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Abstract

Introduction—The emergence of a novel coronavirus, SARS-
CoV-2, has highlighted the need for rapid, accurate, and
point-of-care diagnostic testing. As of now, there is not
enough testing capacity in the world to meet the stated
testing targets, which are expected to skyrocket globally for
broader testing during reopening
Aim—This review focuses on the development of lab-on-chip
biosensing platforms for diagnosis of COVID-19 infection.
Results—We discuss advantages of utilizing lab-on-chip
technologies in response to the current global pandemic,
including their potential for low-cost, rapid sample-to-
answer processing times, and ease of integration into a range
of healthcare settings. We then highlight the development of
magnetic, colorimetric, plasmonic, electrical, and lateral
flow-based lab-on-chip technologies for the detection of
SARS-CoV-2, in addition to other viruses. We focus on
rapid, point-of-care technologies that can be deployed at
scale, as such devices could be promising alternatives to the
current gold standard of reverse transcription-polymerase
chain reaction (RT-PCR) diagnostic testing.
Conclusion—This review is intended to provide an overview
of the current state-of-the-field and serve as a resource for
innovative development of new lab-on-chip assays for
COVID-19 detection.

Keywords—Lab-on-chip, Biosensor, Coronavirus,

COVID-19, Diagnostic.

INTRODUCTION

As of May 29 2020, the COVID-19 pandemic was
responsible for over 5.8 million diagnosed cases and
over 360,000 deaths worldwide.73 Coronaviruses are a
large family of viruses characterized by their spiky viral

capsids, and have been responsible for a number of
outbreaks including SARS and MERS. COVID-19 is
caused by the SARS-CoV-2 coronavirus. The virus
was first reported in December 2019 in Wuhan City in
the Hubei Province of China and has since spread to
over 187 countries globally.33,42 Researchers are still
actively working to better characterize the biology of
the virus and its epidemiology in humans23,27 to en-
hance our understanding of disease transmission and
clinical manifestation. In addition to immediate impact
on global health, the COVID-19 pandemic has had a
significant social and economic impact worldwide, in
part due to implemented social distancing measures
and world-wide closures.10

Improved molecular and serological diagnostic
testing is key to improved patient outcomes and pre-
venting spread of infection.20,46 Testing availability has
become increasingly important as new data indicate
that a large proportion of infected individuals are
asymptomatic, resulting in possible further spread of
disease while hosts remain symtom-free.36 Further-
more, rapid diagnostic testing is critical to evaluating
risk associated with reopening workplaces, educational
institutions, and other social and cultural establish-
ments. Both the public and private sector have been
actively working to meet demand for diagnostic testing
capacity and required reagents and consumables, such
as swabs, extraction kits, and buffers.10,70 To date,
almost all diagnostic testing for the virus occurs in
centralized laboratories, and involves expensive labo-
ratory equipment, lengthy assays, and trained labora-
tory technicians.27,70

The gold standard molecular test for the detection
of SARS-CoV-2 RNA is reverse transcription-poly-
merase chain reaction (RT-PCR), which relies on nu-
cleic acid amplification for viral detection.10,75

Serological assays are also used to measure the pres-
ence of target antibodies and/or antigens, and are
utilized as an indicator of past infection. These assays
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generally take the form of a standard enzyme-linked
immunosorbent assay (ELISA) or lateral flow assay
(LFA).20,36,89 While these tests are robust in a clinical
laboratory setting, they are extremely time intensive.
Development of a point-of-care assay would allow for
more timely testing, and earlier containment of in-
fected patients.44

Figure 1 highlights the utility of point-of-care test-
ing in decreasing the existing diagnostic timelines. Gi-
ven the potential for rapid, point-of-care results, lab-
on-chip sensors can decrease the total-analytical-time
from hours/days to minutes. This could allow patients
to get care sooner, reduce unknowing transmission to
others, and minimize the burden on overstrained clin-
ical labs. While a few recent studies have worked to-
wards detection of SARS-CoV-2 using portable lab-
on-chip platforms, this is still an emerging area of
research with significant potential for future impact on
disease surveillance, monitoring, and diagnosis.

In this review, we discuss on-chip biosensors, their
applicability to the current pandemic, and relevant
design criteria, including cost, total-analytical-time,
sensitivity, portability, and limit of detection. We begin
by providing a brief overview of the biology of SARS-
CoV-2. We also highlight key viral biomarkers that
can be employed for diagnostic testing, including RNA
and surface antigens. After reviewing FDA Emergency
Use Authorization (EUA)-approved clinical diagnos-
tics, we then discuss emerging lab-on-chip systems for
SARS-SoV-2 detection. We explore technology plat-
forms such as magnetic enrichment, lateral flow de-
vices, plasmonic devices, and electrochemical sensors.
In each category, we overview recent literature directly
related to COVID-19. We also discuss other lab-on-
chip platforms for viral detection that could be trans-

lated to SARS-CoV-2 detection. We end with an
insightful summary about how the field of lab-on-chip
devices can help contribute to the point-of-care diag-
nosis of COVID-19. Ultimately, this review aims to
serve as a useful guide to those interested in
understanding existing and emerging lab-on-chip
platforms for COVID-19 diagnosis at the point-of-
care.

SARS-COV-2 BIOLOGY AND BIOMARKERS

Understanding the clinical manifestations of COV-
ID-19 disease and the biology of SARS-CoV-2 virus is
critical to the design of effective diagnostic platforms.
It is important to note that our understanding of virus
and the disease is rapidly changing as new peer-re-
viewed research is published. Coronaviruses are rela-
tively large viruses (> 100 nm), which express a spike
protein on their envelope. Expression of this protein
allows the virus to enter human cells by binding to
ACE receptors.17,30,84 Patients who are infected with
SARS-CoV-2 typically present with a range of symp-
toms, including fever, shortness of breath, dry cough,
fever, muscle pain, and loss of taste and/or smell.29,51

The two most commonly targeted biomarkers used
for viral diagnostics are viral genetic material in the
form of DNA or RNA and viral proteins found on the
viral envelope.46 Antibodies to the virus can also be
detected through serology tests. The following two
subsections breakdown the structure of the SARS-
CoV-2 virus, with a focus on nucleic acid and protein
biomarkers for lab-on-chip applications. An overview
of the SARS-CoV-2 viral capsid and its relevant nu-
cleic acid and protein biomarkers is shown in Fig. 2.
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FIGURE 1. Potential impact of lab-on-chip diagnostics to patient workflow. (Top) Existing diagnostic workflows require sample
collection, transport, processing, and result communication to the patient. (Bottom) Point-of-care tests enabled by lab-on-chip
technologies reduce lengthy workflow and can provide a result within minutes. Icons courtesy of the Noun Project.
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SARS-CoV-2 RNA Detection

SARS-CoV-2 is a single-stranded RNA virus that
has high genetic similarity to SARS-CoV and other
coronaviruses.24 Currently, the gold standard for
molecular testing is reverse transcription-polymerase
chain reaction (RT-PCR), which amplifies SARS-
CoV-2 genetic material. Targeted genes include the
ORF1b, ORF8, nucleocapsid (N), spike (S) protein,
RNA-dependent RNA polymerase (RdRP), and en-
velope (E) genes.10 As published in an April 2020
study, 90% of 112 available molecular assays for
detecting SARS-CoV-2 used PCR or RT-PCR.10

Nucleic acids can either be isolated using lengthy
extraction protocols, or can be captured directly from
the sample.90 Both of these methods are most often
followed by PCR to amplify the viral gene of interest.
Some methods of viral nucleic acid sensing without
PCR include hybridization or enzymatic assays, such
as a study that uses a DNAzyme to cleave target DNA
and generate a signal if viral DNA is present.87 Some
emerging RNA-based technologies also integrate
CRISPR technology for viral nucleic acid sensing.46,89

SARS-CoV-2 Antigen Detection

Viral antigens be captured by using antibody-anti-
gen interactions, with the capture antibody immobi-
lized on a nanoparticle or sensor surface. There are at
least four main structural proteins in SARS-Cov-2 that
may be useful targets for viral detection, including the
spike (S) protein, membrane (M) protein, envelope (E)
protein, and nucleocapsid (N) protein. The structure of
the spike protein has been thoroughly evaluated and is

found to be essential for entry into the host cell,
making it a promising sensor target.78 Diagnostic tests
have already been commercialized for the spike (S) and
nucleocapsid (N) proteins.16,19,52

LAB-ON-CHIP BIOSENSORS: OVERVIEW

AND FABRICATION

Lab-on-Chip Biosensors

A biosensor is an analytical device that detects the
presence of a particular biological substance.62,67

Typically, biosensors include (1) a recognition element,
which selectively captures the biological target of
interest; (2) a transduction element, which converts the
recognition into a measurable signal; and (3) elec-
tronics and/or an amplifier to read out the signal.4

When integrated with sample collection and process-
ing, biosensors can be powerful platforms for the rapid
quantification of biological analytes of interest for
both disease diagnosis and environmental monitoring.7

Given the need for rapid information on (1) popula-
tion infection status, and (2) the presence of virus in
the environment, biosensors can play a critical role in
disease diagnosis and surveillance in the ongoing glo-
bal pandemic.

Small-scale, sample-to-answer diagnostics, often
called ‘‘lab-on-a-chip’’ devices have been applied to a
range of clinical scenarios. These platforms have
grown in popularity due to their ability to automate
laboratory functions and to integrate several labora-
tory functions onto a single chip.8,31,43,74 Through
innovations in micro- and nano-scale technology, these
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FIGURE 2. Structure and biomarkers of SARS-CoV-2 Virus. Viral RNA, membrane protein, spike protein, envelope protein, and
nucleocapsid protein shown on the SARS-CoV-2 virus. Adapted from Cyranoski, Nature News Feature.17
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devices afford advantages in sensitivity, total-analyti-
cal-time, portability, and ease-of-use.60,65,67

A number of advantages of lab-on-chip devices are
particularly relevant to the current COVID-19 pan-
demic. Specifically, lab-on-chip devices are robust, ra-
pid, sensitive, low-cost, and can provide results at the
point-of-care.7,31,64,66,67,69 In the context of COVID-
19, these advantages would help support crucial efforts
to increase access to testing. An overview of the
advantages of lab-on-chip devices in the context of
COVID-19 testing can be found in Fig. 3.

Lab-on-Chip Device Fabrication

Innovations in microfluidic and microfabrication
processes have enabled the production of micro- and
nano-scale lab-on-chip (LOC) devices. Microfluidic
LOC devices can be classified into five different groups
based on the liquid propulsion principle: capillary,
pressure-driven, centrifugal, electrokinetic and acous-
tic-driven.40 LOC devices can be manufactured from a
range of materials, including silicon, glass, and poly-
meric materials though various fabrication method-
ologies.7 Examples of commonly employed
microfabrication methods include photolithography,
deposition, etching, lift-off lithography, and bulk/sur-
face micromachining.88 Additionally, soft lithography
is a patterning technique that is frequently used for soft
materials (e.g. polydimethylsiloxane). Soft lithography
includes methods such as replica molding, microcon-

tact printing, and micro-transfer molding.82 Recently,
paper-based LOC devices have emerged as a low-cost,
portable, and disposable point-of-care platforms.61

Commonly employed fabrication methods for paper-
based devices include wax printing, alkyl ketene dimer
(AKD) printing, flexographic printing, and layer-by-
layer 3D affixing.85

EXISTING CLINICAL DIAGNOSTICS

FOR SARS-COV-2

Many centralized clinical diagnostics rely on nucleic
acid extraction followed by RT-PCR (reverse tran-
scriptase polymerase chain reaction).13,53 This works
through first purifying nucleic acids from the collected
sample through centrifugation or magnetic bead sep-
aration, followed by amplification of relevant RNA
sequences. The presence of SARS-CoV-2 RNA indi-
cates that the patient currently has the disease.36,72 A
number of primers have been developed and validated
to capture the sequences of RNA targeted during the
assay.58 The clinical microbiology community has been
assessing not only new diagnostic tests, but also the
sample collection method (i.e. nasopharyngeal or
oropharyngeal swabs), transport media (viral media or
other), and monitoring protocol.70 Recently, a group
from Rutgers University developed a validated test
that uses saliva samples rather than a more invasive
upper respiratory swab.3,21,56 The FDA has approved
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FIGURE 3. Advantages of lab-on-chip devices for COVID-19 testing. Advantages of lab-on-chip devices include low fluid
consumption, fast reaction times, sample-to-answer automation, point-of-care capability, low cost, and robustness. Icons courtesy
of the Noun Project.
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a number of molecular diagnostics under Emergency
Use Authorizations (EUA) to increase the availability
of technologies.75 In addition to in vitro diagnostic
authorizations, the FDA has also authorized personal
protective equipment, ventilators, and other medical
devices. A selection of the over 75 EUA approved
in vitro diagnostics (as of May 19, 2020) are shown in
Table 1.

EMERGING LAB-ON-CHIP DIAGNOSTICS

FOR SARS-COV-2

This section will discuss novel lab-on-chip devices
for detection of SARS-CoV-2, as well as research from
high-impact papers on other viruses that could be
relevant to COVID-19. These viral detection methods
make use of magnetic, optical, colorimetric, electrical,
and lateral flow-based properties in nanotechnology to
capture and transduce diagnostic signals. A brief
overview of each modality will be given, followed by
examples of specific studies that employ each technique
to SARS-CoV-2 or other viruses. The description of
how these technologies have been applied for other
viruses may be useful for adapting and developing new
lab-on-chip devices for COVID-19 detection. Limit of
detection is an extremely important criteria for these
tests. Classic RT-PCR diagnosis of infected patients is
critical to constrain SARS-CoV-2 spread because due
to asymptomatic infection despite high viral loads.37

Early studies of influenza viruses and community-ac-
quired human coronaviruses showed that the viral
loads in asymptomatic individuals could be relatively
low.26 New research has found symptomatic children
had higher initial RNA load in nasopharyngeal swab
samples than asymptomatic patients, and that SARS-
CoV-2 RNA can also be detected in wastewater sam-
ples.25,54 Table 2 gives an overview of the surveyed
technologies.

Magnetic Technologies

Magnetic nanoparticles can be used for easy
extraction of target biomolecules in a complex solu-
tion, or to create supramolecular structures with
readable magnetic properties. Because of their versatile
properties, magnetic nanoparticles can be used for
biomarker enrichment, detection, and even cell lysis.5

Recently, Zhao et al. developed magnetic nanopar-
ticles coated with poly (amino ester)-carboxyl groups
(PC) for efficient SARS-COV-2 RNA extraction,
combining the lysis, extraction, and binding steps of
viral genetic material into a single step for RT-PCR
reactions.90 RNA molecules are absorbed onto the
nanoparticles due to a strong interaction between the

carboxyl groups and the nucleic acids. The extracted
RNA can be directly introduced into an RT-PCR
reaction without an additional elution step. This
extraction method is an improvement over traditional
silica-based spin column RNA extractions, where
samples require pre-lysis to release the nucleic acids
from viral particles and multiple centrifugation steps
are required. Using magnetic nanoparticle technology,
viral RNA can be purified within 20 minutes. This
study demonstrated efficacy using an RT-PCR tar-
geting two different regions, the ORF1ab and N gene,
with a 10 copy sensitivity.90

In a non-Covid-19 application, Perez et al. created
monodisperse magnetic nanoparticles conjugated with
antibodies. These particles self-assembled in the pres-
ence of viral particles to create supramolecular struc-
tures with enhanced magnetic properties detectable by
magnetic resonance methods (NMR/MRI).50 The
detection of virus in solution was measured via changes
in water T2 relaxation times. The research team was
able to specifically detect adenovirus-5 and herpes
simplex virus-1 at concentrations of 5 viral particles/
10 lL. This platform could be modified to use mag-
netic particles to elucidate presence of COVID-19 viral
particles as well.

By combining both magnetic and fluorescent prop-
erties, Peng et al. introduced a dual-modality
immunoassay using fluorescent-magnetic-catalytic na-
nospheres (FMCNs) functionalized with antibodies to
capture an H9N2 avian influenza virus antigen. This
sensor gave both a fluorescence and amplified elec-
trochemical readout via alkaline phosphatase (ALP)-
induced metallization.49 Due to the magnetic proper-
ties of the FMCNs, viral targets could be purified and
separated from samples without pretreatment. The
detection limits for the electrical and fluorescence sig-
nals were 10 pg/mL, and 69.8 ng/mL, respectively
(Fig. 4).

Colorimetric and Fluorescent Sensors

Colorimetric and fluorescent sensors are a common
detection method by which spectral change is often
used to transduce the presence of a particular
biomarker.1,2,87 Colorimetric and fluorescent compo-
nents have been integrated with a number of viral
molecular assays.

Isothermal amplification reactions, such as loop-
mediated isothermal amplification (LAMP), can be
observed in real-time by intercalating the fluorescent
dye crystal violet (CV),47 which exhibits a violet color
in aqueous solution. CV attaches to the major groove
of dsDNA and converts into the colorless leuco type
(LCV)77 in the presence of sulfite ions. As a product of
this chemical reaction, the reaction solution for LAMP
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é
ri
e
u
x

S
A

S
A

R
S

-C
O

V
-2

R
-G

E
N

E
M

o
le

c
u
la

r
H

0
7
-0

5
-2

0
2
0

R
u
tg

e
rs

C
lin

ic
a
l
G

e
n
o
m

ic
s

L
a
b
o
ra

to
ry

a
t

R
U

C
D

R

In
fi
n
it
e

B
io

lo
g
ic

s
-

R
u
tg

e
rs

R
u
tg

e
rs

C
lin

ic
a
l
G

e
n
o
m

ic
s

L
a
b
o
ra

to
ry

T
a
q
P

a
th

S
A

R
S

-C
o
V

-2
-a

s
s
a
y

M
o
le

c
u
la

r
H

1
5
-0

5
-2

0
2
0

E
v
e
rl
y
w

e
ll,

In
c
.

E
ve

rl
y
w

e
ll

C
O

V
ID

-1
9

te
s
t

h
o
m

e
c
o
lle

c
ti
o
n

k
it

H
o
m

e
c
o
lle

c
ti
o
n

k
it

N
/A

A
s
e
le

c
tio

n
o
f

m
o
le

c
u
la

r
a
n
d

s
e
ro

lo
g
y

te
s
ts

a
p
p
ro

v
e
d

fr
o
m

th
e

o
v
e
r

7
5

to
ta

l.
A

d
a
p
te

d
fr

o
m

F
D

A
E

m
e
rg

e
n
c
y

U
s
e

A
u
th

o
ri
z
a
ti
o
n
s

2
2
.

H
h
ig

h
c
o
m

p
le

x
it
y

te
s
ts

,
M

m
e
d
iu

m
c
o
m

p
le

x
ity

te
s
ts

,
W

C
L
IA

w
a
iv

e
r.

TYMM et al.318



BIOMEDICAL
ENGINEERING 
SOCIETY

T
A

B
L

E
2
.

O
v
e
rv

ie
w

o
f

s
u

rv
e
y
e
d

te
c
h

n
o

lo
g

ie
s
:

O
v
e
rv

ie
w

o
f

m
a
g

n
e
ti

c
,

c
o

lo
ri

m
e
tr

ic
,

p
la

s
m

o
n

ic
,

e
le

c
tr

o
c
h

e
m

ic
a
l,

a
n

d
la

te
ra

l
fl

o
w

.
a
s
s
a
y
s

1
1

M
e
th

o
d
s

B
io

m
a
rk

e
r

L
im

it
o
f

d
e
te

c
tio

n

T
im

e
-t

o
-

re
s
u
lt

S
a
m

p
le

p
re

p
a
ra

tio
n

P
o
rt

a
b
ili

ty
S

c
a
le

U
s
e

c
a
se

s
R

e
fe

re
n
ce

s

C
D

C
R

T
-P

C
R

d
ia

g
n

o
s
ti

c

p
a
n

e
l

S
A

R
S

-C
o

V
-2

R
N

A
1
0

0
c
o

p
ie

s
/l

L
3

h
C

o
m

p
le

x
U

n
p

o
rt

a
b

le
L

o
w

th
ro

u
g

h
-

p
u

t

ID
/ A

IS
/

E
S

C
D

C
In

s
tr

u
c
ti

o
n

M
a
n

u
a
l:

C
D

C
-0

0
6
-

0
0
0
1
9
,

R
e
v
is

io
n

:
0
3

1
1

M
a
g

n
e
ti

c

M
a
g

n
e
ti

c
N

P
c
a
p

tu
re

S
A

R
S

-C
o

V
-2

v
ir

a
l

R
N

A
1
0

c
o

p
ie

s
3
0

m
in

(e
x
-

tr
a
c
ti

o
n

)

S
im

p
le

U
n

p
o

rt
a
b

le
L

o
w

th
ro

u
g

h
-

p
u

t

ID
/A

IS
/

E
S

Z
h

a
o
e
t
a
ll

9
0

(n
o
t

p
e
e
r

re
v
ie

w
e
d
)

S
e
lf
-a

s
s
e
m

b
le

m
a
g
n
e
ti
c

n
a
n
o
p
a
rt

ic
le

s

A
d
e
n
o
v
ir
u
s
-5

a
n
d

H
e
rp

e
s

s
im

p
le

x
v
ir
u
s
-1

a
n
ti
g
e
n

5
v
ir
a
l
p
a
rt

ic
le

s
/1

0
lL

<
3
0

m
in

S
im

p
le

U
n
p
o
rt

a
b
le

H
ig

h
th

ro
u
g
h
p
u
t

ID
/A

IS
P

e
re

z
e
t

a
l5

0

F
lu

o
re

sc
e
n
t-

m
a
g
n
e
tic

-

c
a
ta

ly
ti
c

n
a
n
o
s
p
h
e
re

s

H
9
N

2
a
v
ia

n
in

fl
u
e
n
z
a

v
ir
u
s

a
n
ti
g
e
n

1
0

p
g
/m

L
(e

le
c
tr

ic
a
l)

a
n
d

6
9
.8

n
g
/m

L
(fl

u
o
re

sc
e
n
c
e
)

1
–
2

h
S

im
p
le

P
o
rt

a
b
le

L
o
w

th
ro

u
g
h
p
u
t

ID
P

e
n
g

e
t

a
l4

9

O
p

ti
c
a
l

C
a
ta

ly
ti

c
c
o

lo
ri

m
e
tr

ic

re
a
g

e
n

t

A
n

ti
-S

A
R

S
-C

o
V

-2
a
n

ti
b

o
d

-

ie
s

N
/A

W
it

h
in

1
5

m
in

S
im

p
le

P
o

rt
a
b

le
L

o
w

th
ro

u
g

h
-

p
u

t

ID
Z

h
e
n

g
tu

e
t
a
l3

5

F
lu

o
re

s
c
e
n

tl
y

la
b

e
le

d

b
io

s
e
n

s
o

r

S
A

R
S

-C
o

V
-2

A
n

ti
b

o
d

y
N

/A
1
0

m
in

S
im

p
le

P
o

rt
a
b

le
H

ig
h

th
ro

u
g

h
-

p
u

t
c
a
p

a
b

le

ID
Z

h
e
n

h
u

a
e
t
a
l1

3

F
u
n
c
tio

n
a
liz

e
d

Q
D

R
e
s
p
ir
a
to

ry
s
y
n
c
y
ti
a
l
v
ir
u
s

a
n
ti
g
e
n

N
/A

6
d
a
y
s

(p
la

-

q
u
e
s
)

C
o
m

p
le

x
U

n
p
o
rt

a
b
le

L
o
w

th
ro

u
g
h
p
u
t

ID
T

ri
p
p

e
t

a
l7

1

L
ip

o
s
o
m

e
-q

u
a
n
tu

m
d
o
t

c
o
m

p
le

x
e
s

H
IV

D
N

A
0
.1

fM
<

1
h
o
u
r

C
o
m

p
le

x
U

n
p
o
rt

a
b
le

M
o
d
e
ra

te

th
ro

u
g
h
p
u
t

ID
/A

IS
Z

h
o
u

e
t

a
l9

1

P
D

A
lip

o
s
o
m

e
s

In
fl
u
e
n
z
a

a
n
ti
g
e
n

1
1

H
A

U
s

<
1

h
o
u
r

S
im

p
le

P
o
rt

a
b
le

M
o
d
e
ra

te

th
ro

u
g
h
p
u
t

ID
R

ie
c
h
e
rt

e
t

a
l5

5

R
T

-L
A

M
P

p
H

-b
a
s
e
d

c
o
l-

o
ri
m

e
tr

ic
s
e
n
s
o
r

Z
IK

V
R

N
A

1
c
o
p
y
/u

L
1
0

m
in

C
o
m

p
le

x
P

o
rt

a
b
le

M
o
d
e
ra

te

th
ro

u
g
h
p
u
t

ID
/A

IS
K

a
a
rj

e
t

a
l2

8

P
la

s
m

o
n

ic

S
u

rf
a
c
e

p
la

s
m

a
S

A
R

S
-C

o
V

-2
R

N
A

0
.2

2
p

M
W

it
h

in
1
5

m
in

S
im

p
le

U
n

p
o

rt
a
b

le
H

ig
h

th
ro

u
g

h
-

p
u

t
c
a
p

a
b

le

ID
G

u
a
n

g
y
u
e
t
a
l5

3

P
la

s
m

o
n
ic

s
n
a
n
o
p
ro

b
e

H
IV

-1
D

N
A

0
.5

lM
1
0

s
(d

e
te

c
-

ti
o
n
)

C
o
m

p
le

x
U

n
p
o
rt

a
b
le

H
ig

h
th

ro
u
g
h
p
u
t

c
a
p
a
b
le

ID
W

a
b
u
y
e
le

e
t

a
l7

6

S
P

R
S

E
R

S
H

B
V

D
N

A
5
0

a
M

<
1

h
C

o
m

p
le

x
P

o
rt

a
b
le

H
ig

h
th

ro
u
g
h
p
u
t

c
a
p
a
b
le

ID
/A

IS
/

E
S

L
i
e
t

a
l3

4

E
le

c
tr

o
c
h

e
m

ic
a
l

s
e
n

s
o

r

F
ie

ld
-e

ff
e
c
t

tr
a
n

s
is

to
r

S
A

R
S

-C
o

V
-2

a
n

ti
g

e
n

2
.4

2
3

1
0

2
c
o

p
ie

s
/m

L
3
0

s
S

im
p

le
P

o
rt

a
b

le
L

o
w

th
ro

u
g

h
-

p
u

t

ID
/A

IS
/

E
S

S
e
o
e
t
a
l5

8

P
o

te
n

ti
o

s
ta

t
s
e
n

s
o

r
S

A
R

S
-C

o
V

-2
a
n

ti
g

e
n

1
0

fM
1
0
--

3
0

s
S

im
p

le
P

o
rt

a
b

le
M

o
d

e
ra

te

th
ro

u
g

h
p

u
t

ID
/A

IS
M

a
h

a
ri
e
t
a
l3

8

(n
o

t
p

e
e
r

re
v
ie

w
e
d

)

Scalable COVID-19 Detection 319



becomes colored only in the presence of dsDNA.45 In
one study by Park et al, the authors were able to detect
SARS-CoV-2 RNA with a limit of detection of 100
copies per reaction after a 30 minute amplification
period.48 Specificity could be improved through dif-
ferent primer designs, but the high specificity of other
RT-LAMP assays suggests that such methodologies
are strong candidates for diagnostic use.

Promising optical detection methods have been
demonstrated with other viruses, both for naked eye or
fluorescence readout. Quantum dots, semiconductor
nanoparticles that emit light upon excitation, are a
common tool used to create optical signals. Tripp et al.
showed that functionalized nanoparticles conjugated
to monoclonal antibodies could be used to detect res-
piratory syncytial virus in vitro and in vivo by
employing the fluorescent properties of CdTe quantum
dots.71 Zhou et al. developed liposome-quantum dot
complexes that enabled detection of attomolar HIV
RNA concentrations. By sequestering quantum dots
within liposomes and covalently linking that to an
oligonucleotide capture sequence present on magnetic
beads, a complex could be formed upon RNA
hybridization. This complex could then be easily iso-
lated for photon counting readout.91 Colorimetric
sensors in the visible light range can produce a signal
readable that can be seen with the naked eye without
the need for instrumentation. In one study, polydi-
acetylene liposomes functionalized with sialic acid were
used to bind and detect influenza virus, making use of
the influenza hemagglutinin-sialic acid interaction to
alter the color of the liposome complexes.55 Colori-
metric sensors for viral genetic material can also make
use of pH-based sensing. A hydrogen ion is released as
a by-product of the DNA polymerase reaction. This
enzyme property can be utilized in LAMP and PCR
reactions with a decrease in pH indicating amplifica-
tion. Kaarj et al. introduced a microfluidic assay for
the Zika flavivirus that used a RT-LAMP mixture with
a pH indicator to detect ZIKV RNA.28 Visible color
changes were then quantified by smartphone imaging
and a viral limit of detection at 1 copy/ lL was
observed (Fig. 5).

Plasmonic Sensors

Plasmonic sensors harness the properties of surface
plasmons – electromagnetic oscillations at the surface
between a metal and dielectric that are highly sensitive
to binding events.34,39,63,86 Such sensors can be used
for label-free detection of nucleic acids, proteins, and
even cells.7,64,68,69

Qiu et al. demonstrated a dual-function plasmonic
biosensor that combined the plasmonic photothermal
effect (PPT) and localized surface plasmon resonance
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(LSPR) sensing transduction for SARS-CoV-2 RNA
without the need for RT-PCR.53 In this method, gold
nanoislands (AuNIs) were functionalized with com-
plimentary single-stranded DNA receptors for RNA
target capture.53 Due to the unique properties of
plasmonic nanoparticles, heating energy is localized
near the nanoparticles which can be used as a heat
source for thermal processing. Hybridization occurs
between the target and the conjugated probe, but a
single mismatch can cause the melting temperature to
decrease significantly. The PPT effect increases the
hybridization rate and LSPR sensing response, pro-
viding fast and sensitive detection of nucleic acids by
improving hybridization kinetics. In this study,
hybridization with the target genetic material released
thermoplasmonic heat as the particles were illuminated
at the plasmonic resonance frequency. This elevated
the in-situ hybridization temperature and allowed for
accurate discrimination of two similar gene sequences,
SARS and SARS-COV-2. The biosensor demonstrated

high specificity and a low detection limit of SARS-
COV-2 sequences down to 0.22 pM.53

Plasmonic sensors have also been demonstrated for
detection of other viruses such as HIV. In a recent
study, detection of HIV RNA was performed using a
device consisting of a nanoparticle and stem-loop
capture molecule tagged with a Raman label to detect
the viral DNA. Upon hybridization with the target
RNA, the stem-loop configuration is disrupted, caus-
ing the Raman label to separate from the metal
nanoparticle and quench the surface-enhanced Raman
spectroscopy signal.76 In another example, Li et al.
coupled silver nano-rice antennae with a patterned
gold triangle nanoarray chip to create spatially
broadened plasmonic ‘‘hot spots’’ that increased the
intensity and area of the surface plasmon resonance.
This enhancement of the signal upon detection of HIV
RNA enabled the selective detection of HIV RNA
down to 50 attomolar (Fig. 6).34
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FIGURE 4. Viral magnetic lab-on-chip sensors. Magnetic nanoparticle technology for viral detection. (a) A schematic
representation of the pcMNP-based SARS-CoV-2 viral RNA extraction method proposed by Zhao et al.90 A poly (amino ester)
with carboxyl groups (PC) polymer was synthesized and used to coat magnetic nanoparticles to yield pcMNPs. (b) This method
combines the lysis and binding steps into one step, and the pcMNPs-RNA complexes can be directly introduced into subsequent
RT-PCR reactions. Permission has been requested from the author. (c) In a method proposed by Perez et al.,50 self-assembly of
functionalized magnetic particles in the presence of viral particles could be measured via changes in water T2 relaxation times.
Reprinted with permissions from J. Am. Chem. Soc. 2003, 125, 34, 10192–10193. Copyright 2003 American Chemical Society. (d)
Peng et al.49 introduced a dual-modality immunoassay using fluorescent-magnetic-catalytic nanospheres (FMCNs) functionalized
with antibodies to capture H9N2 avian influenza virus antigen, giving both a fluorescence and amplified electrochemical readout.
Reprinted with permissions from ACS Appl. Mater. Interfaces 2019, 11, 44, 41148–41156. Copyright 2019 American Chemical
Society.
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Electrical and Electrochemical Sensors

Electrochemical sensors use resistive or capacitive
changes to detect binding changes of relevant ana-
lytes.9,18

Mahari et al. built a biosensing device (eCovSens)
using a screen-printed carbon electrode (SPCE) and
compared it with a commercial potentiostat consisting
of an fluorine doped tin oxide (FTO) electrode. They
evaluated their novel device in terms of sensitivity,
specificity, time of detection, sample volume, porta-
bility, and stability for nCovid-19 antigen detection.38

The eCovSens device consisted of a bio-recognition
element (nCovid-19 Ab), a transducer (carbon elec-
trode), and an electronic system (an in-house instru-
ment) to detect changes in the voltage. Conjugated
gold nanoparticles both detect the viral particles and
act as a catalyst to amplify the electrochemical signal

by enhancing electrical conductivity. nCovid-19 parti-
cles captured on the modified electrode led to changes
in current proportional to target analyte concentra-
tion. Viral particles were successfully captured and
detected using this device with a limit of detection
(LOD) of 90 fM using spiked saliva samples. The
eCovSens portable point-of-care device can produce
results within 10–30 s.

Seo et al. developed a field-effect transistor (FET)
device to detect the SARS-CoV-2 spike protein.58 FET
biosensors have high sensitivity and selectivity, and are
typically configured to capture analytes through
biorecognition on the conducting channel. Changes in
surface charge upon binding will lead to transducable
differences in source-drain current measurements.
Graphene sheets atop a FET were functionalized with
an anti SARS-COV-2 spike protein antibody. This
sensor configuration allowed for detection of SARS-
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FIGURE 5. Viral Colorimetric Sensors: (a) Cross-reactivity tests for RT-LAMP assay targeting SARS-CoV-2 with real-time
amplification fluorescence signal and end-point LCV colorimetric results for Nsp3_1-61 (i) and Nsp3_2-24 (ii) primer sets. No cross-
reactivity was evident in RT-LAMP assays targeting Nsp3 to other human coronaviruses including hCoV-229E, hCoV-OC43, and
MERS-CoV.48 Reprinted from The Journal of Molecular Diagnostics, Gun-Soo et al., Development of Reverse Transcription Loop-
Mediated Isothermal Amplification Assays Targeting SARS-CoV-2, Copyright (2020), with permission from Elsevier. (b) Respiratory
syncytial virus-nanoparticles (RSV-NP) virus plaque assay introduced by Tripp et al. 540 nm and 585 nm CdTe quantum dots (QDs)
are evaluated at days 5 or 6 pi that revealed presence of viral particles.71 Reprinted from Int J Nanomedicine. 2007;2(1):117–124,
with permissions from Dove Medical Press. (c) Schematic of Liposome2QD (L/QD) complexes-based DNA detection. Prepared L/
QD complexes, L/QD complex-tagged reporter probes and magnetic bead-modified capture probes (i) can form sandwich hybrids
through target DNA, which is purified by magnet separation (ii). The QDs released from liposome disruption can be counted by
single-particle detection.91 Reprinted with permissions from J. Am. Chem. Soc. 2013, 135, 6, 2056–2059. Copyright (2013) American
Chemical Society.
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COV-2 spike protein in purified antigen, cultured
virus, and nasopharyngeal swab specimens with a limit
of detection of 1 fg/mL in phosphate-buffered saline
and 100 fg/mL in clinical transport medium.58

A wide variety of non-SARS-CoV-2 electrochemical
biosensors have been developed using potentiometric
or amperometric read-outs. For the detection of SARS
RNA, an oligonucleotide capture monolayer was
assembled onto disposable gold nanostructured screen-
printed carbon electrodes. Upon hybridization there
was an enzymatic amplification signal that could be
measured with voltammetry with a detection limit of
2.5 pmol/L.41 In another example, nanoparticle-strep-
tavidin conjugates covered with ferrocene caps enabled
amplified voltammetric detection of viral RNA with
excellent linearity for target concentrations between
6.9 and 150 pM.79 In another study, influenza virus

was absorbed onto silver nanoparticles, and when the
complex was exposed to a carbon electrode it
underwent oxidation. The frequency of measured
current spikes was linearly proportional to viral con-
centration, enabling viral detection to the sub-pM level
(Fig. 7).59

Lateral Flow Assays

Lateral flow assays are among the most common
low-cost diagnostic modalities. They are often config-
ured as a paper substrate with wax printed channels
that allow fluid flow over the testing region.60,81 Lat-
eral flow immunoassay (LFIA) based point-of-care
(POC) devices have been widely used for qualitative
and quantitative analysis.57 Most LFIAs comprise of
an application pad, conjugate pad, test zone, control
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FIGURE 6. Viral Plasmonic Sensors: (a) Qiu et al.53 introduced a dual-functional plasmonic biosensor that combined the
plasmonic photothermal effect (PPT) and localized surface plasmon resonance (LSPR). The PPT effect and LSPR sensing
response improved hybridization kinetics, allowing for rapid and sensitive detection of SARS-CoV-2 RNA. Concentrations of
various viral oligos were measured using the dual-functional LSPR biosensors. Reprinted with permissions from ACS Nano 2020,
14, 5, 5268–5277. https://pubs.acs.org/doi/10.1021/acsnano.0c02439. Further permissions related to the material excerpted should
be directed to the ACS. (b) A plasmonics nanoprobe was designed by Wabuyele and Vo-Dinh76 consisting of a metal nanoparticle
and step-loop capture DNA molecule tagged with a Raman label to detect HIV 1 RNA. Hybridization with target disrupts the stem-
loop causing the Raman label to separate from the metal nanoparticle and quenching of the SERS signal. Reprinted with
permissions from Anal. Chem. 2005, 77, 23, 7810–7815. Copyright 2005 American Chemical Society. (c) Li et al. 34 designed silver
nanorice antennae with a patterned gold triangle nanoarray chip that created plasmonic ‘‘hot spots’’ which enhanced the SERS
signal upon detection of HBV RNA. (d) SERS corresponded to various concentrations of the HBV target. The linear region of the
Raman intensity at 1335 cm21 plotted as a function of the logarithmic concentration of HBV concentration is highlighted. Reprinted
with permissions from Anal. Chem. 2013, 85, 4, 2072–2078. Copyright 2013 American Chemical Society.
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zone, absorbent pad, and substrate pad.12 LFIA based
strips allow for large-scale production and low cost due
to inexpensive and off-the-shelf components, which
make them promising for rapid detection of SARS-
CoV-2.83

Lateral flow detect the presence of a target sub-
stance as a liquid sample runs along the surface of a
functionalized pad with reactive molecules that can
produce a visible readout. A lateral flow test has been
developed for the detection of SARS-COV-2 antibod-
ies. Chen et al. developed a lanthanide-doped poly-
sterene nanoparticle (LNPs) based LFIA for screening
anti-SARS-CoV-2 IgG in human serum (Fig. 8c).14 In
their design, the target IgG was captured by recombi-
nant nucleocapsid SARS-CoV-2 phosphoprotein
coated on the test zone. Upon binding, a fluorescent
signal from LNP-labeled mouse anti-human IgG
antibody was measured, enabling quantitative detec-
tion. While this test was developed for antibody

detection, lateral flow technology is also promising for
SARS-COV-2 antigen detection. In another applica-
tion, a surface-enhanced Raman scattering-based lat-
eral flow immunoassay was developed to detect
influenza A H1N1 virus and human adenovirus using
Au/Ag-coated iron oxide magnetic nanoparticles with
LOD (Fig. 8a) for H1N1 and HAdV 50 pfu/mL and 10
pfu/mL, respectively.80 The magnetic nanoparticle
allowed for sample enrichment in a complex mixture
and acted as a stable SERS substrate to enhance the
Raman signal. Zhengtu Li et al. developed a rapid and
simple LFIA device to detect SARS-CoV-2
immunoglobulin M and G (IgM and IgG) antibodies
simultaneously using a blood sample within 15 minutes
(Fig. 8b), with an overall testing sensitivity of 88.66%
and specificity of 90.63%.35 According to their study,
this LFIA strip performed well on fingerstick blood,
serum, and venous blood plasma for both confirmed
COVID-19 patients and negative patients.
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FIGURE 7. Viral Electrochemical Sensors: Electrochemical biosensors for viral detection. (a) Seo et al. 58 introduced a field-effect
transistor (FET)-based biosensing device for detecting SARS-CoV-2 antigen in clinical samples by coating graphene sheets of the
FET with a specific antibody against SARS-CoV-2 spike protein. Reprinted with permissions from ACS Nano 2020, 14, 4, 5135–5142.
https://pubs.acs.org/doi/10.1021/acsnano.0c02823. Further permissions related to the material excerpted should be directed to the
ACS. (b) Mahari et al. 38 proposed a potentiostat based sensor using a fluorine doped tin oxide electrode (FTO) with gold
nanoparticles immobilized with nCovid-19Ab to measure changes in electrical conductivity upon encounter with nCovid-19
antigen.Permission has been requested from the author. (c) A voltammetric viral RNA biosensor was developed by Wang et al. 79 to
detect hybridization via oxidation of ferrocene caps on gold nanoparticle/streptavidin conjugates. A plot of faradaic currents from
their device against the 39-mer target concentration is shown. Reprinted with permissions from (Anal. Chem. 2003, 75, 15, 3941–
3945). Copyright (2003) American Chemical Society.
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SUMMARY: INSIGHTS FOR DEVELOPMENT

OF LAB-ON-CHIP COVID-19 BIOSENSORS

Scaling up the number of tests needed across the
United States, based on the implied ratios from major
states, means that testing facilities would have to col-
lect and process up to 4.5 million tests per week for the
United States alone. This indicates that the announced
targets set out by large US states will be a challenge to
meet. Development of lab-on-chip biosensors for
SARS-CoV-2 and other viruses highlights their pro-
mise for rapid and sensitive viral detection. In this
paper, we reviewed magnetic, plasmonic, colorimetric,
electric, and lateral flow-based technologies. For
immediate application of these strategies COVID-19
detection, it is important that the device be portable,
rapid, and have a high sensitivity for SARS-CoV-2.
The devices that we have reviewed vary in sensitivity,
portability, and speed and thus have advantages and
disadvantages for applications to SARS-CoV-2.

Limit of detection is of key importance due to rel-
atively low viral concentration in a patient sample.
From our survey, magnetic, plasmonic, and electro-
chemical devices appear to exhibit the lowest limits of
detection, making them the most immediately relevant
to this application. One drawback about the magnetic
and plasmonic technologies, however, is that they of-
ten require specialized instrumentation both for fab-
rication and operation, making portability challenging.
Further work to improve the portability of magnetic
and plasmonic strategies could make them more
portable and therefore harness their advantages in
sensitivity to be applicable to the point of care.

In contrast, the colorimetric, electrochemical, and
lateral flow assays are more portable, allowing for
operation in the field because they do not require
laboratory infrastructure or instrumentation for a re-
sult. To date, these technologies seem to focus on
detection of antibodies to and antigens on the virus
itself, rather than nucleic acids. These technologies
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FIGURE 8. Viral Lateral Flow Sensors: (a) Schematic of antibody-modified Fe3O4@Ag magnetic tags and magnetic SERS strip for
respiratory viruses detection. (i) Fe3O4@Ag magnetic tags are modified with dye molecules (DTNBs) and capture antibodies acting
as capturing and enhancing substrate while dual-labeled DTNB molecules generating SERS signals. (ii) The magnetic SERS-LFIA
system components and operating procedure.80 Reprinted with permissions from ACS Appl. Mater. Interfaces 2019, 11, 21, 19495–
19505. Copyright (2019) American Chemical Society. (b) Schematic of SARS-CoV-2 IgM-IgG combined antibody test. Two mouse
anti-human monoclonal antibodies (anti-IgG and anti-IgM) are coated on different test lines, while surface antigen from SARS-CoV-
2 is conjugated to colloidal gold nanoparticles on conjugation pads.35 This is an open access article distributes under the terms of
the Creative Commons CC BY. (c) Schematic of lanthanide-doped nanoparticles-based lateral flow immunoassay (LFIA). (i) LFIA
strips components. (ii) Analytical procedure: lanthanide-doped polystyrene nanoparticles (LNPs) are captured at the test and
control line, where fluorescence at excitation and emission wavelengths of 365 and 615 nm is read. Their ratio determines the anti-
SARS-CoV-2 IgG concentration in the sample.14This figure is reused with permission from ACS and the article can be accessed
here: https://pubs.acs.org/doi/10.1021/acs.analchem.0c00784.
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show promise for as an alternative to serology tests on
a compact platform. In contrast, plasmonic and mag-
netic technologies require a laboratory infrastructure,
but have the advantage of higher throughput, allowing
more samples to be processed at one. Among our
surveyed technologies, the electrochemical and plas-
monic assays enable fastest readout, while the colori-
metric and lateral flow assays take a few minutes for
development to get a result (Fig. 9).

Other considerations that are relevant to technology
applicability to COVID-19 are cost and integration
with smartphones. Lateral flow assays are very popular
in resource-limited settings due to the relatively low
cost to manufacture at scale. Thus, such technologies
that are integrated on paper or other low-cost sub-
strates could have promise for deployment across the
world. They also have the advantage that they can be
operated by untrained users in a range of healthcare
settings. Another technology that could allow this are
smartphone compatible tests. Recently, a number of
technologies have been developed to integrate lab-on-
chip operation and readout with smartphones.6,15,32

This sort of integration could allow for data confi-
dentiality, simple operation, and built-in optics,
allowing modifications of more complex lab-on-chip
formats for field use. Careful attention to cost and
integration with common instrumentation such as
smartphones could allow new technologies to be
applied more readily to the point-of-care.

This paper reviewed current developments in the
field of lab-on-chip diagnostic sensors for COVID-19.
Significant progress has been made using these simple
integrated formats for the detection of both SARS-
CoV-2 RNA and protein biomarkers. Additional work
towards detection of other viruses may become rele-
vant as we continue to innovate and develop new
platforms for COVID-19. With public and private
support including new grants, expedited review, and
rapid approvals, it is our hope that new technologies
continue to be made available to improve our response
to this pandemic.
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