sample and reagents required for highly parallel
assays can be limiting when relying on traditional plate-
based assays. This is where the low-volume nature of
microfluidics can be exploited to great effect. Historically,
parallelization in microfluidics typically involved simply
operating multiple chips in parallel ie. scaling-out. This
becomes impractical when massive parallelization (e.g.
hundreds, thousands) is required.

In these instances it is more desirable to split and
compartmentalize a sample within spatially separated regions
of a single chip where different assays can be performed.
Though this idea is not new, continuous advances in
microfabrication and microfluidic control methods are
facilitating the development of progressively larger and more
complex arrays. An excellent example of the potential of
microfluidics for generating massively multiplexed assays has
been shown by Maerkl et al. The group have developed a
process termed mechanically induced trapping of molecular
interactions (MITOMI) to compartmentalize samples in areas
patterned with distinct target-specific capture ligands.'*
After incubation and capture of the targets within the
samples, fluorescently-tagged antibodies are introduced to
facilitate target detection. To date, the group have utilized
MITOMI to develop highly-automated multiplexed arrays
against multiple targets,"®*'® and have shown that the
method is capable of assessing up to 1024 clinical samples
against 4 different biomarkers (4096 measurements) on a
single chip using as little as 5 nanolitres of each sample
(Fig. 4)."" One drawback of MITOMI-based devices is their
complexity - their operation is made possible by a relatively
complicated array of microfluidic channels, valves, and
buttons. Thus, large-scale device manufacture is likely to be
challenging and expensive. However, due to the incredibly
low sample and reagent volumes required to achieve results,
it is reasonable to assume that operational costs would be
significantly decreased compared to conventional methods.

2.5 Signal transduction and data acquisition

Following the generation of a signal from a chemical/
biochemical assay, transduction into an analytically useful
data form is generally necessary. This crucial step allows
users to qualify, quantify and compare analytical signals and
ultimately gain a better understanding of the presence and/or
extent of disease.

Given the prevalence of optical detection methods
(notably, those based on colorimetric and fluorescence
signals) within microfluidic-based IVDs, methods for optical

transduction are by far the most developed.'*"**'>' Optical
detection is commonly performed using off-chip
photodetectors, such as complementary metal oxide

semiconductor (CMOS) cameras and photodiodes, to convert
emitted or transmitted photons into an electrical signal.

This journal is © The Royal Society of Chemistry 2022
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Since these can often be expensive and bulky, the
development of fully integrated systems is somewhat
challenging. Accordingly, developers have begun to take
advantage of smartphone cameras and electronics, which can
be more easily integrated into IVDs.'**> The significant
processing power, high-resolution cameras, and inbuilt
connectivity make such systems ideal for developing fully
integrated devices.'*>'** Zhang et al. recently showed how to
effectively integrate smartphone detection into a microfluidic
IVD for measuring hemoglobin.'*®  Specifically, the
researchers developed a quantum dot-based fluorescence
assay for hemoglobin, and combined this with an integrated
UV irradiation source and a commercial smartphone to
detect the fluorescent signal. Due to their ubiquity within
modern society, smartphones provide a simple and accessible
method for detecting optical signals. However, their use also
comes with multiple drawbacks. Smartphones are not
standardized, and incorporate vastly different hardware
(including cameras) and software components. This can lead
to inconsistent performance between smartphone models,
and can impact diagnostic accuracy.'*® Equally, the power
that smartphone developers have over their systems raises
concerns over long-term support for smartphone-dependent
IVDs, and the security of the data that is produced. Realizing
this, researchers have now begun to migrate towards more
open-source computing solutions, wusing Arduino and
Raspberry Pi-based components.’”” For example, Hambalek
et al. developed a microfluidic device for detecting DNA
methylation using a fluorescence detector connected to a
Raspberry Pi computer."”® In this case, the bioassay was
based around LAMP, with the fully integrated device being
able to interface with a standard 96-well plate. Unfortunately,
whilst the majority of device components are cheap to
produce, the reliance on expensive optical filters significantly
increases manufacturing costs.

The most common alternative to optical detection is
electrochemical detection, which employs electrodes to
transduce a change in current, potential or impedance
triggered by chemical/biochemical reactions into a readable

This journal is © The Royal Society of Chemistry 2022

signal.”®*'** When combined with microfluidic technologies,

electrodes provide an attractive signal transduction pathway
due to their amenability to miniaturization and ability to
interface with programmable digital platforms."** With the
broad variety of microfluidic platforms (of various size, shape
and material), there is no one-size-fits-all method for
integrating  electrodes into  microfluidic  substrates.
Traditionally, —microfabrication techniques based on
photolithography have been employed for the fabrication of
metal electrodes.”*" Today, the trend has shifted towards low-
cost and scalable alternatives, such as screen-printing.
Methods for screen-printing electrodes are versatile and can
be easily integrated into various materials, from
polydimethylsiloxane through to nitrocellulose paper.'*> That
said, the performance of screen-printed electrodes remains
inferior to metal electrodes,"®* and since fabrication relies on
a stencil, this limits its utility in rapid prototyping.’**
Recently, Klunder et al. reported the use of thermoplastic
electrodes in a variety of microfluidic platforms.”*> These
electrodes  perform  comparably to  state-of-the-art
electrochemical systems, and can be patterned using a plastic
mold fabricated via laser engraving. This method has since
been used to perform complex diagnostic assays, (e.g.
antibody, bacteria or small molecule detection) on simple
paper-based or 3D-printed microfluidic devices.'**™?®
Measuring electrochemical signals is often achieved using
bulky and expensive potentiostats, though there are now
commercial options for portable handheld devices (such as
PalmSens Sensit)."*” still, their costs (>500 USD) and reliance
on proprietary software remain prohibitive for many
applications, particularly in resource-limited settings. With
that in mind, Ainla et al developed a universal wireless
electrochemical detector (UWED), an ultra-portable
potentiostat based on open-source software and consisting of
low-cost and accessible electronic components.*****! The
resulting device costs less than 15 USD and is able to perform
common electrochemical measurements with results
comparable to that of larger benchtop potentiostats.
Furthermore, the device is able to interface with computers
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and smartphones via Bluetooth® to wirelessly transmit data
in real-time. Whilst the authors of this study acknowledge
the limitations of their device in regard to operational range
and accuracy, the advantages in terms of accessibility and
simplicity are significant.

3 Integrated systems

Though developing highly miniaturized microfluidic
solutions to individual assay steps is non-trivial, an even
greater challenge is ensuring these processes reliably work in
concert within a single device. In this section we will detail
several devices which achieve full or partial integration of the
previously detailed steps, and how these devices are leveraged
to perform common diagnostic assays.

3.1 Immunoassays

Protein biomarkers are one of the largest classes of
diagnostic target across a broad range of diseases.
Accordingly, assays that are adept at detecting proteins
remain a crucial aspect of modern diagnostics. Within this
class of IVDs, immunoassays are by far the most common.
Immunoassays provide a wealth of information about both
the presence of a disease (e.g. via antigen testing), and the
bodily response to disease (e.g. via antibody testing). This
makes them particularly useful for diagnosing infectious
diseases, since they provide important information about an
individual's current (antigen) and past (antibody) infection
status. This information is absolutely essential for effective
track-trace-treat pathways. Typically, an immunoassay
workflow involves a capture step, followed by a labelling and
signal amplification step prior to signal transduction and
analysis. Each of these steps is commonly separated by a
washing step or, in flow-based systems, the displacement of
the carrier fluid to remove unbound molecules. Ideally, these
steps are performed with no user input, so as to reduce
operational variability and prevent contamination. Whist
standard laboratory detection of proteins is performed using
enzyme-linked immunosorbent assays (ELISA), this general
method requires relatively complex lab equipment and
specialized training. Over the last three decades, engineers
have developed a diverse array of technologies for
miniaturizing and simplifying immunoassays. The primary
goal of this activity has been to develop fully integrated
systems that could be operated by untrained personnel, or
even the end-user themselves, i.e. at the point-of-care.'*’
Within an abundance of techniques, paper-based LFIAs
have undoubtedly emerged as the most popular PoC
immunoassay format. LFIAs have become synonymous with
rapid testing due to their simple format and ability to screen
for the presence of antigens in a timely manner. As such,
they are frequently employed as a first line of defence during
infectious disease epidemics."*® This use-case is perfectly
exemplified by the ubiquity of LFIA rapid testing during the
COVID-19 pandemic. Despite clear advantages, the vast
majority of contemporary LFIAs are still fundamentally
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hamstrung by the same issues as earlier iterations, i.e. low
clinical sensitivities and difficulties in multiplexing.'*” Recent
advances in microfluidic engineering have focused on
alleviating such issues without compromising the low-cost
and simplicity of the format. This has required a considerable
amount of creativity, but emerging tests are now able to
achieve sensitivities comparable to standard lab-based tests,
and even multiplexed across several disease targets."** In
paper-based immunoassays, most attention has focused on
improving limits of detection, as most current solutions are
unable to detect their targets at titres commonly present
during the early stages of disease. This is achieved either
through the use of sensitive labels (e.g. fluorescent tags)'*® or
through the addition of an amplification step.****°
Integration of an amplification step, using enzymes'* or
nanomaterials,"" is possible, but typically requires the
introduction of additional reagents and assay steps.

Samper et al. recently showcased an integrated paper-based
electrochemical device for serological testing (Fig. 5a)."*> The
device includes an enzymatic amplification step, effectively an
in-flow ELISA, and operates through a multilayer design to
achieve passive reagent delivery. The device first processes
undiluted blood samples by passing them through a blood-
filtration membrane. This is followed by the sequential
addition of rinsing buffers and amplification reagents. In
combination with electrochemical readout on a smartphone,
the device enables SARS-CoV-2 immunoglobulin (Ig) G antibody
quantification at a clinically relevant level using just 10 pl of
whole blood. This work demonstrates that complex assays,
such as ELISA, can be integrated into a low-cost paper-based
portable device that can be operated with minimal user input.

Whilst paper-based LFIAs remain the most popular PoC
immunoassay format, and recent advances have helped to
remedy their disadvantages, multiple drawbacks remain.
Paper is inflexible, and cannot be readily shaped into
complex geometries. This limits paper as a substrate if more
advanced microfluidic processes (such as valving to control
flow) are required. Paper is also prone to fouling and
blockage by more complex sample matrices (such as blood
and saliva), and has an innate fluorescence that can create
unwanted background noise."*® To circumvent these issues,
it is evident that attention should be directed towards
alternative materials that retain the accessibility of paper
by mimicking its wicking properties, but allow more
flexibility in terms of design and incorporation of
microfluidic components.®?

To perform more complex or versatile immunoassays,
researchers commonly employ chip-based microfluidic
systems. Of these chip-based technologies, droplet-based
microfluidic systems offer particular promise for ultra-
sensitive immunoassays.'”>'*® By using large numbers of
picoliter volume droplets, signals can be quantified digitally
(see section 2.4) thus allowing ultrasensitive and/or highly
multiplexed detection of antigens or antibodies."*

Yelleswarapu et al. developed a low-cost PDMS-based
device for droplet-based digital ELISA.'** This was achieved

This journal is © The Royal Society of Chemistry 2022
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Illustrative examples of complex immunoassays performed on simple chips: (a) a capillary-driven electrochemical ELISA on a multi-layer

paper device. Images adapted with permission from ref. 142. Copyright © (2021) American Chemical Society. (b) A droplet digital ELISA chip with
low-cost components and high multiplexing capabilities. Images adapted with permission from ref. 143. Copyright © (2019) National Academy of
Sciences. (c) A plasmonic microarray for digital immunodetection with colorimetric readout. Reproduced/adapted from ref. 144 with permission

from John Wiley and Sons.

by combining several steps into a workflow for processing
and analyzing undiluted serum samples (Fig. 5b). First, beads
functionalized with antibodies were used in combination
with a semi-permeable membrane to pre-concentrate and tag
target proteins with an enzyme immunocomplex. Next, the
sample flow was segmented at a droplet generator, the
generated droplets subsequently incubated on-chip, and
finally split into a highly parallelized detection zone that
enables high-throughput fluorescence imaging with a
smartphone (at a rate up to 1 million droplets per second).
The microfluidic assay is able to detect target down to the
attomolar level (a 1000-fold improvement over benchtop
ELISA) at a cost of $5 per test and with an outlay of $500 for
instrumentation. Furthermore, due to the segmented-flow
nature of their approach, several samples can be run
sequentially on a single chip.

Plasmonic microarrays offer another interesting platform
for performing multiplexed or digital assays.'>> These devices
exploit the changes in optical properties that occur when
disease targets interact with the plasmonic surface, often via
a bound capture antibody. Belushkin et al utilized a
plasmonic microarray in their microfluidic chip for detecting
sepsis biomarkers in serum (Fig. 5c¢)."** In their assay, the
microarray holes are functionalized with antibodies against
the target of interested, and detection is achieved in a
sandwich format using antibody-coated gold nanoparticle
labels. Upon capture of the target in the sandwich a shift in
the plasmonic properties is detected by the integrated CMOS
sensor. Importantly, the assay requires only a single user
operation injection of the serum sample premixed with the
gold nanoparticles. Using a portable reader with a CMOS

This journal is © The Royal Society of Chemistry 2022

sensor, LoDs for procalcitonin were as low as 21 pg ml ™,
with assay times less than 15 min. The potential of
microarray technology for highly multiplexed diagnostics is
highlighted by the work of Liu and colleagues.'®® The team
successfully leveraged this platform for the simultaneous
detection of IgG and IgM against SARS-CoV-2, as well as IgGs
against SARS-CoV-1 and four other coronaviruses, in clinical
samples. Additionally, the microarray format allows for the
simple implementation of a control signal using anti-human
IgG; a crucial but often neglected feature in low-cost PoC
diagnostic devices. It should also be noted that the
compatibility of similar microarrays with smartphone-based
readouts has been demonstrated, opening up the potential
for use at the point-of-care."®’

Whilst paper-based lateral flow immunoassays represent
the epitome of a simple diagnostic device, these examples
highlight how new technologies can often retain the
simplicity of a sample-to-answer device in a single step, yet
bring added value in terms of sensitivity and multiplexing
capabilities.

3.2 Nucleic acid testing

Though microfluidic molecular testing has been a key
diagnostic tool since the first demonstration of PCR on a
microfluidic chip in 1998,"® its importance and utility has
grown given the recent COVID-19 pandemic.’*>*° Key
advantages of molecular tests include the ability to
differentiate between different genotypes of a single virus,
and the ease with which they can be adapted to virtually any
molecular marker by simply designing different target-
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specific primers. Such tests typically rely on the enzymatic
amplification of DNA, which requires cycling through
multiple specific temperatures. Though highly effective,
temperature cycling is energy intensive and often tricky to
implement. Several isothermal amplification techniques,
which employ a variety of alternative methods to initiate
strand-displacement, have been developed and are becoming
increasingly popular. Further analyses on the benefits and
drawbacks of molecular testing (specifically for diagnostic
purposes) can be found elsewhere in many excellent
reviews,'01%3

Currently, the gold standard for clinical molecular testing
is qPCR, which is often implemented at scale within semi-
roboticized machines, such as the Roche cobas system.'®*
Such solutions allow for incredibly fast screening of
hundreds to thousands of samples per day, but at the
expense of accessibility and cost.'®® To perform these tasks,
such instruments require significant floor space and support
architecture. These infrastructure requirements drive up
operational costs, in addition to the cost of the machine
itself. One solution to this problems is to integrate these tests
onto microfluidic chips.

The Self-powered Integrated Microfluidic Low-cost
Enabling (SIMPLE chip), reported by Yeh et al. in 2017, is a
good example of such a chip (Fig. 6)."° The SIMPLE chip
integrates many of the steps and processes outlined in
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section 2 within one device. The utility of the chip was
showcased through the detection of methicillin-resistant
Staphylococcus  aureus (MRSA) within blood samples.
Importantly, the chip is entirely self-contained, save for
addition of the necessary reagents, which are pre-mixed
with blood prior to injection. After being loaded, the
sample is transported though microfluidic channels,
driven by on-chip vacuum chambers and an artificial
“lung” system. The vacuum voids on the chip indirectly
connect to the fluid transport channels through thin, gas-
permeable but liquid-impermeable membranes. During
transport the sample also undergoes a hemolysis-free
processing step, with red blood cells sedimenting in the
main channel while plasma is “skimmed” into microwells
for amplification. The SIMPLE chip generates a signal
through recombinase polymerase amplification (RPA),
using primers and reagents that are added to the blood
prior to loading. Each microwell acts as an individual
reaction chamber, allowing for 224 independent, 100 nl
volume RPA amplifications. The signal is then transduced
via fluorescence imaging, and analyzed. Significantly,
digital readout allows quantification of target levels in a
sample simply by counting “positive” and “negative” wells,
with no need for a standard reference curve or
calibration. Whilst the SIMPLE chip is highly integrated, a

fluorescence imaging system is required. Fluorescence
Blank PDMS \
i
h |
e Flow rate 1
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Fig. 6 The SIMPLE Chip in operation. (a) Image of the 224 RPA reaction chambers. (b) A diagram of the vacuum-driven cell sedimentation and
plasma separation channel design. (c) Illustration of compartmentalization, where the reaction wells are isolated due to an air gap after fluid flow
complete. Scale bar is 2 mm (d) fluorescence image showing stained blood cells are not in the reaction wells, and that stained DNA fluorescence is
obstructed by the cells. Scale bar is 500 um. Reproduced/adapted from ref. 19 with permission from Science.
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imaging is more complex than colorimetric or brightfield
imaging, and generally requires a dedicated fluorescence
reader. This increases system complexity and cost. That
said, smartphone cameras are quickly becoming a viable
option as inexpensive optical sensors for in-the-field or
point-of-care use, as discussed in section 2.5. Though first
reported 2017, the SIMPLE chip serves as an excellent
reference system for fully integrated microfluidic devices.
This progression towards simpler devices that produce
colorimetric signals is exemplified in a study by Phillips
et al., in which the authors perform a qualitative RT-LAMP-
based colorimetric assay to detect HIV.'®® Specifically, a
small, self-contained autonomous system accepts whole
blood and provides a diagnostic answer within 90 minutes.
The electrical heating components are reusable, and can be
powered by a smartphone, whilst the diagnostic test is done
on a single-use laminated pPAD. Sample preparation is
achieved using a size-exclusion membrane that captures red
blood cells but allows the plasma to flow into an
amplification chamber that contains the necessary dried-
down reagents. The device then employs integrated heaters
to perform a reverse transcriptase-LAMP (RT-LAMP) reaction
over 60 minutes. A rinse buffer chamber is then opened to
direct the amplified sample onto the lateral flow membrane.
Fluid flow within the chip is controlled using wax valves.
The valves are printed directly on the paper, and block flow
until they are heated, at which point they are opened and
flow resumes. Signaling is achieved by using LAMP primers
tagged with a fluorophore, which when present at high
enough concentrations can be seen by the naked eye, and
biotin, which facilitates capture on a streptavidin test line
on the lateral flow test strip. This device is an excellent
example of how widely available technologies, such as a
smartphone, can be integrated into a diagnostic device to
simplify design and operation. Further, this work introduces
all the steps of the diagnostic workflow, from sample
preparation to signal readout, in a single package. This is
made possible through the use of highly scalable but low-
complexity wax valves, which facilitate relatively complex
fluid control without the need for external pumps,
implemented on a simple paper substrate. Future
development of this type of device should ideally focus on
the translational aspects of manufacturing, including
robustness and reliability.

Devices such as the ones presented above have been
designed to address specific real-world challenges. One such
challenge is the development of effective and accessible IVDs
for infectious disease outbreaks, the criteria for which are
described by REASSURED” This acronym stands for Real-time
connectivity, Ease of specimen collection, Affordable,
Sensitive, Specific, User-friendly, Rapid and robust,
Equipment-free or otherwise environmentally friendly, and
Deliverable. Given the systemic push towards addressing
these challenges, the need for diagnostic devices to be both
self-contained and self-powered will become increasingly
important.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Critical review
3.3 Cytology and hematology

Cytology (the study of individual cells) and hematology (the
study of blood and related disorders) are fundamental tools
within modern diagnostics. Sample acquisition in both
cytology and hematology is dependent on biopsies, both solid
and liquid, and as such an essential aspect of both cytology
and hematology is the separation of target cells from complex
tissue matrices. Indeed, the information that can be gleaned
from these techniques is intrinsically linked to the separation
methodology - this has knock-on effects for disease diagnosis
and prognosis.'®”'¢®

Traditionally, isolation of cells and cellular products (such
as extracellular vesicles) from complex tissue samples has
relied on mechanical methods such as centrifugation and
filtration, or  fluorescence/magnetic-activated  sorting
performed using complex and expensive
instrumentation.'®*™”" Unsurprisingly, over the last two
decades there has been much interest in applying
microfluidic technologies to cell sorting, by employing
passive, active or immunoaffinity-based approaches.'’*"”?
Microfluidic-based cell sorters are now ubiquitous within
cytology labs, and are being continuously improved to more
efficiently sort, analyse and isolate micron-sized cells and
even sub-micron extracellular vesicles."”*

In many regards the fields of cytology and microfluidics
have evolved in parallel, with many advances in microfluidics
arising from challenges posed in the cytometry/cell isolation
fields. Given the many benefits of microfluidics (such as
automation, miniaturization, parallelization and throughput),
this is unsurprising. Integrating sample manipulations
within a microfluidic system minimizes experimental error
and limits inter-user and inter-lab variability. Similarly, the
use of single-use microfluidic chips eliminates sample carry
over from previous experiments, improving both result
confidence and throughput."”® Furthermore, the use of
microfluidic tools facilitates the analysis of increasingly small
sample volumes, which can lead to significant material and
cost savings. Despite such advances, the vast majority of
microfluidic-based cell sorters are still dependent on external
pumps and complex optical setups this increases device
footprint and upfront costs. To make this technology truly
accessible and able to operate in low-resource settings whilst
maintaining the advantages of larger systems, it is essential
that increasingly and affordable designs be developed.

Jiang and Xiang recently reported an integrated handheld
microfluidic system for high-throughput cell sorting."”® The
system is comprised of three units (Fig. 7): cartridges
preloaded with sample fluid and sheath fluid; a microfluidic
device to stabilize the flow and separate the target cancer
cells from background cells; and a 3D-printed framework
encapsulating a diaphragm pump, a microfluidic chip and
the electrical control circuits. The working principle of the
technology relies on passive size-based separation, wherein a
spiral channel exposes cells to both inertial lift forces and
Dean drag forces causing larger cells to migrate to the
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channel wall while keeping smaller cells in flow for
collection. Flow is regulated using a deformable membrane
which acts as a diaphragm pump. The handheld sorter,
specifically designed to replace benchtop equipment that is
unavailable in resource-limited settings, is able to receive
liquid biopsy samples and reliably output sorted target cells.
The authors successfully applied this microfluidic technology
to passively separate unlabelled malignant CTCs from clinical
pleural effusions, obtaining recovery ratios of about 85% and
blood cell removal ratios above 99%. Despite some clear
advantages, the highlighted technology has several
limitations. At the time of writing, the device has only been
applied to a single cell type, so its generalizability is
unproven. Given the reliance on size-based passive
separation, it is safe to assume this approach would be
unsuitable for separating cells of similar size, where more
active sorting approaches are typically required. Whilst the
device is capable of separating the cells without external
equipment, down-stream analyses and data collection is still
performed offline using more complex lab equipment.
Solving these limitations is key for the development of fully
integrated and accessible cell sorting devices. Considering
the plethora of applications for single-cell analysis, the
ultimate goal should be to create devices which can integrate
seamlessly into downstream applications, such as cell-based
imaging assays and DNA sequencing.

3.4 Metabolite detection

Metabolite-based diagnostics rely on the detection of small
molecules used or produced by cellular metabolism.
Metabolomic biomarkers constitute arguably the most
expansive and diverse subcategory of diagnostic markers; at
the time of writing, the Human Metabolome Database
(HMDB) lists 220945 metabolites that have been found
within the human body, with associations to over 625
diseases.””® In 2019, a disease-associated metabolite network
(DMN) constructed using 245 diseases and 587 metabolites
found 28715 disease-metabolite associations.'””” Many
metabolites are associated with one or more diseases such as
diabetes, cancer, cardiovascular disease, and neurological
abnormalities."””® Unfortunately, the convoluted relationship
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between metabolites and disease makes drawing clear
diagnostic lines challenging. To further complicate matters,
the structural diversity of metabolites often means that a
single technique cannot be exclusively employed for their
detection. This is in stark contrast to genomic biomarkers for
example, where techniques such as PCR (or isothermal
amplification) are generalizable to a vast array of targets.
Current methods for analyzing metabolites rely heavily on
mass spectrometry (MS) and nuclear magnetic resonance
(NMR) spectroscopy. The gold standard approach is to

employ tandem MS (MS/MS) coupled to liquid
chromatography  (LC-MS/MS) for upstream sample
purification.””®®° This process is entirely dependent on

complex spectrometry equipment, and requires a specialized
testing lab and highly trained personnel. Though
microfluidic chips have been integrated with MS
metabolomic workflows, their use is mostly limited to
purification prior to off-chip MS analysis."®""'®> Since the
technical requirements of MS currently preclude
miniaturization, integrated microfluidic-based devices for
sensing and analyzing metabolites have instead focused on
other signaling modalities, such as optical'®*'®" or
electrochemical.*®> '8’

An excellent example of an integrated device for detecting
metabolites is provided by Annese et al'®® The device
consists of three units: a disposable chip cartridge, a reader
to digitize the signal, and a graphical UL The chip is
comprised of four parallel PDMS microfluidic channels, to
facilitate detection of four distinct analytes, fabricated
directly on top of a CMOS sensor. The necessary reagents for
each assay are dried down into separate channels, and are
rehydrated upon introduction of the sample. The sample is
introduced to the chip by simply applying a droplet of
plasma directly to the device via an inlet. It is subsequently
separated into the four fluidic channels via passive capillary
pressure. Signaling within the device employs a hybrid
optical-electrochemical method in which substrate-specific
enzymes catalyze the oxidation of their target, producing
hydrogen peroxide and inducing a color-shift in a peroxide
sensitive dye. The colorimetric signal is then transduced into
an electrical signal by the CMOS sensor. Finally, the signal is
digitized by the attached reader and sent to a laptop running
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custom analysis and visualization software. The assays works
directly on human plasma and produces a result in under 2
minutes. One limitation of this approach is the dependence
on redox enzymes, which constrains the substrate scope.
That being said, the cartridge-based approach does provide
some flexibility, as the chip could be quickly modified to
accommodate a different assay, provided the signal output is
colorimetric. Despite these limitations, the fully integrated
sample-in-answer-out device demonstrates the potential of
microfluidics within this space, and is an excellent example
of the direction in which the field is heading.

4 Current limitations and remaining
challenges

The primary aim of this review is to convey the value that
novel microfluidic technologies add to the IVD landscape.
However, as with all emerging technologies, there is still
room for improvement. This has been perfectly demonstrated
by the ongoing COVID-19 pandemic. In the face of the rapid
rise in SARS-CoV-2 infections, governments and enterprises
sought diagnostic technologies that could be rapidly
deployed in large numbers, often to relatively dispersed
populations and at a low price point. Whilst many of the
microfluidic technologies described in this review have been
adapted to detect SARS-CoV-2 antigens and antibodies, the
vast majority of testing is still performed using qPCR and
LFIA. The reliance on these technologies, which are at this
point several decades old, is telling. Clearly many of the
technologies developed over the last two decades have been
deemed unsuitable for mass deployment. The reasons for
this are multifaceted and convoluted, ranging from
technological through to logistical and geopolitical, but it is
essential that they are addressed if microfluidic-based
diagnostic technologies are to truly reach their full potential.
In this section we provide some perspective on the challenges
these new technologies face, not just for COVID but for mass
adoption across many disease targets, both now and in the
future.

4.1 Robustness and reliability

Central to evaluating any diagnostic test is an understanding
of not just its accuracy, but the conditions under which that
accuracy applies. This is especially important for diagnostic
assays meant for the developing world, where it may not be
possible to consistently meet strict storage, handling, or
usage requirements. Providing effective  diagnostic
technologies to these areas requires proper consideration of
reagent aging, transport conditions, local storage facilities
and conditions, and local clinical facilities.

The difficulties faced in distributing SARS-CoV-2
diagnostics to the developing world have highlighted these
issues. Notably, PCR tests contain enzymes and reagents
which must be frozen to remain viable. Whereas most of
North America and Europe have infrastructure to support
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delivery of PCR reagents (which require an uninterrupted
cold chain), countries without the required infrastructure
lack the ability to use these more sensitive tests. One
potential solution to these problems is lyophilization, which
is has the potential to help preserve reagents during long
term storage.'® Similar issues also plague immunoassay
deployment. Whereas cold chain storage is not often required
for immunoassays, guidance from both manufacturers and
regulatory bodies require test storage below 30 °C, with no
guarantee of test performance after improper storage.'?* '
As immunoassays are commonly employed for the diagnosis
of infectious diseases that disproportionately affect
populations within tropical or subtropical regions, this is a
significant problem.

In addition, the reliability of diagnostic tests is critical.
Highly complex instruments almost always have some form
of quality control system, either integrated or in the form of
standard-issue  reference  samples.  Simplified and
miniaturized microfluidic tests designed to be used by the
end-user, or in resource-limited settings, must include
similar self-checks if they are to be reliable. Ideally, these
should be integrated within the device itself. These could
include separate control channels with dried-down standards,
or on-chip flow detection to ensure correct device operation
and detect technical failures. An excellent example of quality
control being integrated into a simple assay is the control
line on a LFIA test. These control lines show no signal in the
event of test failure, and limit the number of false negatives
and positives. Though the system is unable to detect every
type of assay failure, it goes a long way towards ensuring
assay reliability, and thus trust in the end result.

Given their ability to integrate multiple complex
techniques and processes into user-friendly and affordable
devices, microfluidic IVDs are particularly well-suited to
resource-constrained environments. However, any device
which aims to have true real-world impact in these
environments must address the above concerns. The impact
of widely distributing an IVD with a high failure rate, or large
incidences of false positive or false negatives, could be
catastrophic. It is the responsibility of IVD developers to take
these issues under consideration during the development
stage, and plan accordingly.

4.2 Cost, scale-up, and manufacturability

In order for any technology to have significant impact, it is
essential that it can be deployed at an appropriate scale and
at an affordable price point for a particular disease. In the
context of IVDs, scalability and affordability are determined
by the complex interplay between several factors, including
target disease, target populations, existing healthcare
infrastructure, macro- and micro-economic factors, and trade
and transport infrastructure. Gaining an in-depth
understanding of these factors during, or even prior to, the
development of a new diagnostic is an essential part of the
process. Sadly, it is also a part that is frequently overlooked
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or ignored. Countless examples of highly integrated,
sensitive, and specific microfluidic-based diagnostic
technologies are reported in the literature every year. Though
many of these devices effectively tackle an area of unmet
medical need, the vast majority of these technologies remain
academic curiosities due to technical or financial
impracticalities which hinder their large-scale manufacture.

Currently, chip-based microfluidic devices are most
commonly developed using soft lithography, a technique
popularized by the Whitesides lab in the 1990s."** However,
it is important to recognize that most of the core techniques
still require significant infrastructure (such as cleanroom
access), ultimately leading to increased costs and decreased
throughput. The detrimental impact of the dependence on
soft lithography is perfectly highlighted by many of the
technologies discussed in this review. Take for example the
SIMPLE chip (see section 3.2)." Though an excellent example
of a fully integrated sample in - answer out device for the
detection of molecular biomarkers, the manufacturing
process requires multiple steps which are not amenable to
large-scale manufacture. These include an overnight curing
step, reagent patterning, and vacuum sealing in total the
process takes over 6 days. Given the single-use nature of the
device, it is unlikely that supply would be able to meet
demand in the case of a large-scale infectious disease
outbreak. The same can be said of the droplet-based digital
ELISA platform developed by Yelleswarapu et al'*® This
mobile platform is able to achieve an impressive limit of
detection at a relatively affordable price point, but
manufacture of the device requires the careful alignment of
multiple PDMS and glass components. This relatively
complex manufacturing process is hard to replicate on a
large-scale. These examples highlight the importance of
moving towards manufacturing technologies that do not
require stringent cleanroom conditions and specialized
equipment, particularly if large-scale manufacturing is
required. The research community has taken note of this,
and multiple technologies aimed towards solving these issues
are under development. Amongst these, lamination, injection
moulding, hot embossing, 3D-printing, and nanoimprint
lithography all show promise, though they are not without
their own limitations. Each technology is limited in terms of
the materials which can be manipulated, and many are
incapable of achieving sub- or micron
resolution.’®"'*> Put simply, as it stands there is not one
single technology which can satisfy the criteria for each and
every microfluidic diagnostic platform. If the eventual aim is
to apply a particular technology within the real-world,
researchers must carefully consider the limitations of these
scalable technologies and design their chips and assays
accordingly.

even low-

4.3 Regulations and data integrity

As we drive towards the goal of broadly accessible
diagnostics, it is essential that we consider relevant
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regulatory issues, particularly in regard to data integrity. Such
restrictions are relatively easy to address in centralized
laboratories, where testing is done on-site by healthcare
professionals and can be easily assessed by regulatory bodies.
However, these issues become more complex as tests move to
non-centralized locations (such as doctor's offices, medical
centers, airports, and concert/sporting venues). Governments
may struggle to formulate regulations that support mass
adoption and testing while also maintaining strict control
over test and result integrity. This dichotomy is apparent in
the US (and many other) governments' responses to the
COVID-19 pandemic. The technology exists for people to test
for SARS-CoV-2 at home, but activities such as travel almost
universally require tests with certified results, administered
in some way by a healthcare professional.**®*®”

Fortunately, these issues are already being addressed.
Guidelines, such as the REASSURED criteria for infectious
disease diagnostics,” have been published to help IVD
developers. Additionally, regulatory bodies have thorough and
extensive criteria governing the approval of diagnostic devices.
In general, these criteria consider issues such as device quality
control, clinical specificity and sensitivity, as well as setting the
testing requirements and performance targets on the path to
device approval. Full information on the regulatory frameworks
can be found at the respective governing body, such as the US
Food and Drug Administration IVD documentation or the
European Commission's directive on IVD devices.'*®'*° Finally,
multiple non-government organizations exist to guide
researchers through the IVD development process, including
FIND and PATH.*****!

However, the regulations surrounding diagnostic devices
often do not end with approval of the device itself. This is
perfectly exemplified by the aforementioned SARS-CoV-2
tests, which must be administered by a professional even if
the test format is approved for self-use. These policy
decisions have been backed by data, which show that self-
administration can reduce sensitivity by up to 10 percentage
points.”® Data like this suggests there may well be a gap
between what researchers consider to be user-friendly, and
what is actually usable by the general public. Consulting with
UI/UX specialists during device development and performing
thorough usability tests is key to solving these issues. There
is also the issue of trust with self-reported tests, particularly
when there is an incentive for dishonesty (e.g. granting the
ability to travel or to attend public events). Solving these
issues is non-trivial, and finding an appropriate solution will
undoubtedly require significant cooperation between IVD
developers and policy makers.

Lastly, the drive to widespread adoption of medical tests
raises significant security and privacy concerns. Whereas
today the majority of an individual's health information can
be found in well-secured central repositories, such as their
hospital's electronic health record system, it is easy to
imagine a future where diagnostics devices are offered by
many private companies each with their own approach to
data storage. In the US and EU, the laws governing health
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data storage are complex and highly specific, with separate
responsibilities for healthcare providers, data warehouses, and
others who interact with personal data.”*> As companies blur
the line between diagnostic manufacture and these more
regulated roles, they will need to proceed with full awareness of
their different responsibilities to both the law and their patients.

For diagnostic tests to be effective, they need to be trusted
by patients and doctors, and conform to the relevant
regulations. Further, governmental agencies need scientific
input to craft appropriate checks and processes to efficiently
ensure public safety. For these reasons it is important that
scientists and policy makers work together when it comes to
regulating diagnostic devices.

5 Conclusion and outlook

The field of in vitro diagnostics is an excellent exemplar of what
can be achieved when powerful engineering techniques are
applied to medical problems. By leveraging the benefits of
microfluidics, namely miniaturization, automation,
integration, and parallelization, researchers have been able to
create increasingly simple and more accessible IVDs. The
devices detailed in this review are testament to the potential of
microfluidics-based IVDs, and should serve as an inspiration
for what can be achieved when the creativity and ingenuity of
researchers is applied to an important task. However, despite
substantial progress, significant work towards the goal of fully
integrated sample-in-answer-out diagnostic devices remains.
The majority of IVD devices reported in the literature every year
are able to perform certain aspects of a diagnostic test well (e.g.
fluid transport, assay operation, and signal transduction/
analysis), but require crucial steps (such as sample preparation)
to be performed off-device using traditional laboratory
equipment. This ultimately compromises the utility and
potential of the devices. Moving forwards, researchers should
focus not just on the development of novel microfluidic
techniques, but also on how these techniques can be integrated
with existing technologies. Similarly, a focus on robustness and
reliability is often lacking in novel microfluidic IVDs.
Regardless of the sensitivity, LoD, and specificity of an assay
within a device, if the supporting architecture is not able to
operate reliably then the device is not fit for purpose. Finally,
as IVDs are simplified and made more accessible, it is essential
that developers address important questions regarding the use
and storage of personal data. Though many of the issues
presented herein are non-trivial and unlikely to be overcome
with engineering alone, the challenges they present form a
clear path forward for researchers to ultimately achieve the goal
of truly accessible IVDs.

Abbreviations

CMOS Complementary metal oxide semiconductor

CRISPR Clustered regularly interspaced short
palindromic repeats

CTC Circulating tumor cell
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DMN Disease-associated metabolite network

ELISA Enzyme-linked immunosorbent assay

EWOD Electrowetting-on-dielectric

Ig Immunoglobulin

ITP Isotachophoresis

IVD In vitro diagnostic

LAMP Loop-mediated isothermal amplification

LC Liquid chromatography

LE Leading electrolyte

LFIA Lateral flow immunoassay

LoD Limit of detection

MDA Multiple displacement amplification

MS Mass spectrometry

NMR Nuclear magnetic resonance

PAD Paper-based analytical devices

PCR Polymerase-chain reaction

PDMS Polydimethylsiloxane

PoC Point-of-care

REASSURED Real-time connectivity, Ease of specimen
collection, Affordable, Sensitive, Specific,
User-friendly, Rapid and robust, Equipment-free
or otherwise environmentally friendly, and
Deliverable

RPA Recombinase polymerase amplification

TE Trailing electrolyte

UI/ux User-interface and user-experience

UWED Universal wireless electrochemical detector
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