
Adv Biochem Eng Biotechnol (2022) 179: 247–266
https://doi.org/10.1007/10_2020_127
© Springer Nature Switzerland AG 2020
Published online: 21 May 2020

Lab-on-a-Chip Devices for Point-of-Care
Medical Diagnostics

Sofia Arshavsky-Graham and Ester Segal

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248
2 From Paper-Based Assays to Microfluidic Chips . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249
3 Magnetic-Assisted Platforms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
4 Centrifugal Microfluidic Platforms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
5 Smartphone-Based Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
6 Conclusions and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261

Abstract The recent coronavirus (COVID-19) pandemic has underscored the need
to move from traditional lab-centralized diagnostics to point-of-care (PoC) settings.
Lab-on-a-chip (LoC) platforms facilitate the translation to PoC settings via the
miniaturization, portability, integration, and automation of multiple assay functions
onto a single chip. For this purpose, paper-based assays and microfluidic platforms
are currently being extensively studied, and much focus is being directed towards
simplifying their design while simultaneously improving multiplexing and automa-
tion capabilities. Signal amplification strategies are being applied to improve the
performance of assays with respect to both sensitivity and selectivity, while
smartphones are being integrated to expand the analytical power of the technology
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and promote its accessibility. In this chapter, we review the main technologies in the
field of LoC platforms for PoC medical diagnostics and survey recent approaches for
improving these assays.

Graphical Abstract

Keywords Centrifugal microfluidics, Diagnostics, Lab-on-a-chip, Microfluidics,
Paper, Point-of-care, Smartphone

1 Introduction

Over the years, medical diagnostics has been shifting away from imaging and
invasive tissue sampling, towards far less invasive tests that detect disease bio-
markers in extracted body fluids. Such biomarkers may include small metabolites,
nucleic acids, proteins, and cells [1, 2]. Today, most assays for biomarker detection
are mainly performed at centralized labs – requiring trained personnel for operation
of complex benchtop analyzers, with a correspondingly long time-to-result period.
The latter consideration is critical with respect to many medical conditions, for
which time is frequently of the essence [3]. In addition, at low resource environ-
ments, such analyzers are necessarily limited due to their high costs and the need for
skilled operators. As a result, significant efforts are now being directed towards
development of point-of-care (PoC) tests, which can be operated at the patient site by
non-trained personnel [1, 4–7]. Such tests should provide accurate, sensitive, and
specific results in a rapid manner (with an optimal time-to-result in the range of few
seconds to few hours) at relatively low-cost. The ideal vision for such a test would be
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an independent and self-sustainable operation that allows a non-trained operator to
load a sample of extracted body fluid (e.g., blood, urine, saliva, sweat, etc.) into the
instrument and obtain informative results with minimal user intervention (i.e.,
sample in, result out). Fully integrated lab-on-a-chip (LoC) technologies, which
incorporate all related analysis steps (including sample loading and preparation) in
a single device, stand to significantly advance PoC medical diagnostics [1, 5, 8–13].

In this chapter, we provide an overview of the primary technologies in the field of
PoC medical diagnostics. These include paper-based assays and microfluidics,
magnetic-assisted detection, centrifugal microfluidics, and smartphone-based detec-
tion. We will highlight the main concepts and directions in each technology, provide
several relevant examples from the past 3 years, discuss the main challenges in the
field, and conclude by offering a future-oriented perspective.

2 From Paper-Based Assays to Microfluidic Chips

Lateral flow assays are widely used for PoC diagnostics. In these assays, a liquid
sample containing the target analyte moves (via capillary forces) through various
zones of polymeric strips, on which capture probes that can interact with the analyte
are immobilized (see Fig. 1) [14, 15]. One of the most common lateral flow assays is
the commercial pregnancy test for detecting human chorionic gonadotropin in
urine – in which a sandwich-based immunoassay is performed, and detection of
the target protein is realized via a color change, which can be observed with the
naked eye [16–19]. The main advantages of lateral flow assays are their simplicity,
ease of use, extended shelf life, and low-cost. However, lateral flow assays require
numerous reagents and relatively large volumes of sample, and both multiplexing
and the control of the flow rate pose challenges [16–19].

Microfluidic technology has been applied to address these limitations by enabling
precise control of the flow by different microchannel geometries [19, 20]. Capillary-
driven microfluidic chips have been used for PoC diagnostics of various analytes

Fig. 1 Schematic illustration of a typical lateral flow assay strip. Few microliters of the sample are
loaded to the sample pad and drawn to the probe pad, via capillary forces. The target is bound by
labeled detection probes and transferred to the detection membrane and captured on a line of
immobilized capture probes. Reprinted from Ref. [15] (Anfossi L. et al. Multiplex Lateral Flow
Immunoassay: An Overview of Strategies towards High-throughput Point-of-Need Testing. Bio-
sensors. 2018;9(1):2)
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[17, 21–24]. For example, the commercially available Triage system – which is
comprised of a portable analyzing instrument and a disposable protein chip – aims to
diagnose a wide variety of health conditions [25, 26]. Like the lateral flow immu-
noassay, a biological sample is loaded onto this chip, and the target antigen is first
bound to labeled antibodies. The bound conjugates then pass through the detection
zone, where they are captured by pre-immobilized antibodies. The cartridge is
fabricated from polymer microfluidic channels, which result in lower batch-to-
batch variability when compared to traditional lateral flow immunoassays. The
capillary flow is passively controlled by the microstructure and surface characteris-
tics, which increase the incubation time of the target with the detection zone in a
controllable manner without the need for active pumps and valves. Thus, for a
relatively low-cost, a simple and rapid (~15 min) detection platform is realized.
Multiplexed biomarker detection from whole blood was achieved by the Lateral
Flow Integrated Blood Barcode Chip [27]. This microfluidic chip, fabricated from a
hydrophilic polymer bonded to a glass slide, includes an array of immobilized
antibodies that are specific for a variety of protein biomarkers. A few microliters
of whole blood with an anticoagulant are loaded onto the chip, and a filter paper is
then used to draw the sample and other loaded reagents through the chip via action of
capillary forces. Separation of blood cells from the plasma is achieved by inertial
force. A wash buffer is used to reduce background noise by removing an unbound
label. Each step in the assay is automatically and sequentially executed, and the
whole assay is performed within the span of just 40 min. To further automate the
system, a self-coalescence module can also be integrated in a microfluidic chip, for
the controlled reconstitution and delivery of inkjet-spotted and dried reagents. Well-
defined reagent concentration profiles are established based on their initial spotting
pattern [28]. This was applied in a silicon-based microfluidic chip for detection of a
cardiac biomarker (troponin I) in human serum via a sandwich fluorescence immu-
noassay [16]. Figure 2a illustrates the platform, where a loading pad receives a
sample, which is drawn by capillary forces to a self-coalescence module. The latter
contains dried detection antibodies, which are reconstituted by a defined volume of
the sample. That mixture then passes to a bead lane with capture antibodies, which
selectively bind with the target-detection antibody complexes from the sample. The
flow of the sample in the chip is controlled by a capillary pump. The design and
image of the silicon microfluidic chip itself are presented in Fig. 2b, c, respectively.
The assay requires 1 μL of sample, performed within 25 min, and a limit of detection
of 4 ng mL�1 is realized.

An additional strategy for achieving reagent storage in paper-based microfluidic
assays is seen in the use of a three-dimensional (3D) folding of a paper substrate with
an origami-based technique. Different layers and dried reagents can be stacked
vertically, and the addition of a buffer solution results in reconstitution via a
controlled, multistep process. Parallel tests can be performed using a multilayer
fluidic network in a compact device [18, 29]. Recently, 3D-origami-based paper
device was used for detection of a biomarker for Staphylococcus aureus infection
within human synovial fluid by an ELISA-based immunoassay [30]. That platform
consists of a sliding strip and antibody storage functions on a single sheet of paper, as
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shown in Fig. 3a. The sliding strip acts as a valve to control the serial steps of sample
addition, interaction, washing, and detection. The sequential flow is carried out by
sliding the tab to different positions (see Fig. 3b). Only 3 μL of sample are required,
and this procedure can be completed within 7 min. Nevertheless, the manual addition
of buffers is still required during this procedure.

Sensitivity enhancement of lateral flow assays has frequently been achieved by
incorporating various nanomaterials – such as gold or silver nanoparticles, magnetic
nanoparticles, and quantum dots – into the system [19, 31, 32]. An alternate strategy
is the use of external fields (i.e., acoustic, thermal, electric, etc.). Electrophoretic
methods, such as ion concentration polarization or isotachophoresis, have also been
applied to facilitate separation and concentration within microfluidic devices. In
isotachophoresis, ionic species can be focused, based on their electrophoretic mobil-
ity, using a discontinues buffer system. The method enables the simultaneous
extraction, separation, and concentration of the target species [33]. This method
was recently applied for multiplexed detection of two cardiac biomarkers in human
serum [34]. The platform is comprised of a lateral flow paper assembled on a
3D-printed cartridge for buffer reservoirs and electrode connection. The two protein
targets are fluorescently labeled and detected by immobilized antibodies on the paper
strip. The assay time is 6 min and results in ~1,300-fold enrichment of the proteins.
Label-free detection with isotachophoresis in a microfluidic assay was demonstrated

Fig. 2 (a) General concept of a lateral flow assay-based microfluidic chip, which integrates a self-
coalescence module, containing dried inkjet-spotted detection antibodies. The flow of the sample is
driven by a capillary pump. (b) The design of the corresponding microfluidic chip and (c) an optical
microscopy image of the fabricated Si microfluidic chip. Reprinted with permission from Ref. [16]
(Hemmig E. et al. Transposing Lateral Flow Immunoassays to Capillary-Driven Microfluidics
Using Self-Coalescence Modules and Capillary-Assembled Receptor Carriers. Analytical Chemis-
try. 2020;92(1):940–6). Copyright (2020) American Chemical Society
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with porous silicon-based optical biosensors, where the reflectivity changes of the
latter upon target binding are monitored in real time, with no need for target labeling.
This was shown for DNA and protein targets with up to 1,000-fold enhancement in
sensitivity [35, 36]. Nevertheless, application of an external field does require
peripheral equipment, which both increases the cost and complicates the setup of
the system.

3 Magnetic-Assisted Platforms

Magnetic nano- and microparticles are used in LoC devices for fluid manipulation.
In many cases, the particles in the fluid are actuated by applying a magnetic field to
induce the mixing (which is often limited in microfluidic devices due to laminar
flow) [37–41]. Moreover, the particles can be also used as carriers and labels to
facilitate both transfer and separation of biomolecules [37–41]. Magnetic particles
are commonly controlled by electromagnets, coils, or permanent magnets – all of
which induce an external magnetic field – and often form supramolecular structures

Fig. 3 3D-origami-based paper device used for detection of a protein A in human synovial fluid:
(a) Illustration of the preparation of the platform, by an origami folding. The detection antibodies
are impregnated in cellulose, while capture antibodies are covalently immobilized in the detection
pad. (b) The testing procedure, where the sliding tab is used to control the flow and the serial step
execution of the assay. Reproduced from Ref. [30] (Chen C. A et al. Three-dimensional origami
paper-based device for portable immunoassay applications. Lab on a Chip. 2019;19(4):598–607)
with permission from The Royal Society of Chemistry
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in the form of microcolumns due to dipole-dipole interactions [42, 43]. For example,
bio-conjugated magnetic nanochains have been used on a microchip as stir bars to
promote liquid mixing and as capture agents for bio-separation (see Fig. 4) [44].
A simple planar design of a microchip is realized based on flat channels on
polydimethylsiloxane (PDMS)-on-glass, free of built-in components. The magnetic
nanochains are biofunctionalized with target-specific antibodies, and surface-
enhanced Raman spectroscopy (SERS)-encoded nanoprobes are used as signaling
probes for multiplexed Raman spectroscopic detection. A small amount (~1 μL) of
sample fluid is mixed with both components, and the fluid flow and mixing are
thereafter controlled via an external spinning magnetic field. Multiplexed detection
of three cancer biomarkers in clinical serum and two bacterial species in saliva
samples have been demonstrated in just 8 min [44].

Magnetic particles have been also used to automate processes in sandwich
immunoassays, including the reaction and washing steps [45]. A sample is mixed
with gold-coated iron oxide nanoparticles that have been functionalized with detec-
tion antibodies. The antibody-antigen reaction then forms immunocomplexes, which
are electrochemically detected. The reaction and subsequent removal of unbound
probes are controlled and accelerated by an external magnetic field. Thus, a simpli-
fied platform is obtained, without the need for fluid manipulation components and
prestored washing buffer. Detection of a prostate-specific antigen in 10 μL of human
serum is demonstrated with a limit of detection of 0.085 ng mL�1 within 5 min
[45]. A similar concept was used for developing a PoC multiplexed diagnostic test
for differential detection of Ebola, Lassa, and malaria biomarkers in whole blood
samples within 30 min [46]. Detection antibodies for the target antigens are conju-
gated to specific SERS nanotags and magnetic nanoparticles, which are stored dried

Fig. 4 Bio-conjugated magnetic nanochains on a microchip as rapid active liquid mixers and
capture agents for bio-separation: (a) schematic illustration of the assay platform; (b) photographs
of the platforms in a single- or multichannel format (scale bar: 0.5 cm); and (c) the detection assay:
the sample, antibody-conjugated magnetic nanochains and surface-enhanced Raman spectroscopy
(SERS)-encoded probes are mixed in the reaction chamber. Immune complexes are formed and
isolated to the detection chambers, which are then subjected to Raman spectroscopic detection.
Reprinted from Ref. [44] (Xiong Q. et al. Magnetic nanochain integrated microfluidic biochips.
Nature Communications. 2018;9(1):1743). Copyright © 2018, Springer Nature

Lab-on-a-Chip Devices for Point-of-Care Medical Diagnostics 253



in a test tube – providing a single-use and temperature stable platform that is ideal for
field application. A whole blood sample (45 μL) and a lysis buffer are added to
rehydrate the dried reagents. After a mixing step, the magnetic microparticles-
antigen-SERS nanotag complexes are separated with an external magnet, and an
external laser is used for SERS signal monitoring [46]. Magnetic particles have been
also used for signal amplification in lateral flow immunoassay strips for human
chorionic gonadotropin detection [47, 48]. For example, Pt-decorated magnetic core-
shell nanoparticles, functionalized with detection antibodies, have been successfully
deployed for this function [47]. These particles have both magnetic and enzyme-like
properties, enabling target analyte magnetic enrichment and signal amplification by
a peroxidase-like reaction mediated by the particles (see Fig. 5). The sensitivity is
increased by two orders of magnitude when compared to a conventional lateral flow
immunoassay [47].

In terms of nucleic acid analysis, magnetic particles are utilized for extraction,
purification, amplification, and detection [49–51]. For nucleic acid amplification,
isothermal methods are preferable for PoC testing, since they avoid the required

Fig. 5 Magnetic particles for signal amplification in lateral flow immunoassay (LFIA) for human
chorionic gonadotropin detection. The particles have both magnetic and enzyme-like properties,
enabling target analyte magnetic enrichment and signal amplification. Reprinted with permission
from Ref. [47] (Kim M. S. et al. Pt-Decorated Magnetic Nanozymes for Facile and Sensitive Point-
of-Care Bioassay. ACS Applied Materials & Interfaces. 2017;9(40):35133–40). Copyright (2020)
American Chemical Society
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thermal cycling in polymerase chain reaction [52–54]. One such method is so-called
rolling circle amplification [55]: DNA or RNA target is annealed and ligated to a
padlock probe, forming a circular template. The probe is highly sensitive to single
base mutations, which results in high specificity [56]. Amplification reaction then
proceeds via a phi29 polymerase, which creates a long single-stranded DNA
concatemer containing repeated copies of the sequence complementary to the
padlock probe [55]. Although this is a highly efficient isothermal method, the
multiple steps in the assay and the different required reagents make the integration
of this method onto a single-chip platform a challenging project. Magnetic particles
can in turn facilitate the automation of the multistep assay [42, 57, 58]. For instance,
a magnetic fluidized bed was recently integrated in a simple microfluidic chamber,
generating a constant hydrodynamic recirculation in a continuous flow and thereby
enabling efficient liquid perfusion and mixing [42]. The magnetic particles are
functionalized with an oligonucleotide for the capture of the target DNA. A complete
rolling circle amplification assay is performed on chip, with detection carried out in a
low-cost polymer-based microarray module by fluorescence microscopy. The plat-
form enables processing of large sample volumes, and a limit of detection of 1 pM is
obtained [42]. A similar concept is presented in a multichamber polymer-based
microfluidic chip, which integrates DNA target capture, transport, and a rolling
circle amplification assay, using magnetic microbeads [57]. The platform requires
the manual loading of reagents, after which the assay runs automatically in a
sequential chamber filling by capillary stop valves and phase guide structures.
Opto-magnetic detection of a synthetic DNA target for type-B influenza virus is
realized in 45 min, with a limit of detection of 20 pM [57].

4 Centrifugal Microfluidic Platforms

Multiplexed LoC detection can also be achieved by centrifugal microfluidics, which
have been applied for detection of a wide range of analytes and have been thor-
oughly reviewed in the past [59–62]. The technology is based on a “Lab-on-a-CD”
concept, wherein the complete fluidic network and the analysis steps are all embed-
ded onto a single disc. The fluidic processing steps – including separation and
reagent mixing – are then automated by implementing different spinning profiles.
Integration of multiple assays in a single platform can thereby be achieved. The main
advantage of these systems is their simple method of fluid manipulation, which is
achieved by a rotary motor without the need for external pumps or a high-voltage
power supply. The disc can also be synthesized from low-cost polymers, which
facilitate both mass production and economical disposal. The Lab-on-a-CD technol-
ogy has been successfully utilized for PoC diagnostics by several commercial
companies. For example, Piccolo Xpress by Abaxis Inc., USA, [63] offers a variety
of CD-based blood chemistry analyzers with up to 14 tests on a single disc. The
platform requires only 0.1 mL of a blood sample, and results are obtained within
12 min. Recently, the centrifugal microfluidic technology was also applied for a low
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volume blood analysis, using only 12 μL of blood from a finger prick, for automatic
monitoring of blood glucose, total cholesterol, and triglycerides within ~15 min (see
Fig. 6a, b). Plasma separation, mixing, reaction, and detection are fully automated
with a portable analyzer (Fig. 6c), which shows great potential for blood monitoring
at home [64].

Centrifugal microfluidics is especially advantageous for nucleic acid detection,
which requires lengthy and laborious sample preprocessing steps such as cell lysis,
DNA purification, and amplification [65, 66]. Using this approach, all these steps can
be integrated into a single disc and performed automatically and sequentially. For
example, a centrifugal microfluidic device was integrated with a 3D-printed solu-
tion-loading cartridge for multiplex foodborne pathogen detection, as illustrated in
Fig. 7a. The solution-loading cartridge prestores all required solutions for molecular
diagnostics and connects with the reservoirs on the centrifugal device – minimizing

Fig. 6 (a) The design of the centrifugal microfluidic finger-prick blood biochemical analyzer; (b)
exploded view of the chip, presenting an upper adhesive tape and bottom polycarbonate layer; (c)
the portable biochemical analyzer. Reprinted with permission from Ref. [64] (Zhu Y. et al. Self-
served and fully automated biochemical detection of finger-prick blood at home using a portable
microfluidic analyzer. Sensors and Actuators B: Chemical. 2020;303:127235). Copyright © 2019
Elsevier B.V
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manual processing (see Fig. 7b). Sequential loading of the solutions to the device is
achieved by controlling the rotational speed, and silica bead-assisted DNA extrac-
tion, isothermal DNA amplification, and colorimetric detection by Eriochrome
Black T are then carried out. The platform enables detection of four kinds of
foodborne pathogens in a real milk sample within 65 min and with a limit of
detection of 103 cells per mL (see Fig. 7c) [67]. Another technology which enables
integration of DNA processing is double rotation axes centrifugal microfluidics, in
which the disc can rotate around two rotation shafts – thus not limiting the fluid flow
only radially outwards [68, 69]. This technology has allowed for a completely
automated sample-to-result analysis of hepatitis B virus in whole blood [70]. The
disc comprises all process chains for the virus DNA detection, including plasma
separation from whole blood, lysis, DNA purification, and amplification. The double
rotation axes centrifugal microfluidics allow for unconstrained and reversible fluid
pumping, as well as an efficient spatial utilization of the disc. All reagents are
prestored on the disc, and their introduction is controlled by melting ferrowax
plugs in the channels with laser irradiation. The only manual step in the assay is

Fig. 7 (a) Design of the centrifugal microfluidics device for multiplex foodborne pathogen
detection; (b) a real photograph of the microdevice with the solution loading and reagent storage
cartridge; (c) multiplexed colorimetric detection of four different pathogens in milk sample in
comparison to a negative control of pure milk. Reproduced from Ref. [67] (Oh S.J. and Seo
T.S. Combination of a centrifugal microfluidic device with a solution-loading cartridge for fully
automatic molecular diagnostics. Analyst. 2019;144(19):5766–74) with permission from The Royal
Society of Chemistry
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the supply of 0.5 mL of a whole blood sample, while the time-to-result is 48 min,
with a limit of detection of 102 copies per mL [70].

5 Smartphone-Based Detection

The high availability of smartphones worldwide and their sophisticated technolog-
ical features (such as high quality cameras, connectivity, and computational power)
have increasingly led to their integration into a wide range of analytical sensing
systems [71–78]. Detection via smartphone is commonly based on various forms of
optical measurements – including bright-field, colorimetric, luminescence, and/or
fluorescence [71, 72]. The high resolution of the embedded complementary metal
oxide semiconductor image sensor cameras enables high pixel density for optical
monitoring, while the high computational power facilitates real-time image analysis
[76]. Because smartphone-based PoC platforms have been extensively reviewed in
the past few years [71–79], in this section we only briefly survey the main aspects of
smartphone-based detection with a few examples from recent years.

Bright-field-based detection is the simplest method, where a sample is illuminated
from below with white light and then the transmitted light is measured [72]. Imaging
of living cells or large biomolecules can be achieved in this way [80, 81]. Colorimet-
ric-based detection is also relatively simple, requiring only illumination and image
processing. This has been commonly used in connection with paper-based assays to
achieve quantitative results. For example, a custom-built smartphone application
was used to quantitate a PoC lateral flow assay for detection of Ebola virus-specific
antibodies in clinical human serum samples. This low-cost platform requires only the
test strip and a smartphone, and results are obtained within 15 min [82]. Smartphone
colorimetric detection of lactate dehydrogenase as a biomarker for cellular damage
for early diagnosis of serious illness in neonates was also recently shown, as
illustrated in Fig. 8 [83]. The PoC platform consists of a plastic cartridge holding
disposable filter papers for whole blood filtration, plasma separation, and colorimet-
ric reaction. The cartridge is mounted in a box (Fig. 8b), which also holds the
smartphone at a fixed distance for automatic imaging. A dedicated application is
used for analyzing the RGB values of the acquired images, and comparable results to
standard laboratory analysis are obtained in only 4 min [83]. Colorimetric-based
detection using a multichannel smartphone spectrometer as an optical biosensor was
recently used to detect protein content and a cancer biomarker within human serum
[84]. Images captured by the phone camera were converted to transmission and
absorbance spectra in the visible light range with high resolution, and the perfor-
mance of the setup was comparable to benchtop instruments.

To increase the sensitivity of the assay, fluorescence-based detection is also
frequently employed. For such systems, an optomechanical modulus containing
excitation and/or emission filter and laser diodes for excitation are required
[76]. For example, a compact multimodal microscope was integrated on a
smartphone for targeted DNA sequencing and in situ point mutation analysis in
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tumor samples [85]. A 3D-printed lightweight optomechanical modulus is integrated
on the smartphone and contains two laser diodes for multicolor fluorescence imag-
ing, as well as a white light-emitting diode (LED) for bright-field transmission
imaging. DNA sequencing and point mutation analysis are achieved via rolling
circle amplification, and the results are comparable to regular benchtop microscopes.
Such technology is applicable for genotyping cancer patient biopsies directly in the
pathologist office at PoC. Similar concept was shown for multiplexed detection of
Zika, chikungunya, and dengue viruses (belonging to the Flaviviridae family)
directly in human blood, saliva, and urine samples (see Fig. 9) [86]. This platform
is comprised of three components: a heating module, a reaction module, and an
optical-detection and image analysis module. The latter contains multicolored LED
coupled with a multi-pass band filter for fluorescence measurement. The entire
platform is fitted with a smartphone, and the camera is utilized for the imaging. A
dedicated application is used for fluorescence signal analysis by a novel algorithm,
improving the discrimination between positive and negative signals by fivefold,
compared to a naked eye. Target virus RNAs are detected by reverse-transcription
loop-mediated isothermal amplification coupled with quenching of unincorporated
amplification signal reporters. Recently, microfluidic-based immunoassay based on
a smartphone fluorescence detection was used to conduct troponin I analysis in
human serum in clinically relevant concentrations within 12 min [87]. Although
fluorescence-based detection improves the sensitivity of the assay, it also requires
the addition of complex and costly optical components to the system. Time-gated
photoluminescence-based detection may offer one economical alternative. This
concept is demonstrated for human chorionic gonadotropin quantification in a lateral

Fig. 8 (a) Schematics of a PoC lateral flow assay system for analysis of lactate dehydrogenase
(LDH) in whole blood, consisting of a plastic cartridge holding filter papers. Scale bar: 0.4 cm. (b)
The cartridge is placed on a designated slot inside a box; the latter keeps a fix distance between the
phone camera and the cartridge for the imaging while ensuring similar light conditions between
different batches. An app is used to guide the user in the assay and analyze the results. Reprinted
from Ref. [83] (Halvorsen C.P., et al. A rapid smartphone-based lactate dehydrogenase test for
neonatal diagnostics at the point-of-care. Scientific Reports. 2019;9(1):9301). Copyright © 2019,
Springer Nature
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flow assay with a persistent luminescent phosphor reporter [88]. A smartphone’s
flash is used to excite the nanophosphors, which are then imaged using the
smartphone camera. A 10- to 100-fold enhancement in sensitivity is achieved
compared to commercial lateral flow assays – without the need for any additional
complex optical components.

6 Conclusions and Outlook

Significant research efforts have already been directed towards the development of
simple and low-cost devices for LoC-based medical diagnostics at PoC. Neverthe-
less, commercialization of such technologies remains limited, and the following
aspects must be considered:

– Real PoC application (in terms of sample in – results out) requires the integration
and automation of all assay steps – yet most assays still require extensive user
intervention, mainly in terms of sample preparation and/or reagent addition. For
certain applications, this bottleneck can perhaps be solved by the integration of
reagent moduli and, where possible, simple reagent storage on the chip.

– The need to improve the sensitivity, selectivity, and stability of sensing moduli is
increasingly leading researchers to explore robust recognition elements – such as

Fig. 9 (a) Schematic illustration of the smartphone-based fluorescence detection of Zika,
chikungunya, and dengue virus’s RNA platform, based on reverse-transcription loop-mediated
isothermal amplification assay. The system comprises isothermal heating unit with reaction tubes,
LED excitation source and Bluetooth microcontroller. (b) An app is used to wirelessly actuate the
isothermal heater and excitation source. The smartphone camera with an emission filter captures the
images, analyzed subsequently by the app. (c) Duplex detection of Zika and chikungunya viruses.
The images are mapped over predefined fluorophore emission islands to distinguish between
different viral targets. Adapted with changes from Ref. [86]. (Priye A. et al. A smartphone-based
diagnostic platform for rapid detection of Zika, chikungunya, and dengue viruses. Scientific
Reports. 2017;7(1):44778). Copyright © 2017, Springer Nature
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aptamers, antibody fragments, and molecularly imprinted polymers. Various
nanomaterials are also being incorporated for signal amplification and to improve
the total assay performance.

– Scalability is an essential requirement for commercialization, and it continues to
pose profound challenges for complex microfluidic structures. As a result, scal-
ability considerations must direct the materials, design, and fabrication methods
that are employed for such devices. For example, PDMS (which is commonly
used for microfluidic fabrication in the academy) is not suitable for mass produc-
tion, since it is fabricated mostly via soft lithography techniques. As a result,
gold-standard paper-based assays continue to rule the field of PoC diagnostics by
dint of the fact that they can be mass-produced at a very low-cost. Advancements
in 3D-printing technology will likely begin to close that gap in the near future, at
least with respect to plastic-based microfluidics.

– Smartphone technology has expanded the analytical power and increased the
accessibility of many platforms. But hygiene considerations – including both
contamination and disposal issues – must be carefully considered if smartphones
will be deployed.

– Because multiplexing for the simultaneous detection of several biomarkers is
extremely valuable in the context of medical diagnostics, the authors anticipate
that research efforts in this direction will continue to increase exponentially.

– Clinical validation of all platforms is required. Many of the published works
utilize human biological samples spiked with the analyte; although this is suffi-
cient for a proof-of-concept, real clinical samples from different patients should
always be tested in order to validate a platform’s design integrity.

– Finally, the social impact of this emerging technology – as well as corresponding
regulatory policies and concerns – should be considered when designing an
assay, in order to facilitate (or at least preserve) its commercialization potential.
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