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CONSPECTUS: Reliable, inexpensive, and rapid diagnostic tools are essential to
control and prevent the spread of infectious diseases. Many commercial kits for
coronavirus disease 2019 (COVID-19) diagnostics have played a crucial role in the
ﬁght against the COVID-19 pandemic. Most current standard in vitro diagnostic
(IVD) protocols for infectious diseases are sensitive but time-consuming and require
sophisticated laboratory equipment and specially trained personnel. Recent advances
in biosensor technology suggest the potential to deliver point-of-care (POC)
diagnostics that are aﬀordable and provide accurate results in a short time. The ideal
“sample-in−answer-out” type fully integrated POC infection diagnostic platforms are
expected to be autonomous or easy-to-operate, equipment-free or infrastructureindependent, and high-throughput or easy to upscale.
In this Account, we detail the recent progress made by our group and others in the
development of centrifugal microﬂuidic devices or lab-on-a-disc (LOAD) systems.
Unlike conventional pump-based ﬂuid actuation, the centrifugal force generated by spinning the disc induces liquid pumping and no
external ﬂuidic interconnects are required. This allows a total ﬂuidic network required for multiple steps of biological assays to be
integrated on a disc, enabling fully automated POC diagnostics. Various applications have been demonstrated, including liquid
biopsy for personalized cancer management, food applications, and environmental monitoring; here, we focus on IVD for infectious
disease. First, we introduce various on-disc unit operation technologies, including reagent storage, sedimentation, ﬁltration, valving,
decanting, aliquoting, mixing, separation, serial dilution, washing, and calibration. Such centrifugal microﬂuidic technologies have
already proved promising for micro-total-analysis systems for automated IVD ranging from molecular detection of pathogens to
multiplexed enzyme-linked immunosorbent assays (ELISAs) that use raw samples such as whole blood or saliva. Some recent
examples of LOAD systems for molecular diagnostics in which some or all steps of the assays are integrated on a disc, including
pathogen enrichment, nucleic acid extraction, ampliﬁcation, and detection, are discussed in detail. We then introduce fully
automated ELISA systems with enhanced sensitivity. Furthermore, we demonstrate a toy-inspired ﬁdget spinner that enables
electricity-free and rapid analysis of pathogens from undiluted urine samples of patients with urinary tract infection symptoms and a
phenotypic antimicrobial susceptibility test for an extreme POC diagnostics application.
Considering the urgent need for cost-eﬀective and reliable POC infection diagnostic tools, especially in the current pandemic crisis,
the current limitations and future directions of fast and broad adaptation in real-world settings are also discussed. With proper
attention to key challenges and leverage with recent advances in biosensing technologies, molecular biology, nanomaterials, analytical
chemistry, miniaturization, system integration, and data management, LOAD systems hold the potential to deliver POC infection
diagnostic tools with unprecedented performance regarding time, accuracy, and cost. We hope the new insight and promise of
LOAD systems for POC infection diagnostics presented in this Account can spark new ideas and inspire further research and
development to create better healthcare systems for current and future pandemics.
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medical decisions. However, most of the rapid test kits for
infection diagnostics do not meet the quality standards required
to replace centralized laboratory-based tests. The development
of ideal POC diagnostic devices requires miniaturization and
integration of key technologies for sample preparation,
molecular or protein assays, and detection to allow the entire
analytical process to be handled autonomously (Figure 1A).
Such devices are demonstrated by a few commercially available
systems that enable blood chemistry,12 immunoassay,13 and
molecular diagnostics14,15 (Figure 1B); centrifugal microﬂuidics
can oﬀer an ideal platform for “sample-to-result” POC
diagnostics.
In the conventional workﬂow of laboratory-based infection
tests, sample collection, bioassays, and data interpretation are
performed by diﬀerent personnel at diﬀerent times and
locations, resulting in long turnaround times. Many previous
biosensor technologies developed toward POC applications
demonstrated their own merits of rapid, low-cost, ultrasensitive,
and speciﬁc detection of single or multiple biomarkers. While
good examples include the glucometer used to measure blood
glucose levels for patients with diabetes and rapid LFIA kits for
pregnancy testing by detecting human chorionic gonadotropin
in urine samples, it is relatively challenging for all steps from
sample collection to ﬁnal data interpretation to be performed at
POC for infection diagnostics. A big challenge stems from the
ultrahigh sensitivity requirement of infection diagnostics, which
typically requires large-volume sample processing, target
enrichment, and molecular assays. The minimum sample
volume determined by the titer of the target pathogen or
molecules and the detection method sensitivity are important
speciﬁcations to be considered in POC tool design. In addition
to high sensitivity and speciﬁcity, easy sample collection and
loading procedures, prestored reagents, good shelf life, on-board
quality control functions, simple operation steps, intuitive userinterface for error-free interpretation, data storage and management, and versatile adaptability for detecting diﬀerent target
pathogens are required for robust and reliable POC tool test
performance. Ultimately, device cost and scalability could be the
major factors inﬂuencing broad usage. The World Health
Organization proposed the ASSURED (Aﬀordable, Sensitive,
Speciﬁc, User-friendly, Rapid and robust, Equipment-free, and
Deliverable to end-users) criteria to deﬁne diagnostic tools
suitable for resource-limited settings.16 However, these criteria
can be also adapted to the development of POC tools for
infection diagnostics and tuned toward the target application
and end-users.

bacterial load, pathogen identif ication, and antimicrobial
susceptibility test.
• Cho, Y. K.; Lee, J. G.; Park, J. M.; Lee, B. S.; Lee, Y.; Ko, C.
One-Step Pathogen Speciﬁc DNA Extraction from Whole
Blood on a Centrifugal Microﬂuidic Device. Lab Chip
2007, 7, 565−573.2 A lab-on-a-disc equipped with laser
irradiated ferrowax microvalves enabled f ully automated
pathogen-specif ic DNA extraction f rom whole blood spiked
with hepatitis B virus (HBV) or E. coli within 12 min with
only one manual step of sample injection.
• Kim, T. H.; Park, J.; Kim, C. J.; Cho, Y. K. Fully Integrated
Lab-On-a-Disc for Nucleic Acid Analysis of Food-borne
Pathogens. Anal. Chem. 2014, 86, 3841−3848.3 Rapid and
highly sensitive molecular analysis of Salmonella in milk
samples was achieved within 30 min by using a lab-on-a-disc
performing DNA extraction, isothermal recombinase polymerase amplif ication (RPA), and detection in a f ully
automated manner.
• Park, J.; Sunkara, V.; Kim, T. H.; Hwang, H.; Cho, Y. K.
Lab-On-a-Disc for Fully Integrated Multiplex Immunoassays. Anal. Chem. 2012, 84, 2133−2140.4 Multiplexed
detection of cardiovascular disease markers, such as Creactive protein (hsCRP), cardiac troponin I (cTnI), and Nterminal pro-B type natriuretic peptide (NT-proBNP), in
raw samples of whole blood or saliva was achieved by lab-ona-disc designed for bead-based ELISA within 20 min in a
f ully automated manner.

1. INTRODUCTION
Rapid, reliable, cost-eﬀective, and scalable diagnostics are
essential to contain the spread of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) in the current
coronavirus disease 2019 (COVID-19) pandemic. Nucleic
acid (NA) ampliﬁcation tests, primarily based on real-time
reverse transcription-polymerase chain reaction (RT-PCR), are
the current gold standard for COVID-19 diagnostics. While they
are sensitive, a centralized laboratory with expensive equipment
and experienced personnel is required, which is inconvenient for
high-throughput testing of entire communities on a regular
basis. Rapid lateral ﬂow immunochromatographic assays
(LFIAs) can detect IgG or IgM antibodies generated by a
host’s immune system against the virus, revealing past infection.
However, serological tests are not suitable for early diagnostics
of infection because it takes a minimum of 1 or 2 weeks to reach
a detectable antibody titer level (Scheme 1). LFIAs detecting
antigens are available but are insuﬃciently sensitive for the early
diagnosis of viral infection.
State-of-the-art biosensor technologies that have emerged
with advances in molecular biology, nanomaterials, microﬂuidics, system integration, and data science have the potential
to deliver ideal point-of-care (POC) devices.5 This Account
highlights recent advances in lab-on-a-disc (LOAD) systems,1−4,6−15 which have remarkable advantages for POC
diagnostics by oﬀering a turnkey solution for fully automated
bioassays, enabled by simple rotation of a disc without complex
tubing and pumping connections.

3. KEY TECHNOLOGIES FOR FULLY INTEGRATED
INFECTION DIAGNOSTICS
3.1. Sample Preparation

For successful translation of biosensor technologies from
laboratory benches to clinics, integration with a proper sample
preparation step is essential. Sample preparation includes
specimen collection using various devices, such as blood or
saliva collection tubes, nasal swab kits, and urine collection cups.
Sample loading and pretreatment strategies must be adapted and
optimized depending on the type and concentration of the target
analyte as well as sample type and volume.17 Furthermore, an
on-chip ﬂuidic handling unit must allow the safe disposal of
devices containing biological waste. Typically, infection
diagnostics involve the detection of rare pathogens in complex
biological samples; therefore, target separation or enrichment,

2. UNMET CHALLENGES IN POINT-OF-CARE
INFECTION DIAGNOSTICS
It is clear that rapid, accurate, and simple-to-use devices for POC
infection diagnostics can play a pivotal role in controlling the
spread of infectious diseases and provide insight for appropriate
3644
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Scheme 1. Illustration of Typical Time-Consuming Workﬂow of Current Infection Diagnostics, Wherein Biological Samples
from Symptomatic People Are Collected in Hospitals, Transferred to a Centralized Laboratory, And Analyzed by Experts; Ideal
POC Infection Diagnostic Devices Should Meet the “ASSURED” Criteria

3.2. Molecular and Protein Assays

cell lysis, removal of interfering molecules, and puriﬁcation of
NA are often required.
Pathogens can be enriched from complex biological ﬂuids
based on their diﬀerences in physical/chemical properties, such
as size, aﬃnity, and dielectric properties. Many strategies taking
advantage of microﬂuidics and miniaturization (laminar ﬂow,
large surface to volume ratio, low power consumption) have
been reported in the literature. Examples include acoustic
separation, solid−liquid phase extraction, nanomaterial-based
separation, isotachophoresis, deterministic lateral displacement,
pinched-ﬂow fractionation, hydrodynamic ﬁltration, and microand nanoﬁltration.18 The volume reduction from milliliter-scale
real clinical samples to a few microliters of concentrated
pathogen and removal of contaminating abundant proteins
enhance biosensor performance by increasing the signal-tonoise ratio. Density-based sedimentation, size-based ﬁltration,
and immunoaﬃnity-based bead capture have been widely used
for the separation of pathogens in centrifugal microﬂuidic
devices.
In addition, a cell lysis step is required for the analysis of
intracellular components or genetic material. Thermal, chemical, mechanical, and electrical lysis as well as their combinations
with the aforementioned methods have been demonstrated in
LOAD systems.6−8 Depending upon the sample type (Gramnegative or -positive bacteria or virus), interference with the
downstream assays, time, and requirement of additional
equipment, an eﬃcient lysis method can be selected.

Molecular assays are highly sensitive and versatile techniques to
genotype pathogens. PCR-based NA detection is a goldstandard method, but it is slow and requires sophisticated
instruments for NA puriﬁcation, temperature control, and
optical detection, which restrict its broader usage in POC
diagnostics. Isothermal ampliﬁcation strategies can overcome
this limitation by operating at constant lower temperatures, thus
substantially easing the technical challenges. In particular, loopmediated isothermal ampliﬁcation (LAMP) and recombinase
polymerase ampliﬁcation (RPA), which operate at 60−65 and
37−42 °C, respectively, have been widely adapted to POC
settings. Importantly, NA ampliﬁcation reagents can be
lyophilized and preloaded on the disc to have a long (>1 year)
shelf life.19,20 Furthermore, together with the recent advances in
clustered regularly interspaced short palindromic repeats
(CRISPR)/associated system (Cas) biosensing systems, highly
sensitive, speciﬁc, rapid, and cost-eﬀective detection of target
NAs for infection diagnostics has been demonstrated.5 Through
integration with a sample pretreatment module, ampliﬁcation,
Cas reaction, and detection, the CRISPR/Cas biosensing system
has potential for POC usage.
Immunoassays use either antibodies or antigens that
speciﬁcally bind the analytes of interest. Enzyme-linked
immunosorbent assay (ELISA) is the standard technique
performed on plastic wells and widely adapted on various
substrates, including membranes, beads, and droplets. By the
same principle, lateral ﬂow immunoassays are performed over
the surface of a porous pad on which the sample moves by
capillary action interacting with assay reagents to produce a
3645
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Figure 1. (A) Lab-on-a-disc enables fully automated POC infection diagnostics by performing sample preparation, molecular or protein assays, and
detection through sequential actuation of multiple on-disc unit operations. (B) Examples of centrifugal microﬂuidic devices for POC diagnostics: (a)
Piccolo from Abaxis (CA, USA). Reproduced from ref 12. Copyright Abaxis. (b) LABGEO IB10 from Samsung (South Korea). Reproduced from ref
13. Copyright Samsung Medical. (c) Revogene from Meridian Bioscience (TN, USA). Reproduced from ref 14. Copyright Meridian Bioscience. (d)
Rhonda from Spindiag GmbH (Freiburg, Germany). Reproduced from ref 15. Copyright Spindiag.

4. CENTRIFUGAL MICROFLUIDICS-BASED POC
INFECTION DIAGNOSTICS

naked-eye detection line. This is a simple, economical, and rapid
test that can provide a qualitative (yes/no) answer regarding the
presence of a pathogen.

4.1. On-Disc Fluidic Unit Operations

3.3. Detection

To deliver a fully integrated bioassay on a spinning disc, various
on-disc unit operations have been developed (Figure 2). A few
key examples include reagent storage and release, sample
injection, sedimentation of blood cells, ﬁltration of cells or
nanoparticles, radial liquid transportation both inward and
outward, generation of droplet reactors, valving, volume
metering, aliquoting, rapid mixing, serial dilution, washing,
incubation, and detection. Detailed descriptions of each unit
operation can be found elsewhere;6−9 here, we highlight a few
key examples that are essential in POC infection diagnostics.
A robust valving mechanism plays a key role in the full
integration of multiple steps of complex bioassays on a disc. The
actuation of passive valves, such as capillary or siphon, is simple
and does not require an additional energy source. However, the
unavoidable variability in liquid properties, channel size, and
surface properties of devices may hinder reliable actuation. A
pioneering study by Park et al. demonstrated the optical control
of ferrowax valves (Figure 2A),21 enabling full automation of
step-by-step liquid manipulation, which has been used widely,
ranging from biomedical applications of molecular diagnostics2,3
or immunoassays11,22,23 to POC testing for food24,25 and

Optical and electrical transducers are the most common and
robust detection strategies in POC diagnostics. Fluorescence
and absorbance are standard optical detection methods, with the
former providing high sensitivity and selectivity, while the latter
is the easiest to implement in on-chip assays. While optical grade
transparent materials and relatively sophisticated optic modules
are required for high sensitivity optical detection, electrical
biosensors overcome these issues by oﬀering enhanced
sensitivity, with economic and straightforward integration with
miniaturized devices. Signiﬁcant enhancements in sensitivity
and speciﬁcity have been achieved in many biosensor strategies
incorporating smart nanomaterials, which are amendable to
POC diagnostics through system integration with a sample
preparation unit. POC devices must analyze the data and
provide an unambiguous analytical answer. To this end,
multiplex detection and on-chip calibration improve diagnostic
performance and reliability.
3646
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Figure 2. Examples of on-disc unit operations. (A) Laser irradiated ferrowax microvalves. Reproduced with permission from ref 21. Copyright 2007
Royal Society of Chemistry. (B) Reversible and thermally stable diaphragm valves. Reproduced with permission from ref 27. Copyright 2016 Royal
Society of Chemistry. (C) Stick-pack with dry and liquid reagents stored. Reproduced with permission from ref 28. Copyright 2013 Royal Society of
Chemistry. (D) Plasma preparation by sedimentation of blood cells. Reproduced with permission from ref 32. Copyright 2013 Elsevier B.V. (E)
Filtration of nanoparticles. Reproduced with permission from ref 35. Copyright 2017 American Chemical Society. (F) Mixing. Reproduced with
permission from ref 23. Copyright 2009 Royal Society of Chemistry. (G) Aliquoting. Reproduced with permission from ref 38. Copyright 2015 Royal
Society of Chemistry. (H) Radially inward liquid transport by active control of capillary-driven ﬂow in paper. Reproduced with permission from ref 39.
Copyright 2011 Royal Society of Chemistry. (I) Fully automated N-fold serial dilution with arbitrary choice of N among 2, 5, and 10 by repeating
multiple steps of volume metering, mixing, and dilution. Reproduced with permission from ref 40. Copyright 2018 Elsevier B.V.

environmental monitoring.26 Later, various energy sources and
sacriﬁcial materials, such as wax, hydrogels, and plastic ﬁlm, were

utilized as active valving mechanisms.6−9 However, these valves
are typically temperature-sensitive and one-time usage only,
3647
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Figure 3. Examples of molecular diagnostics on a disc. (A) Lab-on-a-disc for fully automated pathogen enrichment from whole blood. Reproduced
with permission from ref 2. Copyright 2007 Royal Society of Chemistry (B) Eﬃcient extraction of DNA from whole blood. Reproduced with
permission from ref 29. Copyright 2018 Royal Society of Chemistry. (C) Lab-on-a-disc for fully automated laser lysis, isothermal recombinase
polymerase ampliﬁcation (RPA), and detection using lateral ﬂow strips by direct visual observation. Reproduced with permission from ref 3. Copyright
2014 American Chemical Society. (D) Fully integrated lab-on-a-disc for POC FURTD diagnostics. Reproduced with permission from ref 43.
Copyright 2021 Elsevier B.V. (E) Centrifugal loop-mediated isothermal ampliﬁcation (LAMP) device for foodborne pathogen detection. Reproduced
with permission from ref 42. Copyright 2018 Elsevier B.V. (F) RespiDisk, automated lab-on-a-disc for detection of respiratory tract infection
pathogens. Reproduced with permission from ref 20. Copyright 2020 Elsevier B.V. (G). Hepatitis B virus molecular diagnosis with prestored reagents.
Reproduced with permission from ref 44. Copyright 2019 American Chemical Society. (H) POC testing device for detection of resistance markers in
methicillin-resistant Staphylococcus aureus from nasal swab samples. Reproduced with permission from ref 19. Copyright 2020 Royal Society of
Chemistry.
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constraining on-disc ﬂuidic network design. To this end, the
reversible, temperature-stable, leak-free, individually addressable diaphragm valves demonstrated by Kim et al. provide an
additional advantage by performing complex assays on a disc in a
fully automated manner (Figure 2B).27
Prestorage of liquid or solid reagents and on-demand release
by mechanical or thermal actuation have been demonstrated by
direct injection in the chambers on disc or by employing
additional containers.7,8 The wax or ferrowax materials serve
both as sacriﬁcial materials for valving and airtight sealants for
reagent storage.11,26 Stick-packs enabled long-term storage and
on-demand release of liquid and dry reagents (Figure 2C).28
Plasma separation is often the ﬁrst step in blood-based
diagnostics. Dilution-free plasma extraction from whole blood
followed by exact volume metering and target analysis has been
demonstrated in many LOAD systems2,4,6,11,22,23,28−31 developed by our group. Changing the channel geometry, such as
narrowing channel width or increasing tilt angles with respect to
the radial direction, enhances the plasma separation rate
substantially (Figure 2D).32
More recently, size-based ﬁltration of cells33,34 or extracellular
vesicles (EVs)30,35−37 from whole blood or urine was
demonstrated using LOAD integrated with micro- or nanosized
ﬁlter membranes. Enrichment of rare cancer cells,33,34 bacteria,1
and nanosized EVs30,35−37 could be achieved with unprecedented eﬃciency, thanks to ﬂuid assisted separation technology
(FAST),34 which is a centrifugal tangential ﬂow ﬁltration
(Figure 2E).35
Contrary to conventional microﬂuidic devices, where eﬃcient
sample mixing is often challenging, clockwise and counterclockwise rotation with acceleration and deceleration oﬀer
highly eﬃcient mixing not only for liquid samples but also for
bead-based assays and contribute to rapid reaction kinetics in
centrifugal microﬂuidic devices (Figure 2F).23
Precise volume metering and decanting by centrifugal force
allows automatic aliquoting, which is useful for multiplexed
analysis of individual samples, for example, genotyping by realtime PCR or multimarker analysis by immunoassays (Figure
2G).38
Typical ﬂow by centrifugal pumping is directed radially
outward, and the number of sequential unit operations
performed on a disc could be limited by the radius of the disc,
typically similar to a music CD (6 cm). As alternative options,
various approaches incorporating porous materials (Figure
2H),39 external gas streams or on-chip gas generation, thermal
expansion, and multiple centers of rotation have been suggested
for enhanced ﬂuid control.8
Precise volume metering determined by the channel or
chamber dimension, robust actuation of multiple reversible
valves, minimal or no dead volume in sample transfer, and rapid
and eﬃcient mixing could enable fully automated serial dilution,
which can provide on-disc calibration for quantitative analysis
(Figure 2I).40

process can be simpliﬁed alongside cost reduction through mass
device production.
Cell concentration, lysis, and extraction of NAs are critical for
eﬃcient downstream molecular analysis. For DNA analysis, Cho
et al. developed a highly integrated device with precise ﬂuidic
control for blood separation, cell concentration, and pathogenspeciﬁc DNA extraction starting from whole blood. They used
antibody-coated magnetic beads to capture pathogens and laser
irradiation for cell lysis and ﬂuidic manipulation by valve
actuation (Figure 3A).2 The full process was completed in 12
min on a disc with just one manual step, compared to a 30 min
multistep manual DNA extraction process. Similarly, Kim et al.
demonstrated a fully automated device for cell-free DNA
(cfDNA) extraction from whole blood (Figure 3B) to address
the lack of eﬃcient POC DNA enrichment methods. Their
device containing electromagnetically actuated reversible
diaphragm valves enables isolation of cfDNA within 30 min
with the help of a table-top disc operating system.29
PCR ampliﬁes DNA to generate millions of copies starting
from a single copy; integrating this into a disc can expedite
ampliﬁcation due to its low thermal mass and relatively faster
heat transfer rate in small chambers. In addition, isothermal
ampliﬁcation techniques, which use a constant temperature for
ampliﬁcation, make it simpler to operate a heater on such
integrated devices. Therefore, various isothermal ampliﬁcation
methods, such as RPA and LAMP, have been adopted for LOAD
systems. Heating sources, such as a hot air gun, infrared emitter,
or laser, were used for thermocycling. Kim et al. reported a
LOAD with integrated lateral ﬂow strip sensors for Salmonella
detection in PBS and milk using laser-induced thermal lysis,
isothermal real-time ampliﬁcation by RPA, and detection by
direct visual observation (Figure 3C).3 Nguyen et al. performed
a multiplex detection of feline upper respiratory tract disease
(FURTD) on a fully integrated LOAD using LAMP or PCR for
gene ampliﬁcation. The full process including NA puriﬁcation
using a glass ﬁlter membrane, ampliﬁcation, and detection was
automated (Figure 3D).43 Sayad et al. also integrated LAMP for
DNA ampliﬁcation and a colorimetric end point detection
system for foodborne pathogen detection in a fully automated,
simple, and easy-to-use device suitable for POC tests (Figure
3E).42
For detecting pathogens by PCR analysis, Rombach et al.
reported RespiDisk, a fully automated POC device capable of
detecting both bacteria and viruses in a single test run (Figure
3F).20 Hepatitis B virus molecular diagnosis was demonstrated
by Li et al. using a disc with prestored reagents (Figure 3G).44
Focke et al. demonstrated the fabrication and application of
microﬂuidic cartridges for genotyping assay of methicillinresistant Staphylococcus aureus (MRSA)-infected patient samples.41 For the detection of MRSA at the single-cell level, Schulz
et al. reported an automated POC device (Figure 3H)19 that
facilitates rapid detection of target genes within 1 h with a
detection limit of ∼3 CFU/μL using nasal swab samples.
LOAD systems have grown signiﬁcantly from simple to fully
integrated and automated devices for molecular diagnostics. The
major advantages of using LOAD include improved detection
sensitivity, low-cost, and fast and reliable analysis. However, its
full potential has yet to be reached, with potential for highthroughput clinical POC diagnoses. Such devices would also
help in the management of global pandemic infections, such as
COVID-19.

4.2. Molecular Diagnostics

Molecular diagnostics play a pivotal role in determining the
susceptibility and disease state of individuals. Multiple steps
from sample collection to analysis, including sample preparation, cell lysis, NA extraction, puriﬁcation, ampliﬁcation, and
detection, which are often tedious and expensive, are automated
in integrated LOAD systems for sample-to-answer molecular
analyses (Figure 3).2,3,19,20,27,29,41−43 With this, the overall
3649
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Figure 4. Lab-on-a-disc examples for fully automated ELISA. (A) Multiplexed detection of C-reactive protein (CRP), cardiac troponin I (cTnI), and
N-terminal pro-B type natriuretic peptide (NT-proBNP) cardiovascular disease markers from whole blood. Reproduced with permission from ref 4.
Copyright 2012 American Chemical Society. (B) Femtomolar-level detection of CRP from 10 μL of whole blood using lab-on-a-disc integrated with
TiO2 nanoﬁber mat. Reproduced with permission from ref 22. Copyright 2015 Royal Society of Chemistry. (C) Fully integrated ELISA followed by
ﬂow-enhanced on-disc electrochemical detection. Reproduced with permission from ref 45. Copyright 2013 Royal Society of Chemistry. (D) Fully
automated immunoassays with on-disc prestored reagents. Reproduced with permission from ref 46. Copyright 2017 Royal Society of Chemistry.
3650
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Figure 5. (A) Fidget spinner for POC diagnosis of urinary tract infection (Dx-FS). (B) Schematic of the ﬁdget-antibiotic susceptibility testing (AST)
procedure developed for clinical urine samples. Fidget-AST takes less than 120 min, while the conventional method takes >2 days. (C) Colorimetric
bacterial cell viability assay performed using Dx-FS for water and urine sample spiked with bacterial cells. (D) Color intensity measurement of
susceptible and resistant cases of 30 clinical samples tested with two antimicrobial drugs, ciproﬂoxacin (CIP) and cefazolin (CZ). Adapted with
permission from ref 1. Copyright 2020 Springer Nature.

4.3. Protein Detection

washing, enzyme reaction, an absorbance measurement unit for
detection, and laser-irradiated ferrowax valves for ﬂuidic
operations.23 A bead-based sandwich ELISA on a disc for
multiplexed detection of low-abundance protein markers from
whole blood and saliva was reported by Park et al. (Figure 4A).4
In this device, the reaction chambers can be interconnected or
set apart on-demand for diﬀerent reaction steps. Fast and
sensitive protein detection from tiny volumes (10 μL) of whole
blood samples can be achieved by integrating nanoﬁbers in the
LOAD. A femtomolar level limit of detection was reached by a
combined eﬀect of higher nanoﬁber surface area and eﬃcient
mixing and washing capabilities of the disc (Figure 4B).22 As an
example of integrating a new readout system on a disc, Kim et al.
developed a LOAD featuring a ﬂow-enhanced electrochemical
sensor for detection under spinning (Figure 4C).45 Here,
bubble-free centrifugal pumping to ﬂow liquid samples over
electrodes facilitates signal ampliﬁcation. Fully automated
ELISA with on-disc prestored reagents was shown by Zhao et
al. (Figure 4D), demonstrating long-term liquid storage
capability of the disc.46 In addition to classical ELISA, lateral

Detection of disease-speciﬁc antibodies or antigens has become
a standard method to aid in diagnostics, and several rapid kits are
commercially available for infection diagnostics. Although
conventional ELISA provides better sensitivity, the assay
procedure includes multiple labor-intensive steps and longtime incubation. Integration of all steps in LOAD and full
automation yields consistent and reliable results in a short time
with higher sensitivity.4,11,22,23 The small reaction chambers and
active mixing in the disc facilitate improved mass transport and
reduce the overall assay time remarkably. Various types of
immunoassays, including sandwich, direct, and competitive,
were integrated in LOAD for sensitive detection of target
bioanalytes. This section brieﬂy describes the development of
integrated and automated LOAD for the detection of
bioanalytes from clinical samples.
Fully automated devices for protein detection were developed
by our group for various applications. Lee et al. reported a
LOAD with the components for the complete ELISA process,
including plasma separation from whole blood, incubation,
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ﬂow strip sensors and ﬂuorescent immunoassays were
introduced to LOAD systems. Further, label-free assays, such
as a multiplexed SPR47 and interferometry on a spinning disc,
were also investigated.6
Miniaturization and integration of multiple processes in a
LOAD with long-term reagent storage capability would address
the challenges associated with POC diagnostics. Such devices
can perform parallel analysis of multiple samples and accelerate
diagnosis through precise control of ﬂuidics with automated unit
operations.

using diﬀerent concentrations, and AST was interpreted by
breakpoint analysis.
Recently, we used a natural red blood cell membrane-coated
semiconductive carbon nanotube-based ﬁeld-eﬀect transistor,
resulting in selective absorption of broad-spectrum hemolytic
toxins.53 Due to the interaction of these cell membranes with
toxins, the disturbed electrical double layer in the proximity of
the nanotubes directly aﬀects the conductivity of the sensing
transistor.
We also developed a fully portable ﬁdget spinner (Dx-FS) tool
that is capable of detecting pathogens in urine samples within 50
min (Figure 5A).1 This fully integrated and hand-powered
device enables sample enrichment on a nitrocellulose membrane
for highly sensitive naked-eye colorimetric microbial detection
(Figure 5B,C). Our electricity-free centrifugal-force-based
device was capable of pathogen detection in urine samples
from 39 patients with clinical symptoms of urinary tract
infection (UTI). To explore the potential clinical utility of DxFS, we demonstrated an AST from 30 clinical isolates with
conﬁrmed UTI, showing a viable alternative to conventional
AST in resource-limited settings (Figure 5B,D).
Recent advancement in rapid AST with a combination of
machine learning and image processing was used for analysis
without microbiology expertise.54−57 These methods are highly
suitable for fast analysis with limited resources, especially in lowto-middle income countries, where they can provide access to
patients using a smartphone to ﬁll the gap in medical facilities
and data collection.

4.4. Biosensors for Antibiotic-Resistant Pathogens

In recent decades, antimicrobial resistance has emerged as a
global public threat to human health due to the overuse of
broad-spectrum antibiotics; thus, accurate microbial identiﬁcation and fast monitoring of resistance are crucial to addressing
this. The most important practice for addressing this problem is
antibiotic stewardship that preserves the currently available
antibiotics with rapid diagnosis in a clinical setting. The current
diagnostic method, from sample collection to antibiotic
susceptibility testing (AST), takes too long to choose
evidence-based treatment options. Furthermore, the rampant
use of broad-spectrum antibiotics without proper clinical
diagnosis has led to the emergence of antibiotic resistance.
Addressing the need for rapid microbiological analysis
techniques is key to overcoming the routine use of AST
methods and controlling the spread of multidrug-resistant
pathogens. Historical gold-standard techniques, including broth
microdilution, agar dilution, and disk diﬀusion, require a twostep culture process that is time-consuming. Fully automated
POC biosensors integrated with microﬂuidics and NA
ampliﬁcation may change various aspects of this workﬂow to
minimize labor in high-volume facilities.10 In particular, recent
progress in rapid biosensors with diverse techniques has pushed
the boundaries for better sensitivity and time scale to diagnose
pathogens with rapid AST performance.
Recently, a single-cell imaging-based rapid AST was used to
analyze the morphological changes of drug-resistant bacteria at
diﬀerent concentrations of antibiotics within a short time.48 This
method was applied for four standard bacterial strains and 189
clinical samples from hospitals for AST, and the results were
compared with those of a gold-standard broth microdilution
test. In another study, Baltekin et al. performed AST on a urine
sample in 30 min with the combination of a microﬂuidic chip
and single-cell imaging technique.49 As another example, a
microﬂuidic channel on a biomaterial cantilever was developed
for entrapping single bacteria, enabling rapid AST based on
nanoscale motion in the presence of diﬀerent antibiotics.50
Based on the deﬂection and resonance frequency of the
cantilever, bacterial cells were distinguished as resistant and
sensitive. A recent electrical-based microchannel approach
contributes to the ultrasensitive detection of only tens of
bacteria and allows for rapid AST within 2 h.51 The growth and
morphological analysis of bacterial cells aﬀected by antibiotics
was dependent on the electrical resistance and directly
proportional to the bacteria number. Another study by Spencer
et al. demonstrated rapid label-free fast AST within 30 min using
microﬂuidic impedance cytometry containing four pairs of
parallel-facing electrodes.52 A bacterial cell treated with the
antibiotics for 30 min was analyzed as either sensitive or resistant
within 2−3 min. The electrical response of the isolate
determines the minimum inhibitory concentration of antibiotics
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5. CONCLUSIONS AND OUTLOOK
While early diagnosis and rapid isolation have proven helpful for
ﬁghting against the current COVID-19 pandemic, the scientiﬁc
community has been challenged to provide better solutions.
Currently, the PCR diagnostic process is expensive and timeconsuming, and antigen and antibody immunoassay diagnostic
tests lack the required sensitivity. No eﬃcient drug treatment is
available yet, and mutated variants of the virus challenge the
thesis that vaccine is the sole solution.
On-ﬁeld portable devices capable of sample-to-answer
operation, that is, running an entire analytical procedure and
providing information quickly, are an ideal solution to address
current challenges. It is possible to develop these devices with
state-of-the-art microﬂuidics and biosensor technology, miniaturized chips capable of autonomously running sample
pretreatment and assay steps, and measurements and data
interpretation in a sensitive and selective manner. Medical
devices require a signiﬁcant investment to meet regulatory and
technical requirements like robustness, reliability, selectivity,
sensitivity, shelf life, stability, and manufacturability. Under the
patronage of governments, research institutes and leading
companies could develop key technologies that meet medical,
scientiﬁc, and industrial requirements for successful product
innovation and market acceptance and implementation.
LOAD systems have the potential to deliver POC infection
diagnostic tools with unprecedented performance regarding
time, accuracy, and cost. We have seen good examples of
commercial devices inspired by academic research entering the
market in the past year for POC diagnostics of infectious disease,
including Covid-19.14,15 For instance, the Spindiag Rhonda
platform can detect SARS-CoV-2 by RT-PCR directly from a
swab within 45 min in a fully automated manner.15 Precise
sample aliquoting into reaction chambers with prestored
reagents enabled by centrifugal microﬂuidics is particularly
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advantageous for multiplex analysis of gene panels to achieve
high detection rates and speciﬁcity. Upon the future surge of
new Covid-19 variants or other pathogens, the system needs to
be adapted quickly by replacing the reagents such as primers and
probes for PCR or isothermal ampliﬁcation. Integration with
internal controls and embedded sensors for quality control of
both hardware and reagents are prerequisites for robust
operation in the ﬁeld.
Furthermore, massive data generated by the democratization
of diagnostic tests with POC diagnostic tools and Internet-ofthings may create health and biomedical data at an
unprecedented pace. Artiﬁcial intelligence technologies and
applications are being implemented increasingly in the
biomedical engineering ﬁeld as critical tools for data analysis,
modeling, and data querying. The development of key
applications for querying big data to gain health insights using
machine learning and deep learning may be vital for managing
new outbreaks at a large scale and for devising complex, eﬃcient
contingency plans.
It is essential to understand that while research for a cure and
vaccines is of paramount importance for ending a pandemic,
these are mid-to-late-stage solutions. In the early stages,
awareness, preparedness, and the ability to detect infections
quickly at a large scale are vital to acting fast and appropriately.
We will have to ﬁght new outbreaks associated with other highly
infectious pathogens in the future; the question is not when but
if we will be better prepared next time.
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