OPTICAL
REVIEW MATERIALS
Mobile Health www.advopticalmat.de

Portable Multiplex Optical Assays

Ahmet F. Coskun,* Seda Nur Topkaya, Ali K. Yetisen, and Arif E. Cetin*

Global health issues are increasingly becoming critical with high fatality
rate due to chronic and infectious diseases. Emerging technologies aim to
address these problems by understanding the causes of lethal conditions
and diagnosing symptoms at early stage. Existing commercial diagnostics
primarily focus on single-plex assays due to ease-of-use, simplicity in
analysis, and amenability to mass manufacturing. Many research grade
devices have utilized only a few molecular and morphological signatures in
bodily fluids. However, multiplex devices can improve accuracy, sensitivity,
and scalability of research and diagnostic devices. This review presents
multiplex assays that utilize optical, electrical, and chemical methods

and materials that have the potential to improve portable point-of-care
diagnostics. The critical role of emerging optical and complementary
assays with multiple contrast mechanisms is investigated to enable highly
multiplex analysis in field settings. Multiparameter portable devices for field
applications toward health monitoring, food testing, air quality monitoring,

performed at home and results can be
integrated by online interfaces.P! The test
results and diagnostic information can be
analyzed by the medical professionals from
remote locations, improving the connec-
tivity of central hubs to the public venues.
Numerous scientific discoveries have
been made in advanced settings and well-
equipped laboratories. The necessity and
complexity of these environments limit
access to research equipment worldwide.
Thus, decentralization of research labora-
tories has become an alternative solution
to improve access to experimentation in
field conditions. For instance, a paper
origami microscopel® that fit into a palm
of a student made a powerful investigation
tool for environment and materials. A

and microanalysis in other extreme conditions are examined. Current trends
indicate the need for validation of health diagnosis based on a large number
of biomarkers in randomized clinical trials. Advanced digital analysis, crowd-
sourced solutions, and robust user interfaces will become an integral part of
the connected global health systems and personalized monitoring platforms.

1. Introduction

Centralized facilities such as hospitals have provided healthcare
services at increasing cost. The capacity and affordability of these
central hubs fail to meet the growing need. To enhance global
penetration of health services, point-of-care devices and solutions
have been demonstrated.!! Handheld devices,” smartphone
readers,®l and wearable monitoring interfaces* have become
readily available to provide health-related information in
remote locations. Among many others, blood tests can now be

detailed analysis of sound recordings
by smartphones enabled identification
of distinct mosquitoes.”? These field-
deployable devices and platforms have
stimulated emergence of citizen scientists,
a population that collectively performs
scientific inquiries in public settings.

Rich biomolecular measurements from
field-portable devices improve the quality
of results in terms of accuracy and depth. Monitoring multiple
blood markers has enabled diagnostic precision and thorough
scientific investigation of blood constituent in patients. There-
fore, field-deployable devices should ideally have multiplexed
detection of target specimens. Design of such multiplexed
detection technologies requires decent complexity at low cost
for wide-scale adoptability.

In this article, we provide an overview of field-compatible
devices with high parameter analysis capabilities for both
health monitoring purposes and scientifically enlightening
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applications. Optical, electrical, and chemical design strate-
gies are also highlighted. Along with the critical perspectives
on device performance and economics, translation potential of
each device is provided.

2. Optical Devices and Materials

Optical interfaces allow rapid and minimally invasive interroga-
tion of biological specimens.l Interactions of light with matter
enable sensing mechanisms to detect minute variations of target
samples at high sensitivity. The use of simple components such
as light-emitting diodes (LEDs) and cost-effective detectors in
optical designs provides compact and affordable devices. In this
section, we present emerging platforms that provide multiplex
detection in optical devices for field applications.

2.1. Optical Devices with Chemical Interfaces

Optical readers, when combined with the chemical methods,
enable analytical characterization devices for biosensing
needs in environmental screening, food safety, and health
diagnostics. Among others, fiber optics have received consid-
erable attention due to its high sensitivity to the local environ-
ment at the vicinity of light travelling interfaces.’! While the
sensing principles differ in their operation mechanisms, the
general strategy is to rapidly detect the presence of a target
such as metabolites, nucleic acids, proteins, ions, or micro-
organisms based on a contrast generation around fiber sur-
faces.'% Evanescent wave fiber biosensors are preferred for
sensing as they rely on confined light around the outer region
of a fiber that is generated upon reflection of light within the
fiber inner interfaces.'1? Since fibers are compact and light-
weight, fiber biosensors present ideal platforms for field use.
Many of these physical devices are also interfaced by a com-
puter integration, portable and compact units, as well as
smartphone-based readouts. Despite the fact that many of
these studies have targeted single molecule or cell type, simul-
taneous screening of multiple targets makes them valuable for
more comprehensive screening in health and environmental
applications. A simple solution for multiplexed detection was
demonstrated by partitioning the sample into multiple fibers
that were specifically modified to detect foodborne pathogens
(Figure 1A).13) Chemical functionalization of fiber interfaces by
streptavidin allowed conjugation of biotinylated antibodies to
capture particular pathogen of interest. This multiplex fiber bio-
sensor detected Listeria monocytogenes, Escherichia coli 0157:H7,
and Salmonella enterica in meat samples with 100 cfu 25 g!
sensitivity based on fluorescent readout. In this multipathogen
fiber sensor design, adding separate fiber sensors with an anti-
body library for a large set of antigens will boost multiplexing.
Fiber sensors have successfully allowed compact biosensing
devices in various applications. However, their physical inter-
faces are sensitive to any mechanical vibrations and movement
artifacts that typically occur in field settings. To provide an alter-
native platform to this important need, lateral flow assays have
been developed to detect chemical and biological targets using
a control region and an active sensing region.'! These lateral
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flow assays are used for convenient testing at sufficient sensi-
tivity in public venues. Compared to other complex assays such
as ELISA immunoassay or polymerase chain reaction (PCR),
lateral flow methods do not require any complex equipment
or advanced training, enabling practical applications in field
medicine. Typical lateral flow assay devices are designed in the
form of a test strip (mostly in the paper format) to detect only
one target together with a control region. Target samples are
chemically conjugated on an initial pad as they flow through
the device, followed by capturing conjugated samples on an
accurate binding region to specific primary antibodies (test
line) and nonspecific binding to a nontarget antibody (control
line). Direct approach to visualize multiple targets is to use
different test strips (with distinct antibody libraries) from the
same sample and combine results from multiple readouts. An
integrated approach was created by a cellphone-based rapid
diagnostic test reader as a universal imaging and analysis
platform (Figure 1B).'*) Multiple lateral flow assay tests for
HIV, tuberculosis, and malaria were digitally quantified by this
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Figure 1. Optical chemical devices. a) Schematic of the multiplex fiber biosensor. b) Cell phone-based rapid-diagnostic-test (RDT) reader platform that
can work with various lateral flow immuno-chromatographic assays. Inset: Schematics of RDT platform. c) Design of lateral flow assay to detect ten food
pathogens. d) Fluorescent lateral flow assay for detection of three biomarkers. €) Smartphone-based plate reader for isothermal and multiplex nucleic
acid detection. f) An amplification assay for multiplex analysis of six bacteria in microfluidic disk format. g) Schematic diagram and assay procedure
of the microfluidic paper-based chemiluminescence analytical device with a simultaneous, rapid, sensitive, and quantitative response. h) Top: Photo
of plastic microfluidic immunosensor for rapid, reliable, and on-the-spot detection of disease biomarkers in human sera. Bottom: Chemiluminescence
image for different concentrations of C reactive protein (CRP). i) A waveguide-based multiparameter analysis. Reprinted from refs. [13] (a), [15] (b),
[16] (c), [17] (d), [19] (e), [21] (F), [23] (g), [25] (h), and [27] (i) with permission: Copyright 2012, Elsevier Ltd. (a); Copyright 2012 and 2011, The Royal
Society of Chemistry (b and g); CC-BY 4.0 open access publication (c and f); CC-BY-NC-ND 4.0 open access publication (d); ACS AuthorChoice License
open access publication (e); Copyright 2006, Springer Science Business Media (h); Copyright 2014, American Chemical Society (i).

smartphone reader, providing creative platforms for research
and diagnostics.

Recently, a multiplexed strategy was introduced to simul-
taneously measure ten distinct foodborne pathogens.'® This
sensor design included a common sample loading region and
then distribution to ten different arms in the shape of a disk
(Figure 1C), providing a practical single step testing without
sophisticated sample preparation. The reagents have also been
unified to avoid variations due to the labeling or target type
differences. For more than 200 food samples, reproducible
experiments were achieved in the range of 10*-10° CFU mL™!
detection sensitivity. Another multiplexed lateral flow assay was
developed based on fluorescent reporters (Figure 1D). Three
target proteins in the blood serum, ferritin, retinol-binding
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protein (RBP), and C reactive protein (CRP), were detected by a
multicolor test strip to monitor iron and vitamin A deficiency.['’!
Similar to the cellphone-based integrated reader,!”! this multi-
plex nutrition sensing platform was analyzed by a smartphone
interface.

A higher sensitivity with field-portable design was demon-
strated using isothermal (mostly room temperature) amplifica-
tion strategies. A loop-mediated and toehold-assisted nucleic
acid amplification methods have boosted the fluorescent
readout.1%1 While the operation principle of this chemical
assay was relatively complex, target samples were conjugated
to a nucleic acid capture probe, which was then amplified
by a series of reactions without the need for thermal cycling
to overcome a drawback of portable designs. Owing to the
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intense signal, a portable smartphone-based plate reader?”!
was then used to image and quantify target nucleic acids such
as viral RNA for Influenza (Figure 1E). The similar isothermal
assay was employed in a microfluidic disk format to detect six
different bacteria (Figure 1F).2!! In this platform, distinct bacte-
rial strains were detected in real time within a total assay time
of 70 min, an advance for field applications as compared to
standard 24 h bacterial culture protocols.

Another advantageous optical design is chemiluminescence
detection for multiplex optical approaches.?”l The reagents
generate self-luminescence signal that correspond to analyte
concentrations, which can then be detected by a digital camera
without the need for any other optical illumination compo-
nents. Recent demonstration of chemiluminescence assays
included paper microfluidics. Oxidase enzymatic reactions
were used to measure glucose and uric acids in artificial urine
samples with 0.14 and 0.52 mmol L' detection limit, respec-
tively (Figure 1G).23] Because this approach necessitates only
a luminescence reader, the reduction in the optical design
principles (no lasers or LEDs) provided ideal platforms for
portability.

Further simplification in the optical design was also dem-
onstrated by integrating lensless imagingl®*! with chemi-
luminescence assays. A combination of enzymatic assays
for detection of alkaline phosphatase levels, a nucleic acid
labeling approaches for Parvovirus B19 DNA, and horseradish
peroxidase measurements that were all detected in the digital
camera without lens-based coupling. Instead of using fluo-
rophore chemistry, these assays generated self-luminescent
signal without excitation of samples. Only a simple fiber array
was used to collect and concentrate the luminescent signal to
the camera pixels. Attomole detection limit for proteins and
femtomole sensitivity for nucleic acids were achieved in this
integrated multiplex device. An integrated approach was also
designed for microfluidic format chemiluminescence assays
that were captured on photographic films and imaged directly
by a camera (Figure 1H).I’ C reactive protein (CRP) in serum
samples were measured at 0.858 mg L! sensitivity levels with
this rapid chemiluminescence optical method. In combination
with firefly inspired and long-term sustainable hydrogels,?2®!
chemiluminescent assays were poised to impact highly sensi-
tive and multiparameter optical designs for field applications.

To enhance digital connectivity and analysis, chemilumi-
nescence and bioluminescence were coupled to smartphone
readers. Total bile acids were measured by bacterial luciferase
system and total cholesterol was detected by horseradish
peroxidase methods within a 3D-printed attachment on the
camera unit of a smartphone (Figure 11).””] For portable
designs, luciferase presented an ideal solution for light
generation based on a substrate (luciferin) without additional
light delivery to the sample. Using a rapid sample prepara-
tion in 3 min, sensitive detection of analytes in blood serum
at 20 mg dL! sensitivity and in oral fluids with 0.5 pmol L}
detection limit. A similar strategy was implemented in the
form of lateral flow assays to measure cortisol in saliva by
smartphone imaging.”8 A forensic tool was also developed
by smartphone imaging of Artemisinin-Luminol ions in
bloodstains through chemiluminescence of sodium perborate
and hydrogen peroxide.[?’!
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2.2. Optical Devices with Engineered Nanomaterials

Conventional optical platforms are limited to resolve structures
smaller than the wavelength of light due to the diffraction limit
since the subwavelength information carried by the evanescent
fields are lost before forming an image while passing through
media with different permittivity values.[3% Recently, plasmonics
has emerged as a solution to compensate this loss due to eva-
nescent field to restore images below the diffraction field. The
unique optical properties of surface plasmons originate from
the collective free electron oscillations of noble metals and these
surface wave oscillations confine light at nanoscale.3!l The elec-
tromagnetic field of light confined at the metal surfaces, in the
form of surface plasmons, enhances the light-matter interac-
tion at nanoscale. Therefore, the increase in the refractive
index of the medium around the metal, due to the addition of
biomass on the surface, shifts the surface plasmon excitation
wavelength. This spectral shift is then used to determine the
presence of targeted biomolecules.*?l Plasmonic sensors enable
label-free biodetection without the need for fluorescence tags.’!
The gold standard plasmonic sensing method, surface plasmon
resonance (SPR), utilizes a coupling mechanism to excite
surface plasmon on a thin metal film placed on top of a prism.
This mechanism provides a highly sensitive biodetection with
femtomolar (fM) concentration limits and high protein kinetics
with k, between 10% and 10’ M~ s7! and k4 between 10~ and
1 s7LB4 Recently, lightweight and low-cost portable SPR
platforms were developed, providing rapid detection for field
settings. These platforms utilize a miniaturized prism coupling
mechanism with a sensor chip integrated to a microfluidic
chamber. The reflected light (laser or LED sources) from the
chip was collected with a photodetector, and the spectral varia-
tions due to analyte binding on the flat metal sensor chip were
processed with a laptop or a cell phone, providing the sensing
data to the user.3*3% For instance, a portable fiber-optic SPR
platform was integrated to a smartphone (Figure 2A).34 Optical
components were connected by an optical fiber, where the light
emitted from an LED source propagated within the fiber and
the reflected light from the gold SPR chip was detected by a cell
phone camera (Figure 2B). The spectral shift within the reflec-
tion response (or the surface plasmon excitation wavelength)
causes variations within the reflected light intensity since the
reflection at the LED dominant wavelength is different in the
presence of biomolecules. The portable SPR platform exhibited
a detection limit of 47.4x 10~ m, which is a very suitable sensi-
tivity level for field applications.

Although these efforts on portable SPR platforms introduced
highly sensitive label-free biodetection for field settings, due
to their optically sensitive and bulky prism coupling mecha-
nism, these systems suffer from throughput.l’”! To address this
need, nanoscale structures in the form of metallic particles
and apertures have received significant attention due to their
unique ability to excite strongly confined local electromagnetic
fields with high nearfield enhancements.®® In particular, nano-
hole arrays fabricated through thin metal films overcome the
momentum mismatch between surface plasmons and free
space photons, and enable extraordinary light transmission
through the grating order of the array.*! These aperture arrays
support local fields with extreme intensity enhancements that
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Figure 2. Optical devices with engineered nanomaterials. a) Photograph and b) schematic illustration of the SPR sensor integrated to a smartphone.
c) Picture of the plasmonic lens-free handheld biosensor. d) Portable sensor detects the targeted biomolecules by monitoring the change in the
diffraction pattern intensity. €) Schematics of the plasmonic reader employing a machine learning algorithm. f) Linear LED model for minimum
refractive index sensing error. g) Optofluidic device with nanocavity. h) An optofluidic SERS device for multiplex detection in water. i) High throughput
interferometric reflectance biosensor. Reprinted from refs. [36] (a,b), [43] (c,d), [45] (e,f), [49] (g), [54] (h), and [59] (i) with permission: CC-BY 4.0 open
access publication (a,b,i); CC-BY-NC-ND open access publication (c and d); Copyright 2017, American Chemical Society (e and f); Copyright 2009 and

2012, Royal Society of Chemistry (g and h).

are associated with the cavity modes of the nanoapertures. They
are also highly sensitive to minute changes within the refrac-
tive index of the medium in the vicinity of the metal surface as
they confine light to the sensing surface, extending extensively
into the surrounding medium.*’! More importantly, the grating
coupling mechanism allows surface plasmon excitations even
at normal incidence so that this collinear configuration ena-
bles biodetection through much simpler optical setups that are
not sensitive to the alignment of the source and the chip.*!
The accumulated biomass on the sensing surface is detected
by the spectral shift within the transmission response of the
nanohole arrays, for example, read out by a spectrometer. This
configuration is also compatible with imaging devices within
an array format, making them an ideal candidate for high-
throughput and multiplexed sensing applications.*? Utilizing
imagers instead of spectrometers dramatically increased the
throughput as the sensors on the plasmonic chips could be
evaluated simultaneously rather than sequentially.?”! Recently,
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efforts to use this phenomenon to develop portable plasmonic
sensors were achieved by employing affordable camera and
light source settings, replacing sophisticated microscopy setups
composed of optical filters, light source, and expensive cameras.
For example, a cost-effective handheld biosensing platform
was integrated to plasmonic nanohole array chips containing
sensors in microarray format and a lens-free computational
microscopy platform.*l The platform utilized a complemen-
tary metal-oxide-semiconductor (CMOS) imager to record plas-
monic lens-free diffraction patterns that were illuminated by
an LED source, spectrally tuned to the transmission resonance
of the nanohole arrays (Figure 2C). The system determined
the spectral shifts within the transmission resonance, due to
the presence of the biomolecules on the gold sensing surface,
through monitoring the diffraction pattern intensity change
(due to the mismatch between LED and nanohole response)
taken by the CMOS camera (Figure 2D). The system enabled
detection of protein layers down to 3 nm. By integrating the
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lens-free platform to large-scale microarray plasmonic chips,
high-throughput and multiplexed detection of different protein
layers and quantitative concentration analysis of same protein
molecules were also performed all in the same platform. Inte-
grating the handheld device to a low-cost microfluidic biochip,
protein binding kinetic analyses with SPR quality have been
demonstrated.*¥ Instead of analyzing spectral shifts, this
portable design relied on reduction of transmission signals that
were detected by a CMOS camera during the measurement of
binding kinetics. Recently, a machine learning framework was
introduced to select the optimum source and plasmonic chip
combination through a minimum-error refractive index pre-
diction model.**) Modular design of the portable multispectral
plasmonic reader was presented (Figure 2E). Linear models
were used for refractive index prediction by using LED light
sources with different emission wavelengths, illuminating
a plasmonic chip (Figure 2F). This tool could be an ideal
universal standard for the plasmonic community to design
portable sensors providing reliable sensing data for resource
poor settings.

Another approach is to utilize optofluidics (optics and micro-
fluidics) for multiplex detection.*®l Optical design enables
sensitive measurements by the use of light engineering and,
at the same time, microfluidic interfaces allow rapid sample
exchange. One implementation of such a design was a Young'’s
interferometric detection integrated to microfluidics.**® In
this platform, the waveguide surface was coated with antibodies
and the specific binding of analytes on the surface varied the
evanescent fields of the guided modes. This variation triggered
a phase change in the interference pattern. Analysis of the
interference pattern was then used to determine the amount
of adsorbed analytes on multiple channels, providing multi-
plexing. Human serum albumin (HSA) and viruses were meas-
ured. High sensitivity of interferometric detection enabled
20 fg mm™ of HSA markers and 850 particles mL™" of herpes
simplex virus type 1. Another optical design was the use of
photonic crystalsi**=! to confine light for detection of antigens
(Figure 2G). The system employed evanescently coupled 1D
photonic crystal resonators, where the accessible optical field
inside the holes of photonic crystal was very strong. Therefore,
the light-matter interactions were enhanced to yield high sen-
sitivity. By localizing the optical field to mode volumes on the
order of a wavelength cubed, a detection limit on the order of
10s of attograms total bound mass was shown. In this device,
Interleukins 4, 6, and 8 were simultaneously measured by an
optofluidic device with a sensitivity level of 63 ag total bound
mass. Additional designs with optofluidic fiber resonators were
also demonstrated for multiplexed sensing applications.? The
system utilized a self-referencing optofluidic ring resonator,
where the mode-splitting separation generated on a coupled
ring resonator was monitored such that the common-mode
noise was suppressed by two orders of magnitude. The reso-
nator-based biosensor system detected bovine serum albumin
with a detection limit on the order of 15 x 107"° m. Introducing
more detection paths in the optic designs would increase multi-
plexing in optofluidic assays.

A complementary optical method was surface enhanced
Raman spectroscopy (SERS) to detect targeted analytes within
compact units. SERS provides an enhancement in the optical
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platform to improve the limit of detection (LOD).’3* One
demonstration is the monitoring of aquaculture fungicides, as
low as detection of 5 part-per-million (ppm) methyl parathion,
0.1 part-per-billion (ppb) malachite green, and 5 ppb thiram
in water (Figure 2H). Another advance in this platform is to
alleviate the use of bulky fluidic pumps with a physical pipette
with negative pressure used for sample loading. Using inkjet
printing, a paper-based implementation of SERS approach
was also demonstrated to detect as low as 95 fg of Rhodamine
6G (R6G), 413 pg of the organophosphate malathion, 9 ng of
heroin, and 15 ng of cocaine.>>>¢

Most of these optical devices have relied on spectroscopic
analysis. However, a direct imaging of transmission/reflection
signal was also utilized for sensing a wide range of biomarkers
and other nanoscale targets. An interferometric imagingl”->8l
was shown to monitor analytes based on signal enhancement
of nanoparticles located on a silicon substrate with silicon
dioxide coating (Figure 2I). In this design, incoming light was
reflected off of the silicon substrate through the thin silicon
dioxide layer to create an optical signature in the form of an
interference pattern. Using antibodies on the silicon dioxide
layer, target molecules were captured within the device,
providing a shifted reflectance spectrum. Based on an optical
path length calculation, the number of bound molecules was
calculated to determine the concentration of analytes. As an
example, exosomes were classified by such an interferometric
imaging design using CD81, CD63, and CD9 antibodies.’” A
sensitivity level of 3.94 x 107 particles mL™! was demonstrated
for exosomes that were isolated from HEK 293 cell lines. The
ultimate detection limit of interferometric biosensors is single
proteins,[®¥ although the optical setup requires significant
miniaturization for field applications.

2.3. Optical Genomic Devices

DNA sequencing is a key tool for diagnostic technologies.
Determining the base sequence in DNA is important for inves-
tigating gene functions, their association with diseases, and
developing personalized treatments.[®'-%3] Different sequencing
technologies have been introduced, utilizing optical readout
mechanisms, including fluorescently tagged nucleotides
and ligation of fluorescent oligonucleotides.l*#®l With the
development of next-generation sequencing (NGS) techniques,
sequencing cost dramatically decreased as these methods
determined millions of sequences with a single sequencing
run. Recent commercial optical NGS platforms, that is,
Mlumina sequencing, utilized fluorescently labeled nucleotides
and serial polymerase-catalyzed extension, where the correct
base was determined by a fluorescence signal [l Sequencing by
Oligonucleotide Ligation and Detection (SOLiD) based genomic
analysis utilized arrays of amplicons on beads, which were
subjected to ligation of fluorescently labeled oligonucleotide
probes.[¢7]

Despite the rapid progress in sequencing technology, further
developments are still needed to reduce the cost as the point-
of-care molecular diagnostics, a critical criterion for resource
poor settings in underdeveloped countries. On the other hand,
the cost of molecular analyses is still a concern in developed
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countries even the benchtop medical technologies are available
to patients. Therefore, there is a strong need to realize afford-
able diagnostic technologies that can be utilized in field settings.
For instance, one effort to address these requirements was
the long-read portable sequencer MinION released by Oxford
Nanopore Technologies (Figure 3A), which took significant
attention due its affordability and speed of data production./®®!
The technique utilized a core sensing unit and nanopore array
set that comprises an electrically resistant polymer membrane.
DNA bases were identified by determining the variations within
the electrical conductivity as the DNA strands pass through the
pore. The flow-cell unit generated 10-20 gigabytes (Gbs) of
sequencing data and provided DNA sequences in real time, that
is, analyses were performed during the experiment. This device
was suitable for sequencing of bacteria or viruses with good
accuracy, reliability, and speed, making it an ideal candidate
for applications in resource-poor settings and routine tests in
hospital laboratories. Recently, the leading sequencing company
Mlumina, Inc., released a new generation benchtop sequencer,
iSeq 100, allowing affordable and accurate next-generation
sequencing in any laboratory (Figure 3B). The system employed
a low-cost CMOS imaging technology and accurate sequencing
by synthesis (SBS) chemistry. The system provided higher
data resolution as compared to Sanger and quantitative PCR
sequencing and possessed stronger statistical confidence. The
read length of the iSeq 100 System was 2 x 150 DNA base
pairs with Illumina’s data quality. The system was designed to
conduct analyses on relatively shorter length of DNA sequence
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fragments so that it eliminated requirements for low-input
samples in high-throughput devices with longer and expensive
procedures. It allowed proof-of-principle studies to evaluate
libraries before the large-scale runs. More importantly, most of
these studies on microorganisms, that is, viruses or bacteria,
only need 50-100 bases read length, so iSeq 100 System is
suitable to study pathological disease models in resource-poor
settings in an affordable way. Portable DNA analyzer can also
be used for forensic DNA testing to find similarity between
suspects’ DNA fragments and those of the biological evidence
collected at the crime scene. Using the portable DNA analyzer
could allow performing such tests in the crime scene to
expedite the decision making. Recently, ParaDNA Screening
System was released to use in field, at scene, or in submis-
sions crime laboratories as a DNA screening test, that consists
of a sampling device, preloaded reaction plates and detection
instrument (Figure 3C). The system detected PCR amplicons to
identify the presence of evidence DNA fragments. The system
and its software were easy to use and produce reliable data
such that a DNA analyst for decision-making was not needed.
Internal databases were searched and compared as a user-
friendly design. The system determined the presence of DNA
from complex media including blood and saliva in 75 min.

In addition to commercial options, research efforts have
reduced the cost of sequencing while improving the data quality.
Recently, a cell phone-based DNA sequencer was demonstrated
for point-of-care diagnostics.®) This device allowed DNA
sequencing and in situ mutation analysis together with tissue
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Figure 3. Optical genomic devices. a) MinlON sequencer built by Oxford Nanopore (Reproduced with permission from https://nanoporetech.com).
b) iSeq 100 sequencer built by Illumina, Inc. (Reproduced with permission from https://www.illumina.com). c) ParaDNA Screening System by LGC
Group on-site portable forensic DNA testing (Reproduced with permission from https://www.lgcgroup.com). d) Top left: Schematic illustration of the
cell phone-based sequencer. Bottom left: Sample preparation scheme for cell phone-based DNA sequencer. Right: Dual-color mobile phone microscope
image. Scale bar, 50um. e) Left: Schematics of the imaging-based label-free DNA sequencing platform, employing a laser diode, a fluidic chamber, and
a CMOS camera. Right: Change in the intensity of the diffraction patterns for four bases in the DNA template. Reprinted from refs. [69] (d) and [70]
(e) with permission: CC-BY 4.0 open access publication (d); Copyright 2018, American Chemical Society (e).
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Figure 4. Optical microelectromechanical system (MEMS) devices. a) Frequency shift in the cantilever response upon attachment of biomolecules.
b) Surface stress change versus fibronectin fragment concentration. Inset: Schematics of the functionalized cantilever. c) Real-time relative cell density
measurement. d) SEM image of a pedestal mass measurement sensors (PMMSs). Individual cell growth measured by PMMSs. e) A commercial quartz
crystal microbalance (QCM) platform, Q-Sense E4 by Q-Sense, Inc. Schematics of working principle of Q-Sense E4 (Reproduced with permission
from https://www.biolinscientific.com/qsense). f) Schematics and g) photograph of the microelectromechanical system for multiple coagulation
measurements from plasma. h) Schematics of the surface stress sensor based on a MEMS Fabry—Perot interferometer. i) Schematics of the MEMS-
based dry mass sensing platform. Reprinted from refs. [71] (a), [72] (b), [78] (c), [79] (d), [81] (f, g),[82] (h), and [83] (i) with permission: Copyright 2007,
Springer Nature (a); Copyright 2008 and 2017, American Chemical Society (b and i); CC BY-NC-ND 4.0 open access publication (c and d); Copyright
2015, Royal Society of Chemistry (f and g); Copyright 2013, Elsevier B.V. (h).
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morphology in tumors. The system utilized a cell phone camera
and two lasers for multicolor fluorescence imaging (Figure 3D).
DNA fragment was selectively circularized on selector probes
that were attached to the slides. The rolling circle amplifica-
tion (RCA) products were sequenced by unchained sequencing
by ligation chemistry. The system allowed simple and low-cost
molecular information for point-of-care diagnostics in doc-
tors’ office or in resource-poor settings. The system can also be
used for short DNA reading suitable for pathological disease
as well as investigation of antibiotic resistance markers. The
portable device has been promising to lower the cost of NGS-
based diagnostics. Label-free optical technology could also serve
for NGS. Consequently, a label-free DNA sequencing platform
based on refractive index sensing through plasmonic nanohole
arrays was demonstrated.’” The platform utilized sequencing
by binding (SBB) chemistry for robust attachment of DNA
templates on sensing surface, ensuring the correct base pairing
on templates. Formation of the protein complexes, composed
of template, polymerase, and the correct nucleotide, triggered
a spectral shift within the plasmonic response of the gold
nanohole arrays to identify the correct sequence of different
DNA templates. Integrating the label-free DNA sequencing
platform with an imaging device, the formation of protein
complexes was monitored through changes in the intensities of
plasmonic lens-free images (Figure 3E).

2.4. Optical Microelectromechanical Devices

Integrating optical readout mechanisms to microelectrome-
chanical devices, comprehensive data could be generated for
the targets by adding different parameters to the overall data,
that is, mass, density, or stiffness of cell-based assays. Micro-
electromechanical systems are miniaturized machines with
both mechanical and electronic components. One promising
way of developing low-cost, compact, and reliable diagnostic
and analysis platform is the use of microcantilevers. These
biosensors could measure density and total mass information
of an individual cell/analyte of interest. The working principle
of these sensors is either by detecting the biochemical reactions
on the surface of the cantilevers or the total mass change of the
cantilevers upon the presence of target biomaterials. Although
detection limits of these platforms are comparable with the
commercial devices, they suffer from limitations that need to
be addressed before these highly sensitive biosensing tech-
niques turn into a reliable, robust, and compact commercial
device with portability.

As an example, a suspended microchannel resonator (SMR)
technology”!l was demonstrated to weigh protein molecules and
microorganisms, for example, bacteria. The system comprised
of a low resonator mass and high-quality factor resonances to
enable sub-femtogram resolution. The resonance frequency
of the cantilever was dependent on its total mass. The system
used the change in the resonance frequency to determine the
variation in the mass due to the biomolecules binding on the
resonator wall. The biomolecules binding on the resonator wall
accumulated, enabling detection with high specificity defined
by immobilized ligands. Frequency shift was plotted as a func-
tion of analyte binding in the order of electrostatic adsorption
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of PLL-PEG-biotin, neutravidin, and attachment of biotinylated
Immunoglobulin G (IgG) on neutravidin, where the mass
increase was successfully observed in each step (Figure 4A).
Similarly, the surface of the cantilever was functionalized with
cysteamine, glutaraldehyde, and trypsin while the opposite
side was blocked.”? Fibronectin concentration was determined
by monitoring the surface stress as a function of fibronectin
concentration (Figure 4B).

SMR technology was also successfully introduced for detec-
tion of unbound molecules, where the targeted biomolecules
flow through the cantilever without binding the surface. The
mass levels of the particles were quantified from the peak
frequency shift. This technology presented an ideal functional
assay for predicting the therapeutic response of cancer cells to
different drug therapies.”3] Here, the single cells in suspension
repeatedly passed through the fluidic channel around the SMR
and were weighed periodically. The mass accumulation rate
(MAR) was calculated from the slope of the mass versus time
data and mapped over mass. MAR profiles for GBM-PDCLs
(patient-derived cell lines), hematopoietic cell lines (L1210 and
BaF3-BCR-ABL), and a GBM cell line (U87) were demonstrated.
MAR technology was reliable to predict drug susceptibility based
on testing with BaF3 cell lines, expressing two subpopulations:
wild type BCR-ABL and BCR-ABL T315I, resistant to tyrosine
kinase inhibitor, imatinib. Upon the imatinib treatment, BCR-
ABL showed significant reduction in their MAR profile while for
BCR-ABL T315I cells, no effect was observed.

Recently, a new generation SMR technology was introduced
for high-throughput MAR measurements by serially connecting
SMRs that are separated by delay channels.’* Cells were grown
in the delay channels and weighed by each SMR sequentially
while other cells could be simultaneously weighed in other
SMRs. Therefore, unlike the previous design, there was no
limitation to flow only one cell through the SMR at a time,
which significantly reduces the throughput. This technology
was utilized to assess the therapeutic sensitivity of multiple
myeloma cells, a disease that exhibits a variety of cell-based
subpopulations to different drug therapies.””l MAR response of
multiple myeloma cells was studied for different drug therapies
and their combinations, that is, dexamethasone (a steroid medi-
cation) and bortezomib (a proteasome inhibitor). Therapeutic
response of human multiple myeloma cell lines, ANBL-6,
expressing wild-type (ANBL-6.WT) and bortezomib-resistant
(ANBL-6.BR) subpopulations were studied, where both groups
were sensitive to dexamethasone. For the wild type, the reduc-
tion in MAR was more pronounced for drugs in combination
compared to single drug therapy. On the other hand, for the
bortezomib-resistant cell line, MAR reduction was only due
to dexamethasone. Other components were also measured for
standard-of-care, that is, lenalidomide, an immunomodulatory
drug, as well as peptide-based drug targeting E2F/DP1 interac-
tion in combination with extraterminal motif (BET) inhibitor
JQ1l. MAR assay compatibility was evaluated with clinical
samples by performing double-blinded SMR measurements
with 12 primary patient samples. Susceptibility and resistance
of these patient sample fractions were successfully confirmed
with MAR measurements, agreeing well with conventional
clinical trials. This technology was also successfully employed
to differentiate marine bacteria isolated from their native
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environment.”®l SMR technology is a promising platform for

characterizing clonal heterogeneity and predict therapeutic
sensitivity of minimal residual disease at single-cell level.””]
More cellular parameters can be determined by this technology,
such as volume and its ratio with mass and density. SMR was
used to investigate the origin of the density increase, where
the relative density changes of growing yeast cells were meas-
ured as the cells are sampled by the microchannel. The state
of cell was determined by the direction of the frequency shift
in the cantilever response. As shown in Figure 4C, a cell with
a density greater than that of fluid appears as a positive mass
(negative frequency shift) and a cell with a density less than
that of the fluid appears as a negative mass (positive frequency
shift).8]

Recently, a pedestal mass measurement sensor (PMMS)
was demonstrated for adherent cells.”! Relation of mass
measurement and cell stiffness was determined by measuring
the frequency shift by soft and stiff cells (Figure 4D). Quartz
crystal microbalance (QCM) platforms were also introduced
as an ideal sensor platform to access biophysical properties
of cells in a label-free and highly sensitive manner. Commer-
cial QCM sensor, Q-Sense E4 by Q-Sense, Inc., was developed
(Figure 4E). QCM sensor consisted of a crystalline quartz disc
between two electrodes and when AC voltage was applied,
it induced a shear oscillation in the sensor. The resonance
frequency of this oscillation was dependent on the total mass.
Dissipation of the QCM sensor was also used to investigate
cell properties, that is, adherence (soft surface) exhibited
higher dissipation while de-adherence (rigid surface) showed
low dissipation.[8%

Another microelectromechanical system (MEMS) was
developed to perform multiple clot-time tests for plasma in
a single disposable microfluidic cartridge.®!! Schematic and
photograph of the measurement setup comprised an electro-
coil for actuating cantilevers, where there was no intercon-
nected electrical components (Figure 4F,G). The functional-
ized cartridges were performed for real-time coagulation tests.
Viscosity and density of the samples were determined based on
the variations in the phase of the cantilever vibration response.
Independent cartridge and reader unit increased the potential of
this approach as a point-of-care system. Time dynamics patterns
in the activation of partial thromboplastin and prothrombin
were studied in plasma samples from a healthy donor.

A surface stress sensor based on a MEMS design was intro-
duced for label-free biosensing.[®?l The system was based on a
Fabry—Perot interferometer that was integrated with a silicon
photodiode. The Fabry—Perot interferometer consisted of a
thin flexible film and an air gap with a silicon dioxide layer
(Figure 4H). The peak position of the transmission spectrum
of the Fabry—Perot interferometer was determined by the air
gap. Transmission peak value shifted to longer wavelengths
when the film deflected due to the presence of the absorbed
molecules. In this system, Fabry—Perot interferometer was on
top of a photodiode and the sensor was exposed to a single-
wavelength light. Therefore, the intensity of the incident light
on the photodiode dramatically changed in the presence of a
redshift in the transmission response. A detection of 23.7 nA
shift was demonstrated in photocurrent at a 3 V reverse bias
with immobilized antibodies. A high-Q factor MEMS platform
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with a microfluidic chamber was employed for label-free
biosensing.®¥l The system employed a microfluidic spray
nozzle and microcantilever array (Figure 4I). The solution
sprayed onto the cantilever evaporated, leaving residual solu-
tions. A resultant change in the cantilever’s mass modified the
resonance frequency. Operation of cantilevers in liquid environ-
ment exhibited a 50-fold improvement in Q-factor compared to
the air, yielding a detection limit of 370 fg.

3. Complementary Devices and Materials

Other contrast generation approaches were realized for
field-applicable devices based on electrical, mechanical, and
spectroscopic techniques. Some of these nonoptical approaches
(particularly electrochemical tools) benefit from low-cost
electrical and mechanical components such as current/voltage
readers, while other complex designs (for instance, mass
analyzers) still require technical solutions to reach highly
compact forms. Combining both optical and complementary
devices, an all-in-one approach would be transformative for
health screening and research purposes by combining both pre-
viously described optical devices and nonoptical devices.

3.1. Electrochemical Devices

Electrochemical techniques have received significant attention
as they enable miniaturization of biosensors for diagnostic appli-
cations. These sensors offer unique advantages for low-cost and
easy-to-use portable devices. Their operation principle is based
on reacting with an analyte of interest to produce an electrical
signal. This signal is then used to determine the presence of the
analytes and their concentration with high sensitivity. A typical
electrochemical sensor is composed of a working electrode
(WE), a reference electrode (RE), and a counter electrode (CE).
Electrochemical biosensors could measure potential variations
due to the binding of biomolecules that change the charge dis-
tribution of the underlying semiconductor material leading a
change in conductance, current variations due to the reduction
or oxidation of electroactive species, and impedance variations
upon immobilization of biolayers at the electrode surface. Elec-
trochemical biosensors lend themselves to portability, owing
to their simplicity with low-cost electronics. Their easy-to-
use nature could enable real-time detection of the analytes of
interest for point-of-care applications.

Recently, a smartphone-based electrochemical impedance
spectroscopy (EIS) biosensor system was demonstrated to detect
proteins.®¥ The system utilized a biosensor chip, handheld
detector, and a smartphone reader (Figure 5A). The electrodes
were modified by ligands and protein reactions were measured
as electrical impedance signals, which were then transferred
to a cell phone by Bluetooth interface. The impedance signals
were displayed in the form of Nyquist plot and normalized
index was calculated from Nyquist plots of EIS measurement
at different BSA (bovine serum albumin) concentrations, where
a linear dose-dependent behavior to concentrations of BSA
was detected. The system also reliably distinguished different
proteins based on the EIS signal. For example, electrodes
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were first functionalized with anti-BSA-modified nitrocellulose
membranes, then the normalized index values of impedance
response showed significantly higher signal for BSA compared
to HSA and peptide.

Electrochemical sensors can also be used to detect bacteria
from human blood for diagnosis of bloodstream infections.®!
This portable biosensor utilized a multichannel potentiostat
(Figure 5B). Multiplex electrochemical chips were designed on 16
gold electrodes that comprised reference and auxiliary, on which
a circular working electrode was coated with a self-assembled
monolayer. Each chip was immobilized with target-specific cap-
ture probe. The biosensor detected specific 16S sequences of
ribosomal RNAs to identify distinct pathogens from samples
without preamplification steps. The system exhibited low cross-
reactivity with a limit of detection of 290 colony-forming units
(CFUs) mL™" in culture media. To show the potential of the
portable biosensor platform, Enterobacteriaceae positive blood
cultures that consisted of Enteric bacteria (EB), Escherichia coli
(EC), Proteus mirabilis (PM), and universal (UNI) probes. Current
values for EB detection diagnosed samples as positive for EC
and negative for PM, demonstrating that the platform can
successfully identify pathogens in blood.

Paper-based microfluidic platforms can be integrated to elec-
trochemical readout devices to achieve sensitive and low-cost
sensors. A paper-based electrochemical sensor was realized
for multiplexed detection of biomarkers in such a microflu-
idic interface.®l The system utilized eight electrode-sensors
for simultaneous detection of different analytes that were
connected to a handheld potentiostat for electrochemical signal
readout (Figure 5C). To show its multiplexing capability, paper
chip was divided into three channels to detect glucose, lactate,
and uric acid in urine. Chronoamperometric curves showed
a linear relationship for various uric acid concentrations as a
function of current. LOD values were comparable to commer-
cial paper-based platforms, that is, 0.35, 1.76, and 0.52 x 107 m
for glucose, lactate, and uric acid, respectively.

Electrochemical techniques could also enable wearable
sensing technologies. A label-free cortisol biosensor was
integrated to a nanoporous flexible electrode system for field
applications.®’”] The wearable device was implemented as a
disposable sensor interface on user’s skin (Figure 5D), utilizing
reference and working electrodes within the polyamide
membrane. The system achieved low sensing volume (1-5 puL)
through a sensor design that was composed of vertically aligned
metal electrodes with semiconductive MoS, nanosheets, which
were functionalized with antibodies to attach cortisols on the
electrode surface. The system showed a LOD within the physio-
logical relevant range of cortisol in human sweat, in which blue
line corresponded to the cortisol calibration.

Commercial portable electrochemical sensors were also
developed for point-of-care applications. For example, i-STAT
handheld sensor by Abbott Laboratories comprised a handheld
analyzer and a disposable cartridge (Figure 5E). The cartridge
contained calibrant solution and conductivity pads to make
electrical contact with an analyzer, and a series of biosensors
were composed of thin metal film electrodes. The blood sample
was loaded to the cartridge with a capillary tube. The resultant
signal from the electrochemical biosensors in response to the
calibrant solution was transmitted from contact pads to the
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analyzer. Electrical signal of the test and calibration samples
were compared to determine the concentration of the samples.
The system provided fast, accurate, and reliable sensing results.
Another commercial handheld electrochemical biosensor was
EmStat Blue by PalmSens, a small USB and battery powered
potentiostat that was interfaced to a Bluetooth communica-
tion unit. This handheld biosensor utilized cost-effective and
screen-printed carbon electrodes for ease of use (Figure 5F).
The electrodes of this portable device worked with droplets of
the targeted samples, providing a very simple and convenient
way of analyses.

Electrochemical biosensors were used to screen anticancer
drugs through the analysis of DNA damage on molecular
compositions.® The effect of the paraben-based cyclote-
traphosphazene compounds was investigated on DNA using
a new electrochemical biosensor, which was called MiSens
(Figure 5G). Compared to conventional genotoxicity testing
techniques, this system provided quick and inexpensive
monitoring of drug and DNA interactions. The platform was
based on real-time electrochemical profiling (REP) technology
for investigation of the genotoxicity by measuring the DNA
hybridization efficiency on the biochip surface. DNA hybridi-
zation was achieved through an immobilized capture probe, a
hybridized target, and a detection probe. Hybridized target and
detection probe solution were incubated in a paraben solution,
followed by capturing of probes to assess the hybridization of
the target to its complementary surface probes. During the
real-time electrochemical profiling, the DNA damage reduced
the electrical signal while the DNA target with no damage
increased the current (Figure 5G).

3.2. Mass Spectrometry Devices

A unique multiplexed detection device is mass spectrom-
etry, a ubiquitous technology for drug screening and clinical
applications.®?) This method identifies chemical species and
ions based on the mass-to-charge ratio. Pure materials and
complex samples have widely been processed by mass spec-
trometers for industrial and academic applications. The sample
of interest is vaporized and then subjected to a mass analyzer
for identification of individual elemental compositions. While
many mass spectrometer components are sophisticated and
costly, there have been extensive efforts in miniaturization of
mass detection devices for field applications. Design require-
ments of a portable mass spectrometry rely on atmospheric
compatibility and vaporization of samples (both volatile and
non-volatile) in ambient conditions.”

Early handheld demonstration of a mass spectrometer design
was Mini 10, a rectilinear ion trap method.P! This device was in
the size of a shoebox (32 cm X 22 cm x 19 cm) and 10 kg total
weight (Figure 6A). Based on a power consumption level that
was less than a laptop, this portable mass spectrometer allowed
multiplexed chemical detection of toxic substances such as
n-butylbenzene, methyl salicylate, and 1,3-dichlorobezene in air
and naphthalene in water with a 50 ppb detection limit. Former
miniaturized mass spectrometers had required active pumping
system to enable vacuum for ionization, while an ambient
(room condition) ionization was preferred in the later designs.
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Figure 5. Electrochemical devices. a) Top left: Photo of inner components of the handheld electrochemical biosensor. Top right: Electrode modified
by anti-BSA with nitrocellulose membrane. Bottom left: BSA concentration — EIS signal correlation (EIS = electrochemical impedance spectroscopy).
In the figure, Ry is the initial charge transfer function (R). Bottom right: EIS signal for BSA, has, and peptide. b) Top left: Portable electrochemical
biosensor based on multichannel potentiostat. Top-right: Biochip with 16 sensors, consisting of a central working electrode, a circumferential reference
electrode, and a short auxiliary electrode. Bottom: Current outputs of different sensor chips for a blood sample with Enteric bacteria (EB) positive.
c) Top left: Photograph of the paper-based biosensor with a potentiostat. Top right: Paper-based electrode sensor array. Chronoamperometric (bottom)
and calibration (inset) curves for uric acid. d) Top: Wearable electrochemical biosensor for cortisol detection from human sweat. Inset: close-up of
the sensor. Bottom: Calibration curve: percent change in impedance versus cortisol concentration. e) i-STAT handheld sensor by Abbott Laboratories
(Reproduced with permission from https://www.pointofcare.abbott). f) EmStat Blue by PalmSens (Reproduced with permission from https://www.
palmsens.com/product/emstat/). g) Top: MiSens biosensor. Bottom: Real-time DNA profiling by monitoring current signal. High signal: No DNA
damage. Reduced signal: DNA damage. Reprinted from refs. [84] (a), [85] (b), [86] (c), [87] (d), and [88] (g) with permission: Copyright 2015 and 2017,
Elsevier B.V. (a and g); Copyright 2016, Society for Laboratory Automation and Screening (b); CC-BY-NC-SA 3.0 open access publication (c), CC-BY
4.0 open access publication (d).
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Figure 6. Mass spectrometers. a) Handheld mass spectrometer, Mini 10, with rectilinear ion trap design. b) Another implementation of portable mass
spectrometer with ambient ionization, an advancement for field applications. c) Mini 12 quantified drugs (Amitriptyline) in blood samples for diagnos-
tics. d) An automated sample preparation by digital microfluidics (denoted as 2-4 components) combined with Mini 12 (denoted as 1 component) for
quantification of drugs of abuse. e) An alternative Mini 2000 mass spectrometer based on continuous atmospheric pressure interface. f) Chemicals
were identified by Mini 2000, including a caffeine sample at 195 m/z. g) A palm mass spectrometer was developed for particularly chemical warfare
agents in field settings. h) An organic gas (dimethyl methylphosphonate) was measured by a palm portable mass spectrometer. i) A backpack design for
a wearable mass spectrometer toward real-time chemical agent detection on surfaces. Reprinted from refs. [91] (a), [92] (b), [93] (c), [95] (d), [97] (e,f),
and [98] (g,h) with permission: Copyright 2006 and 2014, American Chemical Society (a,d,i); ACS AuthorChoice License open access publication

(b,c); CC-BY 4.0 open access publications (e,f); Elsevier user license open access publication (g,h).

Despite increasing the size and complexity of devices, Mini 12
(a recent implementation of mass spectrometers) provided chem-
ical detection with minimal sample preparation and automated
analysis (Figure 6B).°” Mini 12 platform analyzed therapeutic
drugs such as amitriptyline, amitriptyline-d6, and thiabendazole
in blood samples with 7.5 ng mL™! detection limit (Figure 6C).

Another significant advance is to combine automated sample
preparation by microfluidics, followed by chemical analyses
based on miniaturized mass spectrometers. Mini 12 analyzed
samples that were prepared by a digital microfluidic platform
to electrodynamically handle liquids with an array of electrodes
(Figure 6D).1%3 Using this integrated platform, a wide range of
drugs including cocaine, benzoylecgonine, and codeine were
prepared in 15 min as a dried form and these target specimens
were measured up to 40 ng mL™! sensitivity.

An alternative mass spectrometry approach is to use atmos-
pheric pressure. Using this method, A Mini 2000 platform
was developed and integrated with a handheld tablet computer
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(Figure GE)."*%] This miniaturized mass analyzer measured
caffeine and other polyethylene glycol (PEG) 600-1500 chemi-
cals at specific alternating current injection frequencies up to
10 ng mL™! sensitivity (Figure 6F). Integration of a lightweight
tablet computer alleviated the need for a standalone notebook/
desktop computer, providing ease-of-use for field applications.
Additional miniaturized mass spectrometers using ion funnels
increased the efficiency of chemical identification.”® Most
of these compact units, including Mini 10-12 systems, Mini
2000 device, and ion funnel approach, were designed for
minimally trained personnel, making them ideal for portability
and robustness for diagnostics and experiments.

Palm portable mass spectrometer (PPMS) was the most
compact form of chemical analyzers (Figure 6G).””] PPMS
utilized a battery-powered circuit to drive an ion trap assembly
for mass analyses. While size reduction in the device design
influenced ion efficiency, the PPMS device measured toluene
up to 5 ppm and dimethyl methylphosphonate (DMMP) up

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

to 22 ppm (Figure 6H). In addition to portability, a backpack
design was also demonstrated for on-site monitoring of toxic
substances in point-of-care conditions (Figure 61).°® This wear-
able device utilized a low-temperature plasma probe to measure
nonvolatile components on active surfaces, providing numerous
opportunities for chemical analyses by mass analyzers in field
settings and even in space.[’!

Another recent implementation of mass-based chemical
analysis allowed diagnosis of cancerous and normal tissues
by a handheld probe (MassSpec Pen) that was connected to a
commercial Orbitrap mass spectrometer.'%l Using this benchtop
platform, tissue samples from 253 human subjects were
analyzed and accurately classified based on cancer types. Other
commercial mass spectrometers such as Micromass Quattro
Ultima mass spectrometer were also used to test oral fluids
for drug substances such as cocaine and benzoylecgonine.!'%ll
Current development efforts of miniaturized mass spectrom-
eters in both academic laboratories and companies continue to
provide highly multiplexed identification of chemicals in bodily
fluids and environmental samples.

4. Applications in Field Research and Diagnostics

4.1. Global Health

Medical practice in the developing parts of the world is limited
to a handful of basic diagnostic and testing devices.[02-104
Advanced equipment is not affordable in these low-resource
settings. These countries also experience high prevalence of
life-threatening infectious diseases. The presented portable
diagnostic devices offer solutions to this important need. Par-
ticularly, smartphone penetration to resource-limited countries
is significant, allowing clinical testing in field settings. To this
end, a mobile phone based microscope was used to diagnose
malaria, a major global health challenge (Figure 7A).'%! In this
design, polarization light microscopy on the cellphone camera
unit allowed detection of malaria-infected regions of tissues
based on imaging of hemozoin, a malaria pigment. Another
platform was developed for Schistosoma haematobium infections
in rural Ghanaian schools.l'%! A library of 60 patient samples
from randomly selected students was screened by mobile
phone diagnostics with 72.1% sensitivity. This device can be
used for multiplexed analysis of infected samples based on
bright-field contrast changes.

Another platform was a smartphone microscope (Cell-
Scope) that measured Filarial parasites in whole blood by
digital enhanced cellphone video frames (Figure 7B).[1%]
This portable mobile detector measured blood samples from
33 Loa-infected patients in Cameroon with 94% specificity
and 100% sensitivity. An advance to this CellScope design was
to combine multicontrast imaging (dark field, bright field,
and phase imaging) in the same platform for multiplex field
applications.108]

An alternative approach was the integration of microfluidic
sample preparation unit with multiplexed smartphone imaging
(Figure 7C).B! This smartphone dongle (powered by the audio
jack) was then used to test 96 patients for simultaneous
screening of HIV, treponemal syphilis, and nontreponemal
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syphilis (three markers with positive and negative controls)
in Rwanda with 90-100% specificity in blood samples. Port-
able, handheld, and miniaturized devices will continue
impacting global health challenges with enhanced multiplexing
capabilities.

4.2. Personalized Monitoring

Although developed countries have access to adequate medical
facilities, the frequency of medical testing is still limited to
medical infrastructures. The delays in health screening of indi-
viduals cause a cost-burden and decrease quality of life. As a
key solution to enhance patients’ medical testing in homes
and public venue, on-site analysis of biomarkers by portable
and multiplexed devices could enable personalized screening
of health in remote settings. Rapid results from diagnostic
tests near patient’s native environment allow early detec-
tion of abnormal signs toward cancer screening. Continuous
acquisition of disease symptoms by mobile devices can serve
as a health management platform. In particular, mobile phone
based diagnostic and analysis provide much-needed tools for
personalized medicine.['%’]

To this end, an integrated home-based semen analysis device
was developed for male infertility evaluation using microflu-
idics, optical imaging, and smartphone readout (Figure 7D).[11%
This portable device was validated in 350 clinical samples by
screening concentration and mobility of sperms in less than 5 s
of processing time. The device attachment utilized low-cost
white LED, two aspheric lenses, and electrical components.
The reliability of testing results of this smartphone analyzer
was compared to a computer-assisted semen analysis (CASA),
yielding 98% accuracy. The results from untrained users and
trained personnel were not different, exhibiting low mean
errors with statistically insignificance for the semen samples
from all the patients. This smartphone-based semen analyzer
provided a personalized infertility diagnostics platform for
home use and even broadly applicable to remote clinics.

Another personalized diagnostic platform was albumin
detection in urine by a smartphone reader (Figure 7E).''!] This
portable tool was developed to frequently measure the blood
proteins that leak into the urine samples due to the kidney
damage in chronic patients such as diabetic individuals. The
device was an integration of low-cost laser diode, disposable
tubes, batteries, and a plastic lens. The analysis of spiked
albumin in synthetic urine samples yielded 5-10 ug mL!
sensitivity that was threefold lower than the clinical range of
albumin in urine specimen from patients. This smartphone-
based urine analyzer took 5 min to obtain the test results in
home settings, providing an automated solution for early
diagnosis of kidney diseases.

In addition to these advances, commercial portable readers
were used for personalized monitoring of a range of physi-
ological parameters, including pressure and glucose analysis
in blood, body physical metrics such as weight and ratios, as
well as sleeping and physical patterns.''Z A recent demon-
stration was the analysis of 250 000 daily physiological meas-
urements from 43 individuals using wearable biosensors, a
combination of heart rate measurements, skin temperature
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Figure 7. Applications of field portable devices. a) Mobile phone polarized microscope for Malaria diagnosis. b) Multimodal CellScope for detection of Filarial
parasites in whole blood. ¢) Smartphone dongle for multiplexed detection of HIV and Syphillis in Rwanda. d) Automated semen analysis by a microfluidics
and smartphone reader for home-based male infertility diagnostics. €) Albumin testing in urine by fluorescent assays and smartphone imaging for frequent
kidney monitoring. f) Left: Cell phone-based allergen testing platform. Right: Peanut concentrations determined from three different cookies: peanut butter
chocolate (PBC), oatmeal raisin with walnut (ORW), and milk chocolate chip (MCC), tested by the handheld allergen testing platform. g) Spectroscopic
analysis of fruits by a handheld analyzer integrated with smartphones. Upper left: Process of spectral data acquisition, upper right: the nozzle opening at an
angle to the spectrometer, bottom: fluorescence spectrum for Mclntosh apple. h) Left: Real picture of the handheld particulate matter (PM) testing platform.
Right: Histogram of the PM data for a regular day and a day of sand fire in Los Angeles, measured from the same location. i) PM data (size distribution) in
Beijing atmosphere from December 11, 2015 to January 12, 2016 monitored by the air quality analyzer with nanofibers. Reprinted from refs. [105] (a), [107]
(b), [5] (¢), [110] (d), [117] (e), [119] (), [120] (g), [127] (h), and [128] (i) with permission: CC-BY 4.0 open access publication (a,g,i); Copyright 2015 and 2017,
American Association for the Advancement of Science (b,c,d); Copyright 2001 and 2012, Royal Society of Chemistry (e,f); Copyright 2017, Springer Nature (h).
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recordings, blood oxygen quantification, and physical activity
mapping.['**l This personalized platform revealed physiological
variations of diabetic patient subtypes, blood oxygen fluctua-
tions during high-altitude flights, as well as early signs of Lyme
disease. Another comprehensive personalized health manage-
ment platform was a wellness study of 108 individuals based
on large-scale omics (genome to metabolite) profiling together
with physical activity.!'¥! Molecular analyses and personalized
data allowed early identification of diseased formation. The
presented optical multiplex devices, when combined with such
large-scale studies, could improve life quality of individuals in a
precise and timely manner.

4.3. Food and Nutritional Testing

Portable devices could also significantly improve public heath
by monitoring the ingredients in food products, particularly
allergens. The current methods to detect hidden allergens in
food products include surface plasmon resonance,!'™” electro-
chemical immunosensors,[''® PCR,['"7l and mass spectrom-
etry.'"® Despite their high sensitivities, these conventional
techniques are complex and need bulky equipment. Therefore,
there is a strong need for affordable and easy-to-use sensing
platforms for personal use. Recently, a food allergen testing
platform was integrated to a cell phone to perform colorimetric
assay analyses.'"! Portable allergen testing platform included
test and control tubes inserted from the side and illuminated
by two LEDs (Figure 7F). The allergen assays in the tubes
absorbed light, resulting in intensity change acquired by the
cell phone camera. The images can be digitally processed in 1 s
for detection and quantification of the allergens. The calibration
curve was measured from different peanut allergen concen-
trations and then converted into absorbance values, yielding a
minimum detectable peanut concentration as low as =1 ppm.
Peanut values in peanut butter chocolate (PBC), oatmeal raisin
with walnut (ORW), and milk chocolate chip (MCC) cookies
were measured, where the peanut content in PBC was success-
fully determined, while ORW and MCC show negligible absorb-
ance signal change in the control level. This smartphone-based
testing platform could be applied to other allergens to signifi-
cantly improve the quality of life of individuals allergic to dif-
ferent food products.

A smartphone-based spectrometer was demonstrated as a
wireless connected and standalone platform. The device was
low-cost and the power consumption was minimal making it
portable, a critical need for applications in field settings.['2%]
The device consisted of a spectrometer chip, white or UV
LED, optical filters, a Bluetooth module, a microcontroller,
and a rechargeable Li-ion battery. Photograph of the process of
spectral data acquisition was shown in Figure 7G. In the device,
the LED was arranged in the vicinity of the nozzle opening at an
angle to the spectrometer allowing efficient illumination. The
handheld platform determined UV fluorescence of chlorophyll
(ChIF) found in plant-based components like fruits. ChlF exhib-
ited a positive correlation with the ripeness of the fruits. ChlF
detection tests were performed with variety of apple (Malus
domestica) samples. Ripeness estimation was carried out using
mechanical firmness testing and the data were compared with
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ChlF measured with the portable device. Typical fluorescence
signal for McIntosh apples exhibited low fluorescence values in
the 500-600 nm wavelength range, yielding similar values to
the case of green apples.

Portable devices can also be used to determine food
deficiency. For instance, ironPhone was coupled to point-of-
care testing for assessment of iron status, an urgent public
health problem related to maternal and child health.[1211221 The
device assessed the iron status based on serum ferritin levels.
The platform showed a positive correlation with the standard
lab analyses with a sensitivity of over 90% for predicting iron
deficiency. Another phone-based low-cost device was introduced
for determining vitamin B, deficiency that is necessary for
formation of red blood cells, DNA synthesis, neural myelina-
tion, brain development, and growth.['?3] The platform utilized
a lateral flow assay with necessary reagents and built-in flow
control. The system used a finger-stick of blood for test and B,
test strips were imaged with smartphone platform, where the
images were processed with the smartphone app for quantita-
tive analyses. Human trials were successfully performed for
blood vitamin By, status from an =40uL finger prick blood of
12 participants.

4.4. Air Monitoring

Portable sensor platforms could also improve the quality of life
by monitoring the air pollution in real time. Particulate matter
(PM) determines the air quality and main source of high number
of PM is power plants, industrial infrastructure, automobiles,
or fire. PM monitoring is performed by air sampling stations,
employing beta-attenuation monitoring or tapered element
oscillating microbalance instrument.!2Y These methods are
accurate and can produce high-throughput PM data. However,
these devices are bulky, high cost, and need experienced profes-
sionals. To address the need for portable PM testing platforms,
commercial devices were developed, that is, Fluke 985 indoor
air quality particle counter and 10 TSI Model 3007 handheld
particle counter. However, these devices exhibited low sampling
rate and dynamic range, conversion problems between meas-
ured light intensities and actual particle size. Accurate sample
size data could be enabled by microscopy techniques.['2>126]
However, these techniques needed separate measurement and
analysis, significantly extending the result preparation duration.
These devices were also expensive as the image data need to be
evaluated by an expert in a central lab and were not compatible
with field applications due to their bulky setup. To address this
need, a handheld PM testing platform was introduced to deter-
mine the automated size information and high-throughput
quantification of particle sizes.'””] The system uniquely com-
bined lens-free microscopy and machine learning for PM quan-
tification. As shown in Figure 7H, the sample was positioned
on top of the imager. The platform employed a micro-pump, air
sampler, and a lens-free microscope. The system also utilized a
machine learning algorithm for PM data process. In the plat-
form, the aerosol samples were captured by a sticky coverslip
cast in-line holograms, which were then recorded for recon-
struction and further processing to determine the PM statistics.
The system monitored 6.5 L of air in 30 s and real-time provide
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PM information with 93% accuracy. PM data comparison
between a regular day and a sand fire in Los Angeles showed an
enhancement in the number of particles in the sand fire.

Recently, a portable, real-time, and ultrasensitive spectrom-
eter was demonstrated with a size resolution of 10nm for
detecting 100 nm diameter nanoparticles for air quality
monitoring.'?8l A waveguide structure that comprised of five
nanofibers was used with a long joint fiber loop to minimize
the polarization change and to increase the sensing area. A
syringe pump was utilized to inject the nanoparticles into a gas
pipe and then to the nano-waveguides via the glass nozzle. A
680 nm diode laser and a photodetector allowed monitoring
the transmitted power in real time. A polarization control-
ling system was used to generate a circular polarized probe
light. Circular polarized light enabled a scattering efficiency
induced by a nanoparticle in the vicinity of the nano-waveguide
independent of the binding position. Size distribution of the
particles from December 11, 2015 to January 12, 2016 was
presented (Figure 7I). The trend was consistent with the official
PM data that were reported by the Beijing Municipal Environ-
mental Monitoring Center.

4.5. Other Applications in Extreme Conditions

Biological warfare agents need to be detected as early as
possible during an attack.'”! Multiplex biosensors were
employed to target viruses and bacteria from a sample in battle-
field settings.['3) Commercial bead assays detected four distinct
targets that comprise the RNA bacteriophage (MS2), ovalbumin
(Ov), Bacillus globigii (Bg), and Erwinia herbicola (Eh) with a
few pg mL™! sensitivity in less than 30 min of assay time.[*!]
In parallel, miniature mass spectrometers were designed to
detect toxic substances in the circulating air of a war zone.l”%!
Comprehensive biosensors are now being developed to cover a
wide range of chemical threat agents using a combination of
antibodies, lectins, nucleic acid probes, aptamers, whole cells,
and bacteriophages.[32

Field monitoring of crew team, spacecraft machine, and envi-
ronmental health necessitates point-of-care devices.[33l These
measurements in space conditions allow exploration of harsh
atmospheric conditions and gravity on biological and chemical
systems. Molecular level imaging in cells was also studied for
space applications by changing microgravity.!* Miniaturiza-
tion efforts in multimodal microscopy design impacted study
of microorganisms in space.® Multiplex portable devices
will be highly valuable for investigating the properties of
biological systems in space as well as investigating the potential
signatures of extraterrestrial life.

5. Analysis and Data Handling from Devices

Multiplex devices generate unprecedented data from diagnostic
and research specimens. This digital complexity is either stored
and processed in the portable device, or alternatively, catego-
rized information is distributed to a central processor through
a series of connection methods. Recent advances in computa-
tion (for instance, machine learning) are then employed to
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make sense of the digital results. While the analysis of assays
from a single device is rather useful, accumulation of digital
knowledge from multiple devices can be more informative of
disease progression and underlying mechanisms (Figure 8).
Multiuser (patients, researchers, and experts) operation
of decision-making process in health-related data necessi-
tates accurate information processing of diagnostic results.
Untrained and trained personnel should be involved within a
reasonable time frame, yielding early detection capabilities and
accurate determination of indicative markers.

5.1. Connectivity and Network

Portable devices typically report levels of diagnosis in field
conditions without direct involvement of medical personnel.
The computer processors in standalone devices and smart-
phones provide sufficient speed and storage for individualized
tests. Portable devices implemented directly on smartphones
already benefit from advanced digital power embedded in the
high-end microprocessors of phone circuitry. On the other
hand, to enhance capabilities of separate handheld units and
low-end cellphones, a wireless or Bluetooth communica-
tionl!3¢-1*11 j5 preferred to transfer the health-related data to
smart device interfaces (smartphones or tablets) or a central
analysis software running on off-site computers.*?l Regardless
of the choice of connectivity method, the end user reaches the
convenient diagnostic test results from personalized viewers on
phones or device monitors.

However, the accuracy of these personalized testing is still
questioned. Thus, test results are perceived as an indicator,
but not a complete diagnosis. To obtain recommendation of a
health decision maker, diagnostic data are then transferred to a
physician or medical expert. In a recent study, test results from
anticoagulation, diabetes, urinary tract infections, strep throat
bacterial test, influenza, pregnancy, anemia, infectious mono-
nucleosis, acute cardiac conditions, and lipid problems were
presented to primary care physicians on a weekly basis.'*3] Out
of 317 participants in developed nations, 38% (120 physicians)
identified satisfactory benefits of point-of-care, while 27%
exhibited concerns of diagnostic precision. Patient and medical
doctor network in personalized monitoring applications by
portable and multiplex devices were mostly perceived as a posi-
tive experience.

For global health needs, point-of-care multiplex devices are
deployed in remote primary healthcare clinics in especially
rural locations. In this context, the test data should only be
transmitted between medical professionals. To assess efficacy
of portable devices, a pilot study was performed in KwaZulu-
Natal, South Africa.l1*l Point-of-care tests were handled by
the professional healthcare workers instead of end users. In
100 rural clinics, creatinine (37%), tuberculosis (31%), CD4
count (37%), cholesterol (32%), and HIV viral load (23%)
were the regularly used portable tests, among many others.
Even some of the experienced nurses failed to provide accu-
rate referrals based on diagnostic tests. Therefore, portable
and multiplex diagnostic tests should still be administrated
by proper training in these low-resource settings to enable
accurate diagnosis.
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Figure 8. Worldwide distribution, connectivity, and analysis of multiplex assays and technologies. Personalized monitoring, global healthcare, battlefield
diagnostics, water and air quality screening, food testing, and space research applications utilize large-scale and digitally connected network of portable
devices. These global solutions improve healthcare delivery, stimulate emergence of citizen scientists, leverage specialized artificial intelligence for
robustness, and enhance social networks through entertainment such as crowd-sourced games.

Testing data from multiplex devices can also be trans-
ferred to a central server toward the development of a global
health management platform (Figure 8). A recent approach
was a spatiotemporal mapping of rapid diagnostic tests that
were analyzed by a smartphone reader.3! Test results (with
original images) from lateral flow assays (specific to malaria,
tuberculosis, and HIV) were transmitted to a central server
along with corresponding geographical position and patient-
related data. Combining diagnostic data from different parts
of the world on a web interface allowed real-time moni-
toring of infectious disease epidemics. This spatiotemporal
disease management concept was then adapted by multiplex
diagnostic assays running on smartphones that targeted Zika
viruses in urine and saliva.l*]

Transmission of on-site diagnostic data to main servers
experiences a patient privacy concern. During the migration of
the data and access to the online database, information
about patients should remain confidential. A direct solution
is to keep password-protected web interfaces.’! Additional
precautions have already been designed by encrypting
and scrambling the patient data by signal processing
approaches.['*]  Portable devices digitally distribute the
information, making the sensitive patient data vulnerable.
To avoid any complications with patient privacy, regulatory
measures from the Food and Drug Administration (FDA)
should be met to comply with the “mobile medical applica-
tion policy.”[1#7]
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5.2. Analysis Methods

Quantification of multiplexed portable devices is mostly
performed based on analytical characterization in the
spectral features and spatial imaging data.'*¥l Particularly,
optical devices utilize light transmission,!'*! absorption,['>%
fluorescence,®!  colorimetric,®2153 and luminescence.['>]
Each mechanism uses light enhancement/reduction calcula-
tions in portable devices. Initial step for multiplex assays is to
validate detection of analytes using a wide range of concentra-
tion samples, followed by a point-of-care testing of the target
specimens. To address accuracy concerns of medical experts,
repeatability and robustness of the multiplexed detection
device should be accurately established.'>>~1°7] The detection
limit of these portable devices should also meet the clinically
accepted ranges.[130-158]

Digital assays were also pivotal in point-of-care device
design."® Instead of measuring signal change in the total
sample volume, target samples were distributed into thousands
of smaller volumetric partitions. The signal readout from each
subvolume was then amplified to have either positive or nega-
tive output. Counting the number of positive partitions then
provided the concentration of target analytes based on the
Poisson statistics with adequate data points. For instance, a
room temperature PCR was performed in a microfluidic chip
(SlipChip) that splits samples into multivolumes (160 wells with
1-125 nL capacity) for quantification of viral HIV and hepatitis
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C (HCV) RNA targets.'>152 Multiplex detection achieved
a dynamic range of 10?-107 molecules mL™ at threefold
resolution. Results from digital analyses were validated by
Roche COBAS AmpliPrep/COBAS TaqMan HIV-1 Test.['>*-161]

Machine learning (broadly known as artificial intelligence,
Al) has received considerable attention for medical predictions
from patient-related data.l'®¥ For instance, intricate differences
of cell types in blood specimens were accurately identified
based on machine learning and its specific implementation of
deep learning.1931%4 For field applications, the performance
metrics of portable devices do not match the quality of the
benchtop counterparts. Thus, learning algorithms make up
for the imperfections in the low-cost optical design to enhance
the repeatability of multiplexed detection results. Another
benefit of machine learning based analysis is the iterative and
adaptive correction of target detection based on accumulation
of large-scale data from portable devices. As a demonstration
to this algorithmic approach, recently waterborne parasites
were imaged by a mobile phone fluorescent microscope and
the captured cysts were sensitively quantified by a custom
machine learning framework.'%°l A library of 71 features in
the cyst candidates were trained by the algorithm in 1370 cyst
images and 1485 other particles to identify true signal for a
parasite and exclude unwanted signatures. Another applica-
tion of learning algorithms was microparticle detection for air
monitoring.'"?”] Machine learning analysis accurately predicted
the size (diameter) range of the microparticles based on spatial
and intensity features in images from the portable device. Deep
learning (a particular implementation of machine learning)
was also used to enhance microscopic analysis platforms
running on smart phones and field-portable imagers.[160167]
Artificial intelligence algorithms will continue transforming
the sensitivity, specificity, and robustness of portable multi-
plex devices, providing a smart software solution for the global
health issues.

Global health management platforms (connected portable
devices on a web server) utilize crowd-sourced based health
data.l'%8 Previously, crowd-sourced search engine results were
used to predict influenza epidemics worldwide, followed by
statistical analysis and predictions.'®17% Similar to these
initiatives, results from distinct users of multiplex assays
were interpreted based on mathematical and computational
frameworks. For instance, smart phone voice recordings of
mosquitos were classified by maximum likelihood estimation
(MLE) of wingbeat frequencies.”) Another recent work com-
bined entertaining games with crowd-sourcing (BioGames) to
diagnose malaria from microscopic pictures.'’172l An analogy
of telecommunication theory was used to compute a maximum
a posteriori probability (MAP) for estimation of malaria-infected
red blood cells. Citizen scientists globally enable large-scale bio-
logical discoveries through games, field experimentation, and
digital analysis.['”?]

6. Multiplex Assays and Devices Market

The global multiplexed diagnostic device market was valued
$8.43 Bn in 2016 and is projected to increase to $17.85 Bn
by 2025 with a compound annual growth rate (CAGR) of
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9.4%. However, conservative figures indicated a CAGR of
7.5%.174175] As of 2017, the North America held 56.3% of the
global multiplexed diagnostic device market, and Asia pacific is
expected to grow at the highest CAGR (22.5%) until 2025.0176177]
The key players in multiplexed devices market include Abbott
Laboratories, Thermo Fisher Scientific, Merck Millipore, Bio-
Rad Laboratories, F. Hoffmann-La Roche, Cepheid, Qiagen,
and Luminex Corporation. The global multiplexed diagnostics
market is dominated by Thermo Fisher, Abbott, and Agilent
that had a combined market share of 59.5% in 2015.178 The
largest segment of multiplexed diagnostics market is immuno-
assays, which was estimated $1.5 Bn in 2015, and protein-based
assays have the largest market share 68.8%.017% Rapid market
growth can be attributed to increasing rate of cardiovascular
diseases, rising incidence of cancer, increasing geriatric popu-
lation, the emergence of personalized medicine, and the need
for companion diagnostics to increase safety and efficacy of
therapies.

Diagnostics manufacturers are increasingly offering detection
technologies with multiplexing capabilities. Table 1 sum-
marizes the attributes of commercial multiplex assays. The
existing market for single-plex assays is mature as these assays
are robust, low-cost, and easy to use by laboratory technicians.
However, a significant limitation of these assays is that they
typically lack the ability to measure more than one target.
Another key limitation of these commercial single-plex assays is
that the required sample volume becomes high as the number
of measurements increases (100 UL per target). However,
the samples obtained from human patients are often limited
at point-of-care settings, in particular blood samples from
infants are scarce. Over the last decade, numerous commercial
assays have emerged to resolve workflow and sample volume
issues. These commercial assays have multiplexing capa-
bilities that transcend single-plex ELISA and Western blot
assays by offering reduction in sample processing steps and
time, and lower sample volumes (25-50 pL) with high auto-
mation to decrease the risk of measurement errors. Another
key attribute of these commercial multiplexed devices is that
they maintain dynamic range linearity 3-5 orders of magni-
tude whereas ELISA loses linearity at several orders of mag-
nitude.’®”! This capability is critical as the concentration of
assays within a panel differ significantly, which necessitates
a wide linear range. In general, commercial multiplexed pro-
ducts have two mainstream formats. The first multiplexing
format involves the immobilization of sensing agents on
solid surface in an array format, where each sensing region
is spatially separated. This assay format may include 1-5 cap-
ture antibodies in each array distributed throughout a 96-well
plate. Commercial products in array format include Proteome
Profiler (R&D systems) and Quantibody (RayBiotech). The
second typical assays format involves the immobilization of
fluorescent probes on microspheres, in which each bead rep-
resents an assay. The polystyrene microspheres may contain
different types and concentrations of coded fluorescent dyes
(red and near infrared), which are used to determine the
bound analytes. Although marketing claims promise high
theoretical multiplexing capacity (up to 500 analytes), cross-
reactivity of detection probes may compromise the multi-
plexing capacity.['%8]
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Table 1. Commercial multiplexed optical detection products.

www.advopticalmat.de

Device Company Multiplexing capacity Principle of operation Readout Ref.
xMAP Luminex 35 targets Fluorescent microspheres Fluorescence/flow cytometry [180]
Triage Quidel 11 immunoassays Lateral-flow assay Fluorescence [181]
Lyra Quidel 3 targets Real-time PCR Fluorescence [182]
GeneXpert Cepheid 6 analytes Nucleic acid amplification test Fluorescence [183]
Ella ProteinSimple 4 targets ELISA sandwich immunoassay Fluorescence [184]
Quantibody RayBiotech 600 targets ELISA array Fluorescence [185]
Bio-Plex BIO-RAD 2 assays Fluorescent microspheres Fluorescence/flow cytometry [186]
MILLIPLEX MAP Merck Millipore 42 analytes Fluorescent microspheres Fluorescence/flow cytometry [187]
ProcartaPlex ThermoFisher Scientific 65 analytes Fluorescent microspheres Fluorescence/flow cytometry [188]
AriaMx Agilent Technologies 4 targets Real-time PCR Fluorescence [189]
Alere q Abbott 2 targets Real-time PCR Fluorescence [190]
QuantiNova Qiagen 5 targets Real-time PCR Fluorescence [191]
LightCycler Roche 5 targets Real-time PCR Fluorescence [192]
FirePlex Abcam 17 analytes Immunoassay Fluorescence/flow cytometry [193]
16-plex assays Quansys Biosciences 16 biomarkers Quantitative ELISA Chemiluminescence [194]
Ciraplex Aushon BioSystems 10 analytes ELISA Chemiluminescence [195]
Proteome Profiler R&D systems 49 proteins Antibody array Chemiluminescence [196]

One of the successful multiplexed diagnostic companies,
Luminex Corporation (Austin, TX), was founded in 1995 and
floated to the stock exchange in 2000. Luminex manufacturers
multiplexed assays for application in biomedical research,
clinical diagnostics, drug discovery, genetic analysis, biothreat
identification, and food safety. Their major product lines include
xMAP, xTAG, MAGPIX, Luminex 100/200, FLEXMAP 3D,
NxTAG, and ARIES. Their xMAP platform allows multiplexing
biological assays based on individually functionalized fluorescent
microspheres.l'® Labeled microspheres can be analyzed by laser
excitation in a flow cytometry device in a multiplexed manner.
Luminex owns 550 issued patents or applications, in which
124 were issued in the United States for its xMAP platform. In
2008, Luminex received FDA 510(k) approval for its XTAG Res-
piratory Viral Panel that tests for 12 respiratory viruses at clinical
settings.[199290 Additionally, Luminex obtained a CE mark in the
European Union for its xtAG Gastrointestinal Pathogen Panel.20l
The company has formed over 70 partnerships including Ther-
moFisher Scientific and Bio-Rad to broaden the applications in
their portfolio and generate license revenues.?? In 2016, Merck
marketed MILLIPLEX MAP Equine-specific multiplex assay that
measures 27 cytokines and provides diagnostic data about immune
response, inflammation, and physiology.?®! The revenues of
Luminex increased from $238 Mn in 2015 to $306 Mn in 2017,
where their molecular diagnostics portfolio generated 52.9% of the
total revenue.?*!l The company reported a gross margin of 64%
and an operating margin of 12% in 2018. Luminex is projected to
have stable growth in the upcoming decade due to its expanding
product portfolio, strong partnerships, and its robust position in
the healthcare reimbursement scheme in the United States.

Abbott Laboratories (Lake Bluff, IL), founded in 1888, is a
market leader in in vitro diagnostics including immunoassays
and blood tests. The company had a robust multiplexed product
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line including the electrochemical i-STAT system, which can
run up to 13 blood assays within a single cartridge.?>2%! In
2017, Abbott acquired point-of-care diagnostic device manufac-
turer Alere for $5.3 Bn to strengthen its point-of-care diagnostic
device portfolio.?%”] For example, Alere q is a multiplex qual-
itative nucleic acid amplification test that can identify HIV 1
groups M/N and O, and type 2 in blood and plasma samples.[1?2]
In 2017, Abbott has reported $7 billion in diagnostics sales, in
which $2.5 billion was in point-of-care testing.

Cepheid (Sunnyvale, CA), founded in 1996, is a manufac-
turer of molecular diagnostic systems. The company’s core
multiplexed diagnostic technologies allow rapid and automated
testing of genetic diseases with primary applications in
healthcare-associated infections, infectious diseases, sexually
transmitted diseases, and oncology. As of 2018, Cepheid
markets 17 U.S. FDA approved clinical in vitro diagnostic tests
in the United States and 23 tests internationally.?%®! Their core
platform (GeneXpert) performs automated and multiplexed
real-time PCR measurements of up to six biomarkers using
fluorescent detection.?®” Danaher Corporation (Washington,
DC) has acquired Cepheid Inc. for $4 Bn in 2016.2% Before its
acquisition, Cepheid reported $470 Mn in revenues in 2014 and
$538 Mn in 2015.211 Cepheid has sold over 10 000 GeneXpert
systems.212l A key success of the company’s flagship platform
GeneXpert could be attributed to strong collaborations and
endorsements by international partners and healthcare systems
including World Health Organization (WHO), United States
Agency for International Development (USAID), and National
Health Service (NHS) in the United Kingdom.2!3]

The successful adoption of commercial multiplexed devices
requires robust and low-cost analytical platforms consisting of
validated and optimized analyte/target panels. Platforms that
offer results from unprocessed human samples to results with
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a high degree of automation at low cost are still a roadblock
in the widespread use of multiplexed platforms. The ability
to run multiplexed assays with low volumes of samples
using finger-prick blood samples will be a key milestone in
the wide adoption of such multiplexed commercial devices.
Furthermore, the robustness of these platforms is critical,
particularly in resource-limited settings, where the ambient
conditions (e.g., temperature, moisture) significantly vary.
Beyond being commercially viable at an affordable price point,
these multiplex assays need to be clinically validated. Although
numerous target analytes have been identified in the literature
for diseases including cancer, the usefulness of a handful of
biomarkers has been proven in randomized clinical trials to
have significance in the treatment decision-making process.
Hence, technical validation of the multiplex assays as well as
the establishment of clinical significance should be an integral
part of assay development.

7. Conclusion and Discussion

Multiplex optical assays enable point-of-care diagnostics and
research at low cost with high parameter measurements within
compact forms. Both high-tech industry and academic labs are
interested in the development of assays and peripheral devices
for higher multiplexing capacity. While academic labs utilize
a wide variety of tools from optical, chemical, mechanical,
and electrical operation principles, companies mostly leverage
relatively straightforward methods with bead assays and protein
arrays with fluorescent and chemiluminescent detection modal-
ities. Robustness and unit cost of research grade multiplex
devices should be improved to meet the industry standards.
Clinicians and medical experts need extensive training to
operate multiplex devices, and make predictive models using
advanced algorithms and crowd-sourced user networks. Instead
of single-plex devices in clinics, multiplex ones should take
their place to increase the accuracy of diagnosis. Manu-
facturing challenges of highly multiplexed assays partially
impede the progress in the field deployable devices. Cross-
reactivity of analyte detection mechanisms remains one of the
key limitations and chemical advances will overcome these
challenges in the near future. Despite being in its infancy,
multiplex assays will impact early diagnosis of diseases and
empowering citizen scientists for on-site research.
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