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ABSTRACT: The management of the COVID-19 pandemic has relied on
cautious contact tracing, quarantine, and sterilization protocols while we
await a vaccine to be made widely available. Telemedicine or mobile health
(mHealth) is well-positioned during this time to reduce potential disease
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spread and prevent overloading of the healthcare system through at-home
COVID-19 screening, diagnosis, and monitoring. With the rise of mass-
fabricated electronics for wearable and portable sensors, emerging ‘ .
telemedicine tools have been developed to address shortcomings in §}
COVID-19 diagnostics, monitoring, and management. In this Perspective, r
we summarize current implementations of mHealth sensors for COVID-19,

highlight recent technological advances, and provide an overview on how

ey
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these tools may be utilized to better control the COVID-19 pandemic.

globally to over 65 million cases in early December,

with over 20% occurring in the United States (U.S.).*
Initial e orts to mitigate the spread involved state-mandated
“stay at home” orders and travel restrictions, which seemed to
slow the spread temporarily but also severely impacted the
global economy and disrupted daily life. However, upon
reopening, even when daily cases have been dramatically
reduced as in France and Spain, countries are seeing a
resurgence with higher incidence rates than the initial peak in
April.> Governments are struggling to limit the community
spread of the disease while also attempting to limit the
economic fallout. Without available vaccines, the U.S. gross
domestic product (GDP) may su er losses estimated upward
of $45.3 billion during the pandemic.” While simple measures
of social distancing, face coverings, and increased access to
testing have been implemented to seek a return to normal daily
activities, there is a clear and present need for innovative tools
to intercept the spread of COVID-19, increase the e ciency
and quality of care, and alleviate pressures on the global
healthcare system.

Telemedicine is well-positioned to address these needs
through at-home COVID-19 screening, diagnosis, and
monitoring. Telemedicine has already been instituted by
many U.S. health systems to see patients at home and limit
the possible spread of COVID-19, since many cases have been
observed to originate in hospital.® > A major barrier to

I he COVID-19 pandemic has de ned 2020, spreading

© 2020 American Chemical Society

7 ACS Publications

Point-of-Care Diagnosis Continuous Monitoring

leveraging telemedicine for COVID-19 is the coordination of
testing.> Not only are current testing strategies a resource
intensive process, but they also cannot keep up with the
demand for testing with signi cant delays in results, which may
result in further delays in medical treatment. Once diagnosed,
telemedicine treatment is the best strategy to prevent the
inundation of hospitals with COVID-19 patients while also
allowing patients to recover in the comfort of their own home.
However, utilization of continuous monitoring tools at home is
necessary for informed medical decisions such as when the
patient should report to the hospital. By monitoring for
biomarkers associated with COVID-19 prognosis using
telemedicine sensors in home and community-based settings,
early medical intervention steps and more aggressive treatment
plans may prevent patient degradation and death.

In this Perspective, we aim to provide a summary of
telemedicine-based tools for COVID-19 diagnosis, symptom
monitoring, prognosis, and risk prevention. We highlight
current rapid and remote diagnostics, wearables for symptom
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Figure 1. COVID-19 diagnosis through rapid and point-of-care biomarker detection. (A) SARS-CoV-2 viral products including antigens and
RNA. (B) Antibodies and in ammatory proteins produced from the body’s immune response to the SARS-CoV-2 virus. (C) Detection of
COVID-19 biomarkers in nasopharyngeal swabs, saliva, and blood. (D) Lateral ow assays (LFAs) for the rapid detection of COVID-19
biomarkers. For RNA detection (top), ampli ed RNA through either real-time reverse transcriptase polymerase chain reaction or loop-
mediated isothermal ampli cation is added and binds to AuNP conjugated complementary probes or CRISPR-based enzymes for
colorimetric or uorometric detection. For antibody and antigen detection (bottom), AuNP conjugated antibodies and antigens tag the
associated target in solution and are then detected by the immobilized detector antibodies. (E) Results from LFAs can be captured by a
portable user interface. The mHealth platforms may then facilitate case reporting, community spread mapping, contact tracing, and
telemedicine treatment. (F) COVID-19 surveillance is most e ective under daily testing with test sensitivity being secondary to test

turnaround time in importance. Reproduced with permission from ref 41. Copyright 2020 Larremore et al

monitoring, and mobile platforms for tracking community
spread. We also present novel electrochemical platforms
developed for biomarker sensing for rapid diagnostics, risk
assessment, and on-body monitoring at home.

TELEMEDICINE-BASED COVID-19 DIAGNOSTICS

As communities seek a return to normalcy during the
continued spread of COVID-19, greater emphasis has been
placed on widespread access to testing, with the idea that those
who become infected and exposed isolate, while others
continue safe social practices. However, e ectively implement-
ing this public health strategy has proven di cult with
signi cant backlogs in testing. The gold standard for

16181

diagnosing COVID-19 has been real-time reverse transcriptase
polymerase chain reaction (RT-PCR) for the detection of
SARS-CoV-2 viral nucleic acid. RT-PCR is a slow process that
takes on average 2 3 h to generate results.® It requires
expensive equipment and trained technicians, such that tests
may not be able to be performed on-site.® RT-PCR is also
known to produce false negatives, which may limit contain-
ment strategies and access to treatment. One study reported a
70% positive rate for nasal swab samples from suspected
COVID-19 patients.” While lung computed tomography (CT)
scans have been suggested as a more accurate diagnostic tool
for patients with COVID-19 symptoms, it is less practical to
implement and may not be speci ¢ to COVID-19.°
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Beyond the need for improving the accuracy of COVID-19
diagnostic tools, there is a need to make these tools compatible
with point-of-care (POC) and at-home use. In public spaces,
there is a need for COVID-19 screening tools. At the hospital,
there is a need for patient severity information for e ective
triage and resource allocation. At home, there is a need for
quarantined individuals to test for COVID-19 before re-
entering society, and in the case of a positive test, to monitor
their symptoms via telemedicine to reduce the strain on
hospital resources. Designing these diagnostic tools requires
careful selection of target COVID-19 biomarkers, sample
specimens, detection mechanisms, and mHealth integration.

Biomarkers for COVID-19 Diagnosis. SARS-CoV-2 is a
genus -coronavirus, like SARS-CoV and MERS-CoV, with a
crown-like, enveloped, positive-strand ribonucleic acid (RNA)
(Figure 1A). The single-stranded RNA is packaged into a
helical structure de ned by the nucleocapsid (N) protein.’ The
viral envelope is decorated with membrane (M) proteins,
envelope (E) proteins, and spike (S) proteins. While M and E
proteins play more structural roles, the protruding outer S
protein is involved in binding to host cell angiotensin-
converting enzyme 2 receptors to facilitate viral entry.” Each
part of the SARS-CoV-2 virus can be detected for active
infection diagnosis. Previous research on SARS-CoV found
that viral antigen concentrations are in agreement with RT-
PCR patterns.”” One of the greatest challenges with viral
particle detection is the molecular sensitivity. A variety of RNA
ampli cation methods, including RT-PCR, loop-mediated
isothermal ampli cation (LAMP), and recombinase polymer-
ase ampli cation (RPA), have been developed to improve
RNA detection. For antigen testing, ultrasensitive immuno-
assays are necessary. The N protein is the most favorable for
antigen detection since it is the most abundant viral protein,**
yet it requires lysing of the virus and is similar to other
coronaviruses, including being 90% identical in proteomic
structure to that of SARS-CoV, potentially leading to reduced
assay selectivity.** **

One can also potentially diagnose COVID-19 based on the
physiochemical response to infection (Figure 1B). Anti-SARS-
CoV-2 antibodies provide information regarding the immune
response. Antibodies appear later into the infection, as early as
4 days after symptom onset,*® with immunoglobulin M (IgM)
peaking around 12 days after symptom onset and seroconver-
sion to immunoqlobulin G (IgG) around 20 days after
symptom onset.***® *® Because of variable antibody concen-
trations, simultaneous detection of IgM, IgG, and immuno-
globulin A (IgA) antibodies may improve assay performance.'*
Although antibodies are not optimal for early diagnosis and
detection, they may provide important temporal information
on the infection course. Also, antibody testing may provide
information regarding acquired immunity and community
seroprevalence. In addition to the immune response, COVID-
19 is known to cause a dysregulated in ammatory response,
known as the “cytokine storm”. In ammatory cytokine levels
may serve as important biomarkers for symptom severity and
prognosis. Increased levels of C-reactive protein (CRP) have
been found to correlate with lung lesions and disease
severity.”® #* Upregulation of interleukin (IL)-6 and IL-2 at
late stages of infection is well correlated to fatality.”®> Other
cytokines, chemokines, and growth factors, such as interferon-

, tumor necrosis factor alpha (TNF- ), and transforming
growth factor-beta-induced protein K676Ac, have been found
to be highly reliable, independent severity diagnostic

biomarkers.”® ?® These symptomatic markers have been
looked at as potential therapeutic targets in addition to
diagnostic targets.”>®

Bio uids containing these markers may contain active virus,
therefore at-home sample collection is desirable. Nasophar-
yngeal swabs have been the standard collection technique for
accessing viral samples of the respiratory infection. To reduce
the possibility of false negatives, high e ciency swabs have
been engineered using functionalized microneedles.”® How-
ever, this sample collection method requires assistance by a
healthcare professional, placing a strain on medical and
personal protective equipment (PPE) resources. In addition
to nasopharyngeal swabs, COVID-19 biomarkers have been
detected in blood and saliva (Figure 1C).*° * Both blood and
saliva provide alternative specimens for self-collection.

Lateral Flow Assays for POC Detection. Lateral ow
assays (LFAs) have become a standard for commercial rapid,
POC testing. LFAs are typically built on nitrocellulose
membranes with a sample pad, a conjugate pad, and absorption
pad and operate based on a wicking-directed ow of sample

uid over the binding and testing regions of the assay (Figure
1D). LFAs can be used for detection of ampli ed nucleic acids,
antigens, and antibodies based on speci ¢ gold nanoparticle
(AuNP) conjugated probes. Upon ow, they may bind to
immobilized probes at the detection strip causing aggregation
of AuNPs and a color change at the test line.**** Nucleic acid
LFAs may also use immobilized CRISPR-based enzymes,
which cleave a reporter-quencher pair upon binding of the
target nucleic acid sequence, producing a uorometric signal at
the test line®® A variety of LFAs are now commercially
available, including the Abbot ID Now and the Cepheid Xpert
Xpress for rapid molecular testing.*

Advances have been made based on the lateral ow design.
A portable multiplexed micro uidic-based platform has been
developed to provide rapid detection of 1gG, IgM, and SARS-
CoV-2 antigens simultaneously via uorescent detection.’” By
testing for both antibodies and antigens, one can simulta-
neously identify infected and convalescent individuals. The
Sikes group has designed and validated methods for developing
lateral ow antigen assays using binding protein sca olds based
on the reduced charge Sso7d variant (rcSso7d) rather than
capture antibodies. rcSso7d-based assays have similar limits of
detection as antibody-based assays and even improve
sensitivity when a larger sample volume is applied.*® Their
methodology allows for high-density adsorption to unmodi ed
cellulose within 30 s.** Using binding protein sca olds for
paper-based immunoassays have many bene ts including
inexpensive and simple manufacturing methods. 3M is now
collaborating with the Sikes lab to develop a rapid, inexpensive
lateral ow antigen test based on these methods.*’

LFAs provide immediate POC results that may be easily
interpreted through qualitative colorimetric or uorometric
readouts (Figure 1E). It is recommended that lateral ow
assays use validated automated readings for reliable LFA
deployment.’® If readings are recorded electronically, the data
can then be easily sent to an mHealth platform for community
spread tracking, immediate contact tracing, and personal
symptom monitoring and treatment via telemedicine. Viral
transmission models demonstrate that frequency of testing and
short sample-to-answer time should be prioritized in testing
and surveillance (Figure 1F).** These factors prove to be even
more important than test sensitivity in controlling disease
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Figure 2. Nanoengineered electrochemical sensors for POC COVID-19 diagnosis. (A) Ultrasensitive and rapid detection of the SARS-CoV-2
antigen using a eld-e ect transistor-based biosensor. Reproduced with permission from ref 43. Copyright 2020 ACS. (B) Point-of-care
aptamer-based detection of SARS-CoV-2 antigen in saliva using invertase for signal ampli cation viaa commercial glucometer. Reproduced
with permission from ref 44. Copyright 2020 Singh et al (C) Rapid multiplexed detection of SARS-CoV-2 antigen, antibodies, and C-
reactive protein using a laser-engraved graphene-based immunosensor with demonstrated use in saliva. Reproduced with permission from
ref 32. Copyright 2020 Elsevier. (D) A COVID-19 breath test that uses an array of nanomaterial-based hybrid sensors for exhaled breath
analysis toward machine learning assisted COVID-19 diagnosis. Reproduced with permission from ref 48. Copyright 2020 ACS.

spread. These results demonstrate the importance that rapid
POC tests like LFAs have in controlling the pandemic.
Nanotechnology-Enabled Telemedicine Sensors for
COVID-19 Diagnosis. Although LFAs have promise to be
widely deployed as an inexpensive, rapid, at-home testing tool,
they are limited to qualitative binary diagnostic results and
have variable performance under independent reviews.***

Highly sensitive, quantitative testing methods may allow for
earlier detection and more accurate screening for asympto-
matic carriers as well as a more informative tool for monitoring
disease progression at home through telemedicine care.
Electrochemical sensors based on novel nanomaterials are
well-positioned to provide rapid, highly sensitive testing that
can be easily integrated into mHealth platforms.

https://dx.doi.org/10.1021/acsnano.0c08494
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Figure 3. Skin-interfaced wearable sensors for continuous and non-invasive COVID-19 early detection and monitoring. (A) Wearable
sensors for continuous monitoring of physiological biomarkers related to COVID-19 infections. Work ow of vital sign data analysis and
COVID-19 predictive system. (B) A exible pulse oximeter mounted on a subject’s nger measuring oxygen saturation level. Reproduced
with permission from ref 55. Copyright 2016 AAAS. (C) Wireless measurement of oxygenation with a smartphone. Reproduced with
permission from ref 56. Copyright 2016 AAAS. (D) An epidermal ultrasonic device that monitors central blood pressure waveform.
Reproduced with permission from ref 57. Copyright 2018 Springer Nature. (E) A skin TCR sensor array for temperature mapping.
Reproduced with permission from ref 58. Copyright 2013 Springer Nature. (F) A soft skin-interfaced sensor platform designed for COVID-
19 monitoring. (G) Continuous multimodal monitoring of vital signs from a COVID-19 patient. (F and G) Reproduced with permission
from ref 61. Copyright 2020 AAAS. (H) A smart mask that monitors respiratory signs associated with COVID-19. (1) Remote real-time
monitoring of a person wearing the mask. (H and I) Reproduced with permission from ref 77. Copyright 2020 ACS.

An ultrasensitive eld-e ect transistor (FET)-based bio-
sensor was recently developed for label-free detection of the
SARS-CoV-2 S protein (Figure 2A).** The sensor was
prepared using capture antibodies bound to graphene sheets

of the FET using a 1-pyrenebutyric acid (PBA) N-
hydroxysuccinimide ester linker. Using this electrochemical
technique, the device could detect spike protein at the fg/mL
level, with a limit of detection of 242 copies/mL in clinical

https://dx.doi.org/10.1021/acsnano.0c08494
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nasopharyngeal sample specimens. The signal response was
immediately observable upon antigen-binding with stable
signals and quantitative detection achieved in under a minute.

Instead of developing a highly sensitive sensor, one can also
amplify the signal to a detectable range. A POC aptamer-based
sensor was developed in saliva that uses invertase to amplify
the signal by converting sucrose to glucose (Figure 2B).**
Upon antigen-aptamer binding, invertase-conjugated antisense
strands are released from functionalized magnetic beads and
separated. Using a commercial glucometer, the glucose
concentration could be e ectively calibrated to the antigen
concentration. Given the commercial availability of glucom-
eters and their connectivity to mHealth networks, this
diagnostic platform cleverly utilizes existing technology for
ready POC deployment.

Rapid, electrochemical sensing of cytokine biomarkers has
been an ongoing eld of research given the diagnostic use of
monitoring the body’s in ammatory response in several
diseases. An aptamer-based graphene FET with a HfO,
dielectric layer was demonstrated to detect IL-6 in saliva at
the picomolar level.*> For real-time COVID-19 diagnosis
based on viral-induced in ammation, an electrochemical
sensor was reported to selectively detect the reactive oxygen
species (ROS) levels in sputum samples.*® During infection,
mitochondrial ROS induce cytokine dysregulation in the lungs.
Using functionalized multiwalled carbon nanotubes, the sensor
detects ROS levels in 30 s via cyclic voltammetry. The test
achieved 97% sensitivity and was well-correlated to chest CT
scan results. This electrochemical sensor has the potential to
be adapted for an easy-to-use, reliable at-home test to diagnose
COVID-19 and monitor lung health over the course of the
infection.

A multiplexed electrochemical platform, SARS-CoV-2
RapidPlex, was developed for at-home diagnosis and
monitoring via simultaneous detection of SARS-CoV-2
antigen, antibodies, and CRP.** In a single test, the platform
provides quantitative information on viral infection, immune
response, and disease severity. The platform is composed of an
immunosensor array based on four 1-pyrenebutyric acid
(PBA)-coated laser-engraved graphene working electrodes
(Figure 2C). The design allows for ultrasensitive, selective,
and simultaneous amperometric detection of SARS-CoV-2 N
protein, anti-S1 1gG, anti-S1 IgM, and CRP. The data are
wirelessly transmitted to a user interface via Bluetooth,
allowing for remote reporting and monitoring. The platform
was applied to both serum and saliva samples with substantial
di erences between COVID-19 positive and negative samples
for all biomarkers (Figure 2C). Taking advantage of graphene’s
properties and using simple and well-established surface
functionalization and immunosensing techniques, the SARS-
CoV-2 RapidPlex platform provides a basis for quantitative
panel testing of COVID-19 biomarkers.

Arti cial intelligence (Al) has been incorporated into the
diagnosis of COVID-19 based on standard laboratory testing,
CT scans, and clinical presentation,*’ but it is also used to
identify COVID-19 signatures in exhaled breath analysis
through a hand-held breathalyzer system (Figure 2D).* A
sensor array of AUNPs functionalized with organic ligands
produces changes in the electric resistance due to shrinking
and swelling of the nanomaterial Im based on chemical
reactions upon exposure of exhaled breath composed of
respiratory gases, volatile organic compounds (VOCs), and
water vapor. The testing procedure was observed to be highly

speci ¢ for COVID-19 in comparison to other lung infections.
Such immediate and simple testing procedures would allow for
mass screening in public and POC settings.

The rapid development of diagnostic tools for SARS-CoV-2
has led to creative ways to exploit viral products and the
immune response to provide key diagnostic information.
However, few of these tools are ready for mass deployment,
and some argue that the priorities of researchers are misaligned
with the priorities of clinicians.*® In practice, robustness
outweighs sensitivity. With more attention placed to clinical
validation and reproducibility, these novel devices have great
potential to address the challenges of current testing.
Electrochemical sensors are prime for integration with
mHealth platforms, allowing for immediate contact tracing
and telemedicine access. Because of their rapid result
turnaround, these tools may be used frequently before and
ongoing during the infection to better monitor the disease
progression.

TELEMEDICINE TOOLS FOR VITAL SIGN MONITORING
AND CONTACT TRACING

Given the current challenges in implementing widespread
testing, wearable sensors monitoring general vital signs may be
used to continuously monitor for early warning signs and
worsening of symptoms. Early symptoms of COVID-19
infections are nonspeci ¢ and typicallg/ present as fever,
cough, shortness of breath, and fatigue.”® Real-time and at-
home monitoring of physiological signals using telemedicine
devices may o er insight into the patient’s health status to
prompt medical treatment and prevent sudden degradation,
thus reducing overall mortality rate (Figure 3A). Skin-
interfaced wearable devices and mobile health (mHealth)
monitors have been widely used for tness tracking and daily
life and, now, have the potential of translating toward
collecting physiological signals during the pandemic to
monitor and identify potential patients, and contain the
COVID-19 outbreak (Figure 3B E).** *® These wearable
devices can be deployed to healthy individuals who have the
risk of potential exposure, asymptomatic persons, and people
with mild symptoms, who are suggested to stay at home and
self-quarantine without further medical care under current
clinical guidances.®® Additionally, monitoring physiological
signals of patients continuously may o er a deeper under-
standing of the development of COVID-19 infections as well
as the process of recovery or potential long-term sequelae.®®®*
Population level mHealth monitoring will unveil the true
incidence among communities, guide local reopening policies,
and provide an early warning system to help reduce viral
transmission and mortality rate. In this section, we summarize
the clinical translation of physiological biomarkers that are
strongly related with COVID-19 symptoms, introduce the
wearable sensor platforms developed to track them, and then
discuss the current progress of using these wearable vital sign
monitors and the collected relevant data for COVID-19
monitoring and management.

Wearable Sensors for Continuous Vital Sign Monitor-
ing. When a viral infection occurs, the immune system will
defend against it by elevating body temperature. Temperature
measurements are therefore indispensable and have been
widely adopted in many countries. For example, a continuous
body temperature monitoring program using the TempTraq
system has been launched in University Hospitals in Ohio to
monitor temperatures of caregivers who may be exposed to

https://dx.doi.org/10.1021/acsnano.0c08494
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Figure 4. mHealth platforms for physiological data monitoring, analysis, and contact tracing. (A) Physiological monitoring of 31 COVID-19
positive patients using a smartwatch platform. Reproduced with permission from ref 83. Copyright 2020 Springer Nature. (B) Contact
tracing and quarantine by monitoring the proximity between phones running the mHealth app. Reproduced with permission from ref 84.
Copyright 2020 AAAS. (C) Schematic of testing, certi cation, and veri cation for data security using decentralized veri able data registry.

Reproduced with permission from ref 85. Copyright 2020 IEEE.

COVID-19.%% The single use, disposable sensor patch can last
up to 72 h and transmit real-time data wirelessly. When a fever
is detected, the caregiver is immediately quarantined to ensure
the safety of the general public. While identifying potential
patients with fever may help control the spread to some
degree, measuring temperature alone is neither su cient nor
accurate. Fever is also related with many other infections, such
as the u, and is not a hallmark symptom of COVID-19, as
many patients are asymptomatic or do not experience a fever
during infection.

Viral illness increases physiological stress leading to an
increase in heart rate and blood pressure and change in pulse
waveforms. One previous study reported predicting in uenza-
like illness by analyzing resting heart rate and sleeping duration
based on commercial Fitbit and Huami devices.®*®* Recently,
researchers at Stanford and Scripps have initiated app-based
monitoring programs to detect and predict viral illnesses using
Fitbit and Apple watch wearables, which extract heart rate and
other health data.®>®° Studies have also shown that COVID-19
infections are associated with cardiovascular complications

including myocarditis, heart failure, and venous thromboemb-
olism.%” Sudden cardiovascular death is highly related with
COVID-19 infections and has become a major complication.®®
Thus, it is critical to monitor cardiac conditions such as heart
rate variability (HRV) among COVID-19 patients using
wearable electrocardiogram (ECG) sensors.

Respiration rate is of critical importance to monitor the lung
functionality of COVID-19 patients. Normal respiration rates
range from 12 to 20 rpm at rest, while infected lungs will cause
increased respiration rates. Compared with body temperature
measurements, monitoring respiration uctuations may serve
as a more speci ¢ biomarker for COVID-19 diagnosis, since
most u cases do not exhibit shortness of breath. It is worth
noting that an elevated respiration rate usually requires oxygen
therapy, and delayed treatment may cause the use of highly
invasive procedures such as mechanical ventilation and
intubation, which currently has a high mortality rate of
80%.°° Measuring respiration rate using strain sensors can
potentially monitor the coughing frequency as well, helping to
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Figure 5. Wearable metabolic biosensors for COVID-19 risk assessment. (A) Schematic illustration for wearable chemical sensors for
monitoring COVID-19 risk factors, severity, and prognosis. (B) Dynamics of blood glucose during the 28 day follow-up and survival rate
curves of patients with poorly and well-controlled blood glucose. Reproduced with permission from ref 105. Copyright 2020 Elsevier. (C)
Association between obesity and COVID-19 severity. Reproduced with permission from ref 108. Copyright 2020 The Obesity Society. (D
and E) Photographs for wearable sensors for continuous and non-invasive glucose analysis in sweat (D) and tears (E). Reproduced with
permission from ref 114. Copyright 2019 Springer Nature. Reproduced with permission from ref 117. Copyright 2014 Google. (F and G)
Wearable chemical sensors for monitoring circulating metabolites and nutrients through in situ sweat (F) and saliva (G) analyses.
Reproduced with permission from ref 119. Copyright 2020 Springer Nature. Reproduced with permission from ref 120. Copyright 2015

Elsevier.

assess in real-time and allow for timely medical interventions
before worsening symptoms arise.

Peripheral oxygen saturation (SpO,) measures the oxygen
carrying capability of hemoglobin. Normal blood oxygen
saturation level is around 94% to 100%, while breathing
problems may cause life threating hypoxemia. COVID-19
attacks the lungs di erently from normal pneumonia and
causes oxygen deprivation that is hard to detect initially during
the incubation period. By the time noticeable shortness of
breath is developed, the oxygen saturation levels of the patients
have usually decreased to merely 50%.°° This makes
monitoring pulse oximetry a crucial early warning factor to
prevent exacerbations. Pulse oximeters, wearable devices that
are mounted on the ngers of the patients to continuously and
non-invasively monitor oxygen saturation levels, have been
proposed to monitor symptoms at home and prevent such
silent hypoxia in COVID-19 patients.®

Activity patterns also have the potential of re ecting the
individual's health status. With current stay-at-home guide-
lines, a signi cant decline in normal activity levels measured by
step counts of Fitbit users have been shown.”® Exercise has
been proven to have health bene ts for both healthy
individuals and patients with various diseases.”"’* Regular
physical exercise will improve cardiovascular functions,”
increase the strength of respiratory muscles,”* and maintain
and enhance the immune system.”>’® Some pioneering
research has been conducted to study activity patterns of
COVID-19 patients using skin-interfaced wearable sensors
(Figure 3F 1).°%77

Data Analysis and Pioneering Studies of mHealth for
COVID-19 Monitoring. Several COVID-19 monitoring
mHealth apps have been developed to collect daily survey-
based information, including whether people feel well and
whether they develop COVID-19 symptoms, and to assess
real-time community spread. For example, a web-based
platform named CovidNearYou has been designed to visualize
COVID-19 current and potential hotspots.”® The platform has
captured more than 1 million self-reports based on voluntary
crowdsourced data. These apps can be used not only for the
general public but also for screening health workers to
implement e ective containment strategies.”” One challenge
is that many infectious patients are not aware during the
incubation period, which makes self-reporting a lagged
measure in terms of prompt epidemiologic studies.

Given the highly diversi ed user health data, mHealth
platforms such as smartphone apps may be combined with
wearable sensors to automatically analyze and manage the data
as an elementary screening tool and reduce unnecessary
hospital consultations.?* Machine learning models along with
predictive algorithms that can generalize among di erent
populations can be built to understand inconspicuous health
status and predict exacerbations.®® Some pioneering studies
include early detection of COVID-19 using both commercial
wearable products and customized wearable platforms. For
example, researchers were able to distinguish cases based on
changes in heart rate, steps, and sleep in 80% of COVID-19
infections by analyzing smartwatch data from 31 infected
patients out of 5000 participants (Figure 4A).%* These
physiological alterations were detected before symptom onset
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in over 85% of the positive cases, which could be used to
predict asymptomatic and presymptomatic COVID-19 in-
fections and better meet surges in medical demand.
Anonymous data containing geographic information can
further enable contact tracing by monitoring the proximity
between phones running the app (Figure 4B).2* With
approaches that ensure data security,®® these population-wide
platforms also identify potential regions at risk and new “hot
spots” in the absence of widespread population testing (Figure
4C).% Some representative social-media platforms including
WhatsApp, Facebook, and Twitter have also been used to
broadcast instant information or updates to the public, which
supplement public communication and health education.®” &

TELEMEDICINE METABOLIC BIOSENSORS FOR
COVID-19 RISK ASSESSMENTS

Many studies have revealed that the risk of COVID-19 severity
and death is extremely higher among individuals with chronic
diseases and metabolic disorders such as obesity, diabetes, fatty
liver disease, and alcoholism.® °° Understanding the risk of
severe COVID-19 outcomes for these patient populations, it is
important that individuals take preventative steps to lower
their risk for severe COVID-19. Monitoring of metabolic
biomarkers may better track patient progress under physician-
guided lifestyle changes, such as diet and exercise. If infected,
quantitative metabolic information may be used to screen for
high-risk patients and better inform treatment decisions. Once
patients exhibit clinical manifestations requiring inpatient
interventions, they may have already progressed to a severe
phase associated with other complications, such as heart
failure, liver failure, or kidney failure. Therefore, this
necessitates moving toward small and inexpensive telemedicine
tools that may monitor general metabolic biomarkers
continuously and alert clinicians in advance of patient
degradation, allowing for early intervention in high-risk
patients with severe prognoses (Figure 5A). In this section,
we report metabolic biomarkers that are well-correlated with
COVID-19 severity and outcome. We then discuss how these
biomarkers may be monitored using wearable electrochemical
sensors prior to infection for preventative measures and during
infection to triage and monitor vital organ function.
Metabolic Biomarkers and COVID-19 Severity. Meta-
bolic biomarkers have been proven as an e ective tool to
evaluate the etiology of diseases and assess the e ects of
pathologies.”® A wealth of metabolic biomarkers have recently
been detected from nonsevere and severe COVID-19 patient
serum, such as urea, creatinine, uric acid, ions (potassium,
sodium, iron, calcium, bicarbonate, chloride), glucose, and
lactic acid.”” Some of these metabolic biomarkers have
attracted attention for their direct correlation with COVID-
19 severity.”**° As shown in Table 1, glomerular ltration

Table 1. Exemplar Small-Molecule Biomarkers in Mild and
Severe Patients with COVID-19

metabolic range in mild  range in severe

biomarkers reference range cases cases ref
creatinine 60 120 M 40 60 M 50 160 M 99
urea 25 7.1 mM 2 5mM 5 25mM 99
potassium 36 52mM 38 46mM 40 50mM 100
iron 60 170 g/dL 55 58 g/L  median 102

255 g/L
glucose 44 6.1 mM 4 20 mM 6 25 mM 104

biomarkers, urea and creatinine, increased by 5-fold in severe
COVID-19 patients, indicating that severe infection may
reduce kidney function or that patients with chronic kidney
disease are at a higher risk for severe presentation of COVID-
19. There was no signi cant di erence for uric acid between
COVID-19 patients and healthy reference values. lons play an
important role in blood to maintain osmotic balance, pH
balance, and proper cellular function; therefore, variation in
plasma ion concentrations may be indicative of metabolic
disorders. The kidney regulates the levels of plasma ion
concentrations including sodium, potassium, calcium, magne-
sium bicarbonate, and chloride. As described, COVID-19 may
disrupt kidney function, changing ion concentrations in the
process. Potassium showed higher concentrations of around 1
mM in severe cases.'”® Other ions like sodium, chloride, and
bicarbonate showed no signi cant di erence between the
nonsevere and severe patients.’®* Iron, which is an essential
element for nucleic acid replication, is an attractive biomarker
for severe prognosis.'®> When the immune response is
activated and the cytokine cascade starts, serum iron decreases
and is converted to ferritin, leading to an observed decrease in
concentration after infection when compared to normal
reference values. In severe cases, serum iron concentration
decreased signi cantly to 25,5 g/dL due to lymphopenia, and
ferritin increased correspondingly. The serum iron recovered
after a median of 7 9 days of treatment in the intensive care
unit. As a key biomarker for health, blood glucose increased
after infection among COVID-19 patients and was well-
correlated to disease severity.'%*'%* Well-controlled blood
glucose concentrations signi cantly reduced complications,
adverse outcomes, and death (Figure 5B).*® Blood glucose
provides novel insight into patients with severe COVID-19 and
possible avenues aimed at improving their disease outcomes.
Similar with glucose, lactic acid in serum increased after
infection. In addition to diabetes mellitus and chronic kidney
disease, obesity, another health condition in the metabolic
syndrome cluster, has been linked to a high risk of severe
COVID-19 illness and death."°®*°” There is a clear relation-
ship between increasing values of BMI and the proportion of
patients with severe COVID-19 (Figure 5C).*°® These
metabolic biomarkers paint an overall picture of the course
and severity of COVID-19 infection. ldentifying declined
metabolic health may be of great importance in the early
diagnosis and treatment, potentially reducing hospitalization
for severe patients. However, it should be clari ed that the
reported results are limited by small sample sizes and
monitoring of metabolic biomarkers during treatment, which
may have had an unknown in uence on the serology results.
Additionally, these biomarkers are not as speci ¢ to COVID-
19 as viral products.

Wearable Chemical Sensors. Wearable biosensors could
play an important role for metabolic monitoring and infection
risk assessment during the COVID-19 pandemic through real-
time and continuous analysis of accessible body uids like
interstitial uid, sweat, saliva, and tears (Figure 5D G).'% !
Through low-cost, commercially available wearable biosensors
such as continuous glucose monitoring (CGM) devices to
monitor blood glucose level in real-time, it is possible for
clinicians to evaluate and treat patients more e ciently based
on the observed increase in blood glucose after COVID-19
infection. Glycemic control through wearable CGM devices
has been advocated for in-hospital use to monitor COVID-19
patients, especially those with diabetes, since hyperglycemia
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brought on by changes in medication and infrequent glucose
monitoring during COVID-19 hospitalization is a poor
prognostic indicator."***** More recently, wearable sensors
with an enzymatic glucose sensor can non-invasively monitor
external body uids (sweat'** ™° tears’™’ saliva'*®) and
re ect the relative blood glucose levels (Figure 5D,E). The
wearable biosensing technique can be applied to other
biomarkers in sweat and saliva toward non-invasive personal-
ized metabolic monitoring. For example, sweat electroactive
metabolites and nutrients (eg, uric acid, tyrosine) can be
monitored by a laser-engraved micro uidic wearable sensor
patch (Figure 5F),**° and metabolites in saliva (eg, uric acid
and lactate) can also be monitored with a wireless mouthguard
biosensor (Figure 5G).**° Urea in sweat has been monitored
using a urease-modi ed enzymatic ammonium-ion-selective
electrode to track protein intake in the daily diet."** Besides
the triage of severe cases, metabolic wearable biosensors could
be used for lifestyle monitoring and diet personalization for
preventative healthcare and lowering the risk of severe
COVID-19 outcomes prior to infection.

These continuous chemical sensors may be combined with
physical sensors described previously to create a multimodal
platform for health monitoring. Through continuous data
processing, machine learning, and mHealth incorporation of
medical records, a multimodal health platform could provide
key predictive information regarding COVID-19 risk and
advanced warning of COVID-19 infection. It should also be
noted that these telemedicine sensors could potentially allow
non-invasive monitoring of stress and mental health monitor-
ing which has become a crucial societal issue during the
pandemic.'?* *** The future of personalized medicine will
incorporate continuous and mHealth connected multimodal
wearable platforms in preventative treatment plans, early
infection prognosis, and telemedicine monitoring.

CONCLUSIONS AND OUTLOOK

Based on recent global trends, it is clear that the battle against
COVID-19 is not a passive one. While sheltering in place is the
most e ective method for stopping the spread of COVID-19, it
is not compatible with the global economy and communal
society we live in. Thus, in addition to face coverings and social
distancing measures, how we approach COVID-19 screening,
diagnosis, and treatment must be re-imagined. The ability to
immediately isolate infected individuals and limit their contacts
through telemedicine monitoring and prognosis is imperative
to containing COVID-19.

COVID-19 testing has been one of the largest challenges
during the pandemic. Widespread and frequent testing with
rapid turnaround time is necessary since presymptomatic and
asymptomatic carriers may contribute the most to spreading
the disease. LFAs are being bet on as a cheap, mass-producible,
simple, and rapid diagnostic tool. However, there are concerns
that LFAs are not as accurate as the standard RT-PCR. Moving
toward inexpensive telemedicine electrochemical sensors may
solve this problem with accurate and quantitative results which
may better inform physicians. Additionally, diagnostic plat-
forms may be advanced to multiplexed designs to provide
information regarding not only infection status but also the
immune response, in ammatory markers, and metabolic
markers to better understand the time course and severity of
the infection. A key for telemedicine implementation though is
that diagnostic tools must be self-administered using accessible
samples including blood, saliva, or exhaled breath.

Once diagnosed, at-home isolation and monitoring of
symptoms is necessary to prevent overwhelming healthcare
systems. By pairing continuous wearables that monitor
physiological markers and telemedicine platforms, physicians
can track patient health statuses in real-time and determine
when to change treatment courses. Through mHealth
platforms, these data may be automatically analyzed for early
warning signs of patient degradation. At-home monitoring of
metabolic markers associated with prognosis may also allow for
forward triage of COVID-19 patients. These tools may allow
for earlier intervention in serious cases and e cient allocation
of hospital resources to improve positive patient outcomes.
Additionally, continued telemedicine monitoring of chronic
metabolic disorders may allow for preventative steps to be
taken by changes in diet and lifestyle and treatments that
would help to lower their risk of severe COVID-19 outcomes.

Considering the large infected population and high trans-
mission rate, manual contact tracing and identi cation have
become infeasible. Contact tracing and quarantine, case
isolation and monitoring, hygiene, and decontamination will
be the new normal until a vaccine is widely available.®* With
the widespread availability of commercial wearable devices and
smartphone-based platforms, they can be used for continuous
monitoring of individuals as well as autonomous tracing of
disease activity. Machine learning and predictive algorithms of
the user data will play a role in disease identi cation and
assessment. At a population level, these algorithms combined
with geographic app data may form more accurate models of
the spread that may guide quarantine strategies and reopening
policies.

In conclusion, with new advances in remote diagnostics and
wearable sensors, telemedicine may be e ectively leveraged for
COVID-19. Through widespread, rapid screening and at-home
testing, mHealth reporting, and integrated wearable technol-
ogies for symptom monitoring and prognosis, we may control
future surges of COVID-19 infections and optimize patient
outcomes.

AUTHOR INFORMATION

Corresponding Author

Wei Gao Andrew and Peggy Cherng Department of Medical
Engineering, California Institute of Technology, Pasadena,

California 91125, United Stat=2sicid.org/0000-0002-
8503-4562; Email: weigao@caltech.edu

Authors

Heather Lukas Andrew and Peggy Cherng Department of
Medical Engineering, California Institute of Technology,

Pasadena, California 91125, United States

Changhao Xu Andrew and Peggy Cherng Department of
Medical Engineering, California Institute of Technology,

Pasadena, California 91125, United States

You Yu Andrew and Peggy Cherng Department of Medical
Engineering, California Institute of Technology, Pasadena,

California 91125, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.0c08494

Notes
The authors declare no competing nancial interest.

https://dx.doi.org/10.1021/acsnano.0c08494
ACS Nano 2020, 14, 16180 16193


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8503-4562
http://orcid.org/0000-0002-8503-4562
mailto:weigao@caltech.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heather+Lukas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Changhao+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="You+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08494?ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c08494?ref=pdf

ACS Nano

Www.acsnano.org

ACKNOWLEDGMENTS

This project was supported by the Merkin Institute for
Translational Research at Caltech, COVID-19 Research
Funding from the Tobacco Related-Disease Research Program
(TRDRP), the Translational Research Institute for Space
Health through NASA NNX16A069A, and an American
Heart Association grant no. 19TPA34850157.

REFERENCES

(1) COVID-19 Map. https://coronavirus.jhu.edu/map.html (ac-
cessed 2020-12-03).

(2) Prager, F.; Wei, D.; Rose, A. Total Economic Consequences of
an Influenza Outbreak in the United States: Economic Consequences
of Influenza. Risk Analk017, 37, 4 19.

(3) Hollander, J. E.; Carr, B. G. Virtually Perfect? Telemedicine for
Covid-19. N. Engl. J. Me2D20, 382 1679 1681.

(4) Wang, D.; Hu, B.; Hu, C.; Zhu, F.; Liu, X.; Zhang, J.; Wang, B.;
Xiang, H.; Cheng, Z.; Xiong, Y.; et al. Clinical Characteristics of 138
Hospitalized Patients With 2019 Novel Coronavirus Infected
Pneumonia in Wuhan, China. JAMA2020, 323 1061 1069.

(5) Black, J. R. M.; Bailey, C.; Przewrocka, J.; Dijkstra, K. K;
Swanton, C. COVID-19: The Case for Health-Care Worker Screening
to Prevent Hospital Transmission. LanceR020, 395 1418 1420.

(6) Li, Z; Yi, Y.; Luo, X.; Xiong, N.; Liu, Y.; Li, S.; Sun, R.; Wang,
Y.; Hu, B.; Chen, W.; et al. Development and Clinical Application of a
Rapid 1gM-1gG Combined Antibody Test for SARS-CoV-2 Infection
Diagnosis. J. Med. Viro2020, 92 1518 1524.

(7) Yang, Y.; Yang, M.; Shen, C.; Wang, F.; Yuan, J.; Li, J.; Zhang,
M.; Wang, Z.; Xing, L.; Wei, J. Laboratory Diagnosis and Monitoring
the Viral Shedding of SARS-CoV-2 Infection. The Innovatia2020, 1,
100061.

(8) Ai, T.; Yang, Z.; Hou, H.; Zhan, C.; Chen, C.; Lv, W.; Tao, Q.;
Sun, Z.; Xia, L. Correlation of Chest CT and RT-PCR Testing for
Coronavirus Disease 2019 (COVID-19) in China: A Report of 1014
Cases. Radiologg020, 296 E32 E40.

(9) Ji, T,; Liu, Z;; Wang, G.; Guo, X.; Akbar khan, S.; Lai, C.; Chen,
H.; Huang, S.; Xia, S.; Chen, B.; et al. Detection of COVID-19: A
Review of the Current Literature and Future Perspectives. Biosens.
Bioelectro@020, 166 112455.

(10) Lau, S. K. P.; Woo, P. C. Y.; Wong, B. H. L.; Tsoi, H.-W.; Woo,
G. K. S.; Poon, R. W. S.; Chan, K.-H.; Wei, W. |.; Peiris, J. S. M,;
Yuen, K.-Y. Detection of Severe Acute Respiratory Syndrome (SARS)
Coronavirus Nucleocapsid Protein in SARS Patients by Enzyme-
Linked Immunosorbent Assay. J. Clin. Microbid?004, 42 2884
2889.

(11) Sethuraman, N.; Jeremiah, S. S.; Ryo, A. Interpreting
Diagnostic Tests for SARS-CoV-2. JAMA2020, 323 2249,

(12) Feng, W.; Newbigging, A. M.; Le, C.; Pang, B.; Peng, H.; Cao,
Y.; Wu, J.; Abbas, G.; Song, J.; Wang, D.-B.; et al. Molecular Diagnosis
of COVID-19: Challenges and Research Needs. Anal. Cher2020, 92
10196 10209.

(13) Kannan, S.; Subbaram, K.; Ali, S.; Kannan, H. Molecular
Characterization and Amino Acid Homology of Nucleocapsid (N)
Protein in SARS-CoV-1, SARS-CoV-2, MERS-CoV, and Bat
Coronavirus. J. Pure Appl. Microb2fi20, 14 757 763.

(14) Grifoni, A.; Sidney, J.; Zhang, Y.; Scheuermann, R. H.; Peters,
B.; Sette, A. A Sequence Homology and Bioinformatic Approach Can
Predict Candidate Targets for Immune Responses to SARS-CoV-2.
Cell Host Microl2820, 27 671 680.

(15) Xiang, F.; Wang, X.; He, X.; Peng, Z.; Yang, B.; Zhang, J.; Zhou,
Q.; Ye, H.;; Ma, Y.; Li, H.; et al. Antibody Detection and Dynamic
Characteristics in Patients With Coronavirus Disease 2019. Clin.
Infect. Di020, 71, 1930 1934.

(16) Padoan, A.; Cosma, C.; Sciacovelli, L.; Faggian, D.; Plebani, M.
Analytical Performances of a Chemiluminescence Immunoassay for

SARS-CoV-2 IgM/1gG and Antibody Kinetics. Clin. Chem. Lab. Med.

2020, 58 1081 1088.

16190

(17) To, K. K-W.; Tsang, O. T.-Y.; Leung, W.-S.; Tam, A. R.; Wu,
T.-C.; Lung, D. C.; Yip, C. C.-Y,; Cai, J.-P.; Chan, J. M.-C.; Chik, T.
S.-H.; et al. Temporal Profiles of Viral Load in Posterior
Oropharyngeal Saliva Samples and Serum Antibody Responses during
Infection by SARS-CoV-2: An Observational Cohort Study. Lancet
Infect. Di2020, 20 565 574.

(18) Whitman, J. D.; Hiatt, J.; Mowery, C. T,; Shy, B. R;; Yu, R;;
Yamamoto, T. N.; Rathore, U.; Goldgof, G. M.; Whitty, C.; Woo, J.
M.; et al. Evaluation of SARS-CoV-2 Serology Assays Reveals a Range
of Test Performance. Nat. Biotechn@020, 38 1174 1183.

(19) Ma, H.; Zeng, W.; He, H.; Zhao, D.; Yang, Y.; Jiang, D.; Zhou,
P.; Qi,Y.; He, W.; Zhao, C.; et al. Serum IgA, IgM, and 1gG responses
in COVID-19. Cell. Mol. Immun@020, 17, 773 775.

(20) Wang, L. C-Reactive Protein Levels in the Early Stage of
COVID-19. Med. Mal. Infe@020, 50 332 334.

(21) Tan, C,; Huang, Y.; Shi, F.; Tan, K.; Ma, Q.; Chen, Y.; Jiang,
X.; Li, X. C-reactive Protein Correlates with Computed Tomographic
Findings and Predicts Severe COVID-19 Early. J. Med. Viro2020,
92 856 862.

(22) Liy, F.; Li, L.; Xu, M.; Wu, J.; Luo, D.; Zhu, Y.; Li, B.; Song, X;
Zhou, X. Prognostic Value of Interleukin-6, C-Reactive Protein, and
Procalcitonin in Patients with COVID-19. J. Clin. ViroR020, 127
104370.

(23) Gong, J.; Dong, H.; Xia, S. Q.; Huang, Y. Z.; Wang, D.; Zhao,
Y.; Liu, W,; Tu, S.; Zhang, M.; Wang, Q. et al. Correlation Analysis
Between Disease Severity and In ammation-Related Parameters in
Patients with COVID-19 Pneumonia. medRxjviFebruary 27, 2020,
ver. 1. DOI: 10.1101/2020.02.25.20025643 (accessed 2020-12-03).

(24) Zhou, B.; She, J; Wang, Y.; Ma, X. Utility of Ferritin,
Procalcitonin, and C-Reactive Protein in Severe Patients with 2019
Novel Coronavirus Disease. Research Squaderch 19, 2020, ver. 1.
DOI: 10.21203/rs.3.rs-18079/v1.

(25) Xu, Z-S.; Shu, T.; Kang, L.; Wu, D.; Zhou, X.; Liao, B.-W.; Sun,
X.-L.; Zhou, X.; Wang, Y.-Y. Temporal Profiling of Plasma Cytokines,
Chemokines and Growth Factors from Mild, Severe and Fatal
COVID-19 Patients. Sig. Transduct Target The20, 5, 100.

(26) Cui, F.; Zhou, H. S. Diagnostic Methods and Potential Portable
Biosensors for Coronavirus Disease 2019. Biosens. Bioelect?6@0,
165 112349.

(27) Del Valle, D. M.; Kim-Schulze, S.; Huang, H.-H.; Beckmann, N.
D.; Nirenberg, S.; Wang, B.; Lavin, Y.; Swartz, T. H.; Madduri, D.;
Stock, A.; et al. An Inflammatory Cytokine Signature Predicts
COVID-19 Severity and Survival. Nat. Med2020, 26 1636 1643.

(28) Park, H. H.; Kim, H. N.; Kim, H.; Yoo, Y.; Shin, H.; Choi, E.
Y.; Bae, J-S.; Lee, W. Acetylated K676 TGFBIp as a Severity
Diagnostic Blood Biomarker for SARS-CoV-2 Pneumonia. Sci. Adv.
2020, 6, No. eabc1564.

(29) Chen, W.; Cai, B.; Geng, Z.; Chen, F.; Wang, Z.; Wang, L.;
Chen, X. Reducing False Negatives in COVID-19 Testing by Using
Microneedle-Based Oropharyngeal Swabs. Matter 2020, 3, 1589
1600.

(30) Williams, E.; Bond, K.; Zhang, B.; Putland, M.; Williamson, D.
A. Saliva as a Noninvasive Specimen for Detection of SARS-CoV-2. J.
Clin. Microbio2020, 58 No. e00776-20.

(31) To, K. K--W.; Tsang, O. T.-Y.; Yip, C. C.-Y.; Chan, K.-H.; Wu,
T.-C.; Chan, J. M.-C,; Leung, W.-S.; Chik, T. S.-H.; Choi, C. Y.-C;;
Kandamby, D. H.; et al. Consistent Detection of 2019 Novel
Coronavirus in Saliva. Clin. Infect. Dig020, 71, 841 843.

(32) Torrente-Rodriguez, R. M.; Lukas, H.; Tu, J.; Min, J.; Yang, Y.;
Xu, C.; Rossiter, H. B.; Gao, W. SARS-CoV-2 RapidPlex: A
Graphene-Based Multiplexed Telemedicine Platform for Rapid and
Low-Cost COVID-19 Diagnosis and Monitoring. Matter 2020, 3,
1981 1998.

(33) Zhu, X;; Wang, X;; Han, L.; Chen, T.; Wang, L.; Li, H.; Li, S.;
He, L.; Fu, X;; Chen, S.; et al. Multiplex Reverse Transcription Loop-
Mediated Isothermal Amplification Combined with Nanoparticle-
Based Lateral Flow Biosensor for the Diagnosis of COVID-19.
Biosens. Bioelect?680, 166 112437.

https://dx.doi.org/10.1021/acsnano.0c08494
ACS Nano 2020, 14, 16180 16193


https://coronavirus.jhu.edu/map.html
https://dx.doi.org/10.1111/risa.12625
https://dx.doi.org/10.1111/risa.12625
https://dx.doi.org/10.1111/risa.12625
https://dx.doi.org/10.1056/NEJMp2003539
https://dx.doi.org/10.1056/NEJMp2003539
https://dx.doi.org/10.1001/jama.2020.1585
https://dx.doi.org/10.1001/jama.2020.1585
https://dx.doi.org/10.1001/jama.2020.1585
https://dx.doi.org/10.1016/S0140-6736(20)30917-X
https://dx.doi.org/10.1016/S0140-6736(20)30917-X
https://dx.doi.org/10.1002/jmv.25727
https://dx.doi.org/10.1002/jmv.25727
https://dx.doi.org/10.1002/jmv.25727
https://dx.doi.org/10.1016/j.xinn.2020.100061
https://dx.doi.org/10.1016/j.xinn.2020.100061
https://dx.doi.org/10.1148/radiol.2020200642
https://dx.doi.org/10.1148/radiol.2020200642
https://dx.doi.org/10.1148/radiol.2020200642
https://dx.doi.org/10.1016/j.bios.2020.112455
https://dx.doi.org/10.1016/j.bios.2020.112455
https://dx.doi.org/10.1128/JCM.42.7.2884-2889.2004
https://dx.doi.org/10.1128/JCM.42.7.2884-2889.2004
https://dx.doi.org/10.1128/JCM.42.7.2884-2889.2004
https://dx.doi.org/10.1001/jama.2020.8259
https://dx.doi.org/10.1001/jama.2020.8259
https://dx.doi.org/10.1021/acs.analchem.0c02060
https://dx.doi.org/10.1021/acs.analchem.0c02060
https://dx.doi.org/10.22207/JPAM.14.SPL1.13
https://dx.doi.org/10.22207/JPAM.14.SPL1.13
https://dx.doi.org/10.22207/JPAM.14.SPL1.13
https://dx.doi.org/10.22207/JPAM.14.SPL1.13
https://dx.doi.org/10.1016/j.chom.2020.03.002
https://dx.doi.org/10.1016/j.chom.2020.03.002
https://dx.doi.org/10.1093/cid/ciaa461
https://dx.doi.org/10.1093/cid/ciaa461
https://dx.doi.org/10.1515/cclm-2020-0443
https://dx.doi.org/10.1515/cclm-2020-0443
https://dx.doi.org/10.1016/S1473-3099(20)30196-1
https://dx.doi.org/10.1016/S1473-3099(20)30196-1
https://dx.doi.org/10.1016/S1473-3099(20)30196-1
https://dx.doi.org/10.1038/s41587-020-0659-0
https://dx.doi.org/10.1038/s41587-020-0659-0
https://dx.doi.org/10.1038/s41423-020-0474-z
https://dx.doi.org/10.1038/s41423-020-0474-z
https://dx.doi.org/10.1016/j.medmal.2020.03.007
https://dx.doi.org/10.1016/j.medmal.2020.03.007
https://dx.doi.org/10.1002/jmv.25871
https://dx.doi.org/10.1002/jmv.25871
https://dx.doi.org/10.1016/j.jcv.2020.104370
https://dx.doi.org/10.1016/j.jcv.2020.104370
https://dx.doi.org/10.1101/2020.02.25.20025643
https://dx.doi.org/10.1101/2020.02.25.20025643
https://dx.doi.org/10.1101/2020.02.25.20025643
https://dx.doi.org/10.1101/2020.02.25.20025643?ref=pdf
https://dx.doi.org/10.21203/rs.3.rs-18079/v1
https://dx.doi.org/10.21203/rs.3.rs-18079/v1
https://dx.doi.org/10.21203/rs.3.rs-18079/v1
https://dx.doi.org/10.21203/rs.3.rs-18079/v1?ref=pdf
https://dx.doi.org/10.1038/s41392-020-0211-1
https://dx.doi.org/10.1038/s41392-020-0211-1
https://dx.doi.org/10.1038/s41392-020-0211-1
https://dx.doi.org/10.1016/j.bios.2020.112349
https://dx.doi.org/10.1016/j.bios.2020.112349
https://dx.doi.org/10.1038/s41591-020-1051-9
https://dx.doi.org/10.1038/s41591-020-1051-9
https://dx.doi.org/10.1126/sciadv.abc1564
https://dx.doi.org/10.1126/sciadv.abc1564
https://dx.doi.org/10.1016/j.matt.2020.09.021
https://dx.doi.org/10.1016/j.matt.2020.09.021
https://dx.doi.org/10.1128/JCM.00776-20
https://dx.doi.org/10.1093/cid/ciaa149
https://dx.doi.org/10.1093/cid/ciaa149
https://dx.doi.org/10.1016/j.matt.2020.09.027
https://dx.doi.org/10.1016/j.matt.2020.09.027
https://dx.doi.org/10.1016/j.matt.2020.09.027
https://dx.doi.org/10.1016/j.bios.2020.112437
https://dx.doi.org/10.1016/j.bios.2020.112437
https://dx.doi.org/10.1016/j.bios.2020.112437
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c08494?ref=pdf

ACS Nano

Www.acsnano.org

(34) Hoste, A. C. R,; Venteo, A.; Fresco-Taboada, A.; Tapia, |.;
Monedero, A.; Lopez, L.; Jebbink, M. F.; Perez-Ramirez, E.; Jimenez-
Clavero, M. A.; Almonacid, M.; et al. Two Serological Approaches for
Detection of Antibodies to SARS-CoV-2 in Different Scenarios: A

Screening Tool and a Point-of-Care Test. Diagn. Microbiol. Infect. Dis.

2020, 98 115167.

(35) Eshin, M. N.; Whitney, O. N.; Chong, S.; Maurer, A.; Darzacq,
X.; Tjian, R. Overcoming the Bottleneck to Widespread Testing: A
Rapid Review of Nucleic Acid Testing Approaches for COVID-19
Detection. RNA2020, 26 771 783.

(36) Smithgall, M. C.; Scherberkova, I.; Whittier, S.; Green, D. A.
Comparison of Cepheid Xpert Xpress and Abbott ID Now to Roche
Cobas for the Rapid Detection of SARS-CoV-2. J. Clin. ViroR020,
128 104428.

(37) Lin, Q.; Wen, D.; Wu, J;; Liu, L.; Wu, W.; Fang, X.; Kong, J.
Microfluidic Immunoassays for Sensitive and Simultaneous Detection
of 19gG/IgM/Antigen of SARS-CoV-2 within 15 min. Anal. Chem.
2020, 92 9454 9458.

(38) Sung, K.-J.; Jabbour Al Maalouf, Y.; Johns, Q. R.; Miller, E. A;;
Sikes, H. D. Functional Comparison of Paper-Based Immunoassays
Based on Antibodies and Engineered Binding Proteins. Analys2020,
145 2515 2519.

(39) Miller, E. A;; Baniya, S.; Osorio, D.; Al Maalouf, Y. J.; Sikes, H.
D. Paper-Based Diagnostics in the Antigen-Depletion Regime: High-
Density Immobilization of RcSso7d-Cellulose-Binding Domain

Fusion Proteins for Efficient Target Capture. Biosens. Bioelectron.

2018, 102 456 463.

(40) MIT team collaborates with 3M to develop rapid Covid-19 test.
https://news.mit.edu/2020/mit-collaborates-with-3m-develop-rapid-
covid-19-test-0714 (accessed 2020-09-11).

(41) Larremore, D. B.; Wilder, B.; Lester, E.; Shehata, S.; Burke, J.
M.; Hay, J. A.; Tambe, M.; Mina, M. J.; Parker, R. Test Sensitivity Is
Secondary to Frequency and Turnaround Time for COVID-19
Surveillance. medRxjvSeptember 8, 2020, ver. 1. DOI: 10.1101/
2020.06.22.20136309 (accessed 2020-12-03).

(42) Lisboa Bastos, M.; Tavaziva, G.; Abidi, S. K.; Campbell, J. R.;
Haraoui, L.-P.; Johnston, J. C.; Lan, Z.; Law, S.; MacLean, E,;
Trajman, A.; et al. Diagnostic Accuracy of Serological Tests for
COVID-19: Systematic Review and Meta-Analysis. BMJ.2020, 37Q
m2516.

(43) Seo, G.; Lee, G.; Kim, M. J.; Baek, S.-H.; Choi, M.; Ku, K. B;;
Lee, C.-S.; Jun, S.; Park, D.; Kim, H. G.; Kim, S.-J.; Leg, J.-O.; Kim, B.
T.; Park, E. C.; Kim, S. I. Rapid Detection of COVID-19 Causative
Virus (SARS-CoV-2) in Human Nasopharyngeal Swab Specimens
Using Field-Effect Transistor-Based Biosensor. ACS Nan@020, 14,
5135 5142.

(44) Singh, N. K.; Ray, P.; Carlin, A. F.; Magallanes, C.; Morgan, S.;
Laurent, L. C.; Arono -Spencer, E.; Hall, D. A. Hitting the Diagnostic
Sweet Spot: Point-of-Care SARS-CoV-2 Salivary Antigen Testing with
an o -the-Shelf Glucometer. medRxjvOctober 2, 2020, ver. 1.
DOI: 10.1101/2020.09.24.20200394 (accessed 2020-12-03).

(45) Hao, Z.; Pan, Y.; Shao, W.; Lin, Q.; Zhao, X. Graphene-Based
Fully Integrated Portable Nanosensing System for on-Line Detection
of Cytokine Biomarkers in Saliva. Biosens. Bioelect26h9, 134 16
23.

(46) Miripour, Z. S.; Sarrami-Forooshani, R.; Sanati, H.; Makarem,
J.; Taheri, M. S.; Shojaeian, F.; Eskafi, A. H.; Abbasvandi, F.; Namdar,
N.; Ghafari, H.; et al. Real-Time Diagnosis of Reactive Oxygen
Species (ROS) in Fresh Sputum by Electrochemical Tracing;
Correlation between COVID-19 and Viral-Induced ROS in Lung/

Respiratory Epithelium during This Pandemic. Biosens. Bioelectron.

2020, 165 112435.

(47) Mei, X; Lee, H.-C.; Diao, K.; Huang, M,; Lin, B.; Liu, C.; Xie,
Z.; Ma, Y.; Robson, P. M.; Chung, M.; Bernheim, A.; Mani, V,;
Calcagno, C.; Li, K;; Li, S.; Shan, H.; Lv, J.; Zhao, T.; Xia, J.; Long,
Q.; Steinberger, S.; Jacobi, A.; Deyer, T.; Luksza, M.; Liu, F.; Little, B.
P.; Fayad, Z. A, Yang, Y. Artificial Intelligence Enabled Rapid
Diagnosis of Patients with COVID-19. Nat. Med2020, 26 1224
1228.

16191

(48) Shan, B.; Broza, Y. Y.; Li, W.; Wang, Y.; Wu, S.; Liu, Z.; Wang,
J.; Gui, S.; Wang, L.; Zhang, Z.; et al. Multiplexed Nanomaterial-
Based Sensor Array for Detection of COVID-19 in Exhaled Breath.
ACS Nan@020, 14 12125 12132.

(49) Leichle, T.; Nicu, L.; Alava, T. MEMS Biosensors and COVID-
19: Missed Opportunity. ACS Sen2020, 5, 3297.

(50) Guan, W.; Ni, Z,; Hu, Y.; Liang, W.; Ou, C.; He, J; Liu, L.;
Shan, H.; Lei, C.; Hui, D. S. C.; et al. Clinical Characteristics of
Coronavirus Disease 2019 in China. N. Engl. J. Me@020, 382
1708 1720.

(51) Ray, T. R.; Choi, J.; Bandodkar, A. J.; Krishnan, S.; Gutruf, P.;
Tian, L.; Ghaffari, R.; Rogers, J. A. Bio-Integrated Wearable Systems:
A Comprehensive Review. Chem. Re2019, 119 5461 5533

(52) Wang, M.; Luo, Y.; Wang, T.; Wan, C.; Pan, L.; Pan, S.; He, K;;
Neo, A.; Chen, X. Artificial Skin Perception. Adv. Mater2020,
2003014.

(53) Hammock, M. L.; Chortos, A.; Tee, B. C-K.; Tok, J. B.-H.;
Bao, Z. 25th Anniversary Article: The Evolution of Electronic Skin
(E-Skin): A Brief History, Design Considerations, and Recent
Progress. Adv. Mater2013, 25 5997 6038.

(54) Xu, C.; Yang, Y.; Gao, W. Skin-Interfaced Sensors in Digital
Medicine: From Materials to Applications. Matter2020, 2, 1414
1445,

(55) Yokota, T.; Zalar, P.; Kaltenbrunner, M.; Jinno, H.; Matsuhisa,
N.; Kitanosako, H.; Tachibana, Y.; Yukita, W.; Koizumi, M.; Someya,
T. Ultraflexible Organic Photonic Skin. Sci. Adv.2016, 2,
No. e1501856.

(56) Kim, J.; Salvatore, G. A.; Araki, H.; Chiarelli, A. M.; Xie, Z,;
Banks, A.; Sheng, X.; Liu, Y.; Lee, J. W.; Jang, K-1.; et al. Battery-Free,
Stretchable Optoelectronic Systems for Wireless Optical Character-
ization of the Skin. Sci. Adw2016, 2, No. e1600418.

(57) Wang, C,; Li, X.; Hu, H.; Zhang, L.; Huang, Z.; Lin, M.; Zhang,
Z; Yin, Z; Huang, B.; Gong, H.; et al. Monitoring of the Central
Blood Pressure Waveform via a Conformal Ultrasonic Device. Nat.
Biomed. Eng018, 2, 687 695.

(58) Webb, R. C.; Bonifas, A. P.; Behnaz, A.; Zhang, Y.; Yu, K. J;
Cheng, H.; Shi, M,; Bian, Z.; Liu, Z; Kim, Y.-S,; et al. Ultrathin
Conformal Devices for Precise and Continuous Thermal Character-
ization of Human Skin. Nat. Mater2013, 12 938 944.

(59) Coronavirus Disease 2019 (COVID-19); CDC: Atlanta,
GA .https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-
guidance-management-patients.html (accessed 2020-09-23).

(60) Adans-Dester, C.; Bamberg, S.; Bertacchi, F.; Caulfield, B.;
Chappie, K.; Demarchi, D.; Erb, M. K.; Estrada, J.; Fabara, E.; Freni,
M.; et al. Can MHealth Technology Help Mitigate the Effects of the
COVID-19 Pandemic? IEEE Eng. Med. Biz020, 1, 243 248.

(61) Jeong, H.; Rogers, J. A;; Xu, S. Continuous On-Body Sensing
for the COVID-19 Pandemic: Gaps and Opportunities. Sci. Adv.
2020, 6, No. eabd4794.

(62) TempTraq. https://www.temptrag.com/News/University-
Hospitals-expands-use-of-TempTraq%C2%AE-syst (accessed 2020-
08-31).

(63) Radin, J. M.; Wineinger, N. E.; Topol, E. J.; Steinhubl, S. R.
Harnessing Wearable Device Data to Improve State-Level Real-Time
Surveillance of Influenza-like Iliness in the USA: A Population-Based
Study. Lancet Digit. Heal2020, 2, e85 €93.

(64) Zhu, G.; Li, J;; Meng, Z.; Yu, Y.; Li, Y.; Tang, X.; Dong, Y.; Sun,
G.; Zhou, R.; Wang, H.; Wang, K.; Huang, W. Learning from Large-
Scale Wearable Device Data for Predicting Epidemics Trend of
COVID-19. Discrete Dyn. Nat. %20, 2020 No. 6152041.

(65) Scripps, Stanford working with Fitbit to assess wearables’
COVID-19 tracking abilities. https://www.healthcareitnews.com/
news/scripps-stanford-working- bit-assess-wearables-covid-19-
tracking-abilities (accessed 2020-08-31).

(66) Best, J. Apple Watch, Fitbit data can spot if you are sick days
before symptoms show up. https://www.zdnet.com/article/apple-
watch- thit-data-can- nd-covid-19-infections-days-before-symptoms-
show-up/ (accessed 2020-09-01).

https://dx.doi.org/10.1021/acsnano.0c08494
ACS Nano 2020, 14, 16180 16193


https://dx.doi.org/10.1016/j.diagmicrobio.2020.115167
https://dx.doi.org/10.1016/j.diagmicrobio.2020.115167
https://dx.doi.org/10.1016/j.diagmicrobio.2020.115167
https://dx.doi.org/10.1261/rna.076232.120
https://dx.doi.org/10.1261/rna.076232.120
https://dx.doi.org/10.1261/rna.076232.120
https://dx.doi.org/10.1016/j.jcv.2020.104428
https://dx.doi.org/10.1016/j.jcv.2020.104428
https://dx.doi.org/10.1021/acs.analchem.0c01635
https://dx.doi.org/10.1021/acs.analchem.0c01635
https://dx.doi.org/10.1039/D0AN00299B
https://dx.doi.org/10.1039/D0AN00299B
https://dx.doi.org/10.1016/j.bios.2017.11.050
https://dx.doi.org/10.1016/j.bios.2017.11.050
https://dx.doi.org/10.1016/j.bios.2017.11.050
https://news.mit.edu/2020/mit-collaborates-with-3m-develop-rapid-covid-19-test-0714
https://news.mit.edu/2020/mit-collaborates-with-3m-develop-rapid-covid-19-test-0714
https://dx.doi.org/10.1101/2020.06.22.20136309
https://dx.doi.org/10.1101/2020.06.22.20136309
https://dx.doi.org/10.1101/2020.06.22.20136309
https://dx.doi.org/10.1101/2020.06.22.20136309?ref=pdf
https://dx.doi.org/10.1101/2020.06.22.20136309?ref=pdf
https://dx.doi.org/10.1136/bmj.m2516
https://dx.doi.org/10.1136/bmj.m2516
https://dx.doi.org/10.1021/acsnano.0c02823
https://dx.doi.org/10.1021/acsnano.0c02823
https://dx.doi.org/10.1021/acsnano.0c02823
https://dx.doi.org/10.1101/2020.09.24.20200394
https://dx.doi.org/10.1101/2020.09.24.20200394
https://dx.doi.org/10.1101/2020.09.24.20200394
https://dx.doi.org/10.1101/2020.09.24.20200394?ref=pdf
https://dx.doi.org/10.1016/j.bios.2019.03.053
https://dx.doi.org/10.1016/j.bios.2019.03.053
https://dx.doi.org/10.1016/j.bios.2019.03.053
https://dx.doi.org/10.1016/j.bios.2020.112435
https://dx.doi.org/10.1016/j.bios.2020.112435
https://dx.doi.org/10.1016/j.bios.2020.112435
https://dx.doi.org/10.1016/j.bios.2020.112435
https://dx.doi.org/10.1038/s41591-020-0931-3
https://dx.doi.org/10.1038/s41591-020-0931-3
https://dx.doi.org/10.1021/acsnano.0c05657
https://dx.doi.org/10.1021/acsnano.0c05657
https://dx.doi.org/10.1021/acssensors.0c01463
https://dx.doi.org/10.1021/acssensors.0c01463
https://dx.doi.org/10.1056/NEJMoa2002032
https://dx.doi.org/10.1056/NEJMoa2002032
https://dx.doi.org/10.1021/acs.chemrev.8b00573
https://dx.doi.org/10.1021/acs.chemrev.8b00573
https://dx.doi.org/10.1002/adma.202003014
https://dx.doi.org/10.1002/adma.201302240
https://dx.doi.org/10.1002/adma.201302240
https://dx.doi.org/10.1002/adma.201302240
https://dx.doi.org/10.1016/j.matt.2020.03.020
https://dx.doi.org/10.1016/j.matt.2020.03.020
https://dx.doi.org/10.1126/sciadv.1501856
https://dx.doi.org/10.1126/sciadv.1600418
https://dx.doi.org/10.1126/sciadv.1600418
https://dx.doi.org/10.1126/sciadv.1600418
https://dx.doi.org/10.1038/s41551-018-0287-x
https://dx.doi.org/10.1038/s41551-018-0287-x
https://dx.doi.org/10.1038/nmat3755
https://dx.doi.org/10.1038/nmat3755
https://dx.doi.org/10.1038/nmat3755
https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-guidance-management-patients.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-guidance-management-patients.html
https://dx.doi.org/10.1109/OJEMB.2020.3015141
https://dx.doi.org/10.1109/OJEMB.2020.3015141
https://dx.doi.org/10.1126/sciadv.abd4794
https://dx.doi.org/10.1126/sciadv.abd4794
https://www.temptraq.com/News/University-Hospitals-expands-use-of-TempTraq%C2%AE-syst
https://www.temptraq.com/News/University-Hospitals-expands-use-of-TempTraq%C2%AE-syst
https://dx.doi.org/10.1016/S2589-7500(19)30222-5
https://dx.doi.org/10.1016/S2589-7500(19)30222-5
https://dx.doi.org/10.1016/S2589-7500(19)30222-5
https://dx.doi.org/10.1155/2020/6152041
https://dx.doi.org/10.1155/2020/6152041
https://dx.doi.org/10.1155/2020/6152041
https://www.healthcareitnews.com/news/scripps-stanford-working-fibit-assess-wearables-covid-19-tracking-abilities
https://www.healthcareitnews.com/news/scripps-stanford-working-fibit-assess-wearables-covid-19-tracking-abilities
https://www.healthcareitnews.com/news/scripps-stanford-working-fibit-assess-wearables-covid-19-tracking-abilities
https://www.zdnet.com/article/apple-watch-fitbit-data-can-find-covid-19-infections-days-before-symptoms-show-up/
https://www.zdnet.com/article/apple-watch-fitbit-data-can-find-covid-19-infections-days-before-symptoms-show-up/
https://www.zdnet.com/article/apple-watch-fitbit-data-can-find-covid-19-infections-days-before-symptoms-show-up/
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c08494?ref=pdf

ACS Nano

Www.acsnano.org

(67) Driggin, E.; Madhavan, M. V.; Bikdeli, B.; Chuich, T.; Laracy,
J.; Biondi-Zoccai, G.; Brown, T. S.; Der Nigoghossian, C.; Zidar, D.
A.; Haythe, J.; et al. Cardiovascular Considerations for Patients,
Health Care Workers, and Health Systems During the COVID-19
Pandemic. J. Am. Coll. Cardi2020, 75 2352 2371.

(68) Shirazi, S.; Mami, S.; Mohtadi, N.; Ghaysouri, A.; Tavan, H.;
Nazari, A.; Kokhazadeh, T.; Mollazadeh, R. Sudden Cardiac Death in
COVID-19 Patients, a Report of Three Cases. Future Cardia2020,
DOI: 10.2217/fca-2020-0082.

(69) Teo, J. Early Detection of Silent Hypoxia in Covid-19
Pneumonia Using Smartphone Pulse Oximetry. J. Med. Sys020,
44,134,

(70) The Impact Of Coronavirus On Global Activity; Fitbit: San
Francisco, CA, 2020 .https://blog. thit.com/covid-19-global-activity/
(accessed 2020-09-07).

(71) Luan, X,; Tian, X.; Zhang, H.; Huang, R.; Li, N.; Chen, P.;
Wang, R. Exercise as a Prescription for Patients with Various Diseases.
J. Sport Health Sx19, 8, 422 441.

(72) Chen, P.; Mao, L.; Nassis, G. P.; Harmer, P.; Ainsworth, B. E.;
Li, F. Coronavirus Disease (COVID-19): The Need to Maintain

Regular Physical Activity While Taking Precautions. J. Sport Health

Sci.2020, 9, 103 104.

(73) Pinckard, K.; Baskin, K. K.; Stanford, K. I. Effects of Exercise to
Improve Cardiovascular Health. Front. Cardiovasc. M2a19, 6, 69.
(74) McKenzie, D. C. Respiratory Physiology: Adaptations to High-
Level Exercise. Br. J. Sports M&@12, 46 381 384.

(75) Dorneles, G. P.; dos Passos, A. A.Z;; Romao, P. R.T.; Peres, A.
New Insights about Regulatory T Cells Distribution and Function

with Exercise: The Role of Immunometabolism. Curr. Pharm. Des.

2020, 26 979 990.

(76) Jakobsson, J.; Malm, C.; Furberg, M.; Ekelund, U.; Svensson,
M. Physical Activity During the Coronavirus (COVID-19) Pandemic:
Prevention of a Decline in Metabolic and Immunological Functions.
Front. Sports Act. Livitgo, 2 57.

(77) Pan, L.; Wang, C.; Jin, H.; Li, J; Yang, L.; Zheng, Y.; Wen, Y.;
Tan, B. H.; Loh, X. J.; Chen, X. Lab-on-Mask for Remote Respiratory
Monitoring. ACS Mater. Left020, 2, 1178 1181.

(78) CovidNearYou.otgtps://www.covidnearyou.org/us/en-US/
(accessed Sep 1, 2020).

(79) Zhang, H.; Dimitrov, D.; Simpson, L.; Singh, B.; Plaks, N.;
Penney, S.; Charles, J.; Sheehan, R.; Flammini, S.; Murphy, S.;
Landman, A. A Web-Based, Mobile Responsive Application to Screen
Healthcare Workers for COVID Symptoms: Descriptive Study.
medRxiyv April 22, 2020, ver. 1. DOI: 10.1101/
2020.04.17.20069211 (accessed 2020-12-03).

(80) Ting, D. S. W.; Carin, L.; Dzau, V.; Wong, T. Y. Digital
Technology and COVID-19. Nat. Med2020, 26 459 461.

(81) Mei, X.; Lee, H.-C,; Diao, K.; Huang, M,; Lin, B.; Liu, C.; Xie,
Z.; Ma, Y.; Robson, P. M.; Chung, M.; Bernheim, A.; Mani, V,
Calcagno, C.; Li, K;; Li, S.; Shan, H.; Lv, J.; Zhao, T.; Xia, J.; Long,
Q.; Steinberger, S.; Jacobi, A.; Deyer, T.; Luksza, M.; Liu, F.; Little, B.
P.; Fayad, Z. A, Yang, Y. Artificial Intelligence Enabled Rapid
Diagnosis of Patients with COVID-19. Nat. Med2020, 26 1224
1228.

(82) Hassantabar, S.; Stefano, N.; Ghanakota, V.; Ferrari, A.; Nicola,
G. N.; Bruno, R.; Marino, I. R.; Jha, N. K. CovidDeep: SARS-CoV-2/
COVID-19 Test Based on Wearable Medical Sensors and E cient
Neural Networks. arXiv (Human-Computer InteractiOojober 28,
2020, 2007.10497, ver.3. https://arxiv.org/abs/2007.10497 (accessed
2020-12-03).

(83) Mishra, T.; Wang, M.; Metwally, A. A.; Bogu, G. K.; Brooks, A.
W.; Bahmani, A.; Alavi, A.; Celli, A.; Higgs, E.; Dagan-Rosenfeld, O.;
Fay, B.; Kirkpatrick, S.; Kellogg, R.; Gibson, M.; Wang, T.; Hunting,
E. M.; Mamic, P.; Ganz, A. B.; Rolnik, B.; Li, X.; Snyder, M. P. Pre-

Symptomatic Detection of COVID-19 from Smartwatch Data. Nat.

Biomed. Eng020, 4, 1208.
(84) Ferretti, L.; Wymant, C.; Kendall, M.; Zhao, L.; Nurtay, A;;
Abeler-Dorner, L.; Parker, M.; Bonsall, D.; Fraser, C. Quantifying

SARS-CoV-2 Transmission Suggests Epidemic Control with Digital
Contact Tracing. Scienc2020, 368 No. eabb6936.

(85) Eisenstadt, M.; Ramachandran, M.; Chowdhury, N.; Third, A.;
Domingue, J. COVID-19 Antibody Test/Vaccination Certification:
There’s an App for That. IEEE Eng. Med. Bi2020, 1, 148 155.

(86) Alsaeedy, A. A. R.; Chong, E. K. P. Detecting Regions At Risk
for Spreading COVID-19 Using Existing Cellular Wireless Network
Functionalities. IEEE Eng. Med. Biz020, 1, 187 189.

(87) WhatsApp Coronavirus Information Hub. https://www.
whatsapp.com/coronavirus/?lang=fb (accessed 2020-09-01).

(88) Facebook COVID-19 Info Center. https://www.facebook.
com/coronavirus_info/ (accessed 2020-09-01).

(89) Twitter: The COVID Tracking Project. https://twitter.com/
COVID19Tracking (accessed 2020-09-01).

(90) Targher, G.; Mantovani, A;; Wang, X.-B.; Yan, H.-D.; Sun, Q.-
F.; Pan, K-H.; Byrne, C. D.; Zheng, K. I.; Chen, Y.-P.; Eslam, M,;
et al. Patients with Diabetes Are at Higher Risk for Severe IlIness from
COVID-19. Diabetes Met&tf20, 46 335 337.

(91) Nie, S.; Zhao, X.; Zhao, K.; Zhang, Z.; Zhang, Z.; Zhang, Z.
Metabolic Disturbances and In ammatory Dysfunction Predict
Severity of Coronavirus Disease 2019 (COVID-19): A Retrospective
Study. medRxiv March 26, 2020, ver.l. DOI: 10.1101/
2020.03.24.20042283 (accessed 2020-12-03).

(92) Gao, F.; Zheng, K. I.; Wang, X.-B.; Sun, Q.-F.; Pan, K.-H.;
Wang, T.-Y.; Chen, Y.-P.; Targher, G.; Byrne, C. D.; George, J;
Zheng, M.-H. Obesity Is a Risk Factor for Greater COVID-19
Severity. Diabetes Cap820, 43 e72 €74,

(93) Sattar, N.; Mclnnes, I. B.; McMurray, J. J. V. Obesity Is a Risk
Factor for Severe COVID-19 Infection: Multiple Potential Mecha-
nisms. Circulatior2020, 142 4 6.

(94) Portincasa, P.; Krawczyk, M.; Smyk, W.; Lammert, F.; Di
Ciaula, A. COVID-19 and Non-Alcoholic Fatty Liver Disease: Two
Intersecting Pandemics. Eur. J. Clin. Inve2820, 50 No. 13338.

(95) Bornstein, S. R.; Rubino, F.; Khunti, K.; Mingrone, G.;
Hopkins, D.; Birkenfeld, A. L.; Boehm, B.; Amiel, S.; Holt, R. I;
Skyler, J. S.; et al. Practical Recommendations for the Management of

Diabetes in Patients with COVID-19. Lancet Diabetes Endocrinol.

2020, 8, 546 550.

(96) Ayres, J. S. A Metabolic Handbook for the COVID-19
Pandemic. Nat. Metah2020, 2, 572 585.

(97) Bhalla, N.; Pan, Y.; Yang, Z.; Payam, A. F. Opportunities and
Challenges for Biosensors and Nanoscale Analytical Tools for
Pandemics: COVID-19. ACS Nan@020, 14 7783 7807.

(98) Ok, F.; Erdogan, O.; Durmus, E.; Carkci, S.; Canik, A.
Predictive Values of Blood Urea Nitrogen/Creatinine Ratio and
Other Routine Blood Parameters on Disease Severity and Survival of
COVID-19 Patients. J. Med. Viro2020, DOI: 10.1002/jmv.26300.

(99) Xiang, J.; Wen, J.; Yuan, X.; Xiong, S.; Zhou, X.; Liu, C.; Min,
X. Potential Biochemical Markers to ldentify Severe Cases among
COVID-19 Patients. medRxjWlarch 23, 2020, ver. 1. DOI: 10.1101/
2020.03.19.20034447 (accessed 2020-12-03).

(100) Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang,
L.; Fan, G,; Xu, J;; Gu, X,; et al. Clinical Features of Patients Infected
with 2019 Novel Coronavirus in Wuhan, China. Lance®2020, 395
497 506.

(101) Wang, C.; Deng, R.; Gou, L.; Fu, Z; Zhang, X.; Shao, F.;
Wang, G.; Fu, W.; Xiao, J.; Ding, X.; et al. Preliminary Study to
Identify Severe from Moderate Cases of COVID-19 Using Combined
Hematology Parameters. Ann. Transl. Me020, 8, 593 593.

(102) Bolondi, G.; Russo, E.; Gamberini, E.; Circelli, A.; Meca, M.
C. C,; Brogi, E,; Viola, L.; Bissoni, L.; Poletti, V.; Agnoletti, V. Iron
Metabolism and Lymphocyte Characterisation during Covid-19
Infection in ICU Patients: An Observational Cohort Study. World J.
Emerg. Surg020, 15 41.

(103) Targher, G.; Mantovani, A.; Wang, X.-B.; Yan, H.-D.; Sun, Q.-
F.; Pan, K-H.; Byrne, C. D.; Zheng, K. I.; Chen, Y.-P.; Eslam, M,;
George, J.; Zheng, M.-H. Patients with Diabetes Are at Higher Risk
for Severe lllness from COVID-19. Diabetes Metal20, 46 335
337.

https://dx.doi.org/10.1021/acsnano.0c08494
ACS Nano 2020, 14, 16180 16193


https://dx.doi.org/10.1016/j.jacc.2020.03.031
https://dx.doi.org/10.1016/j.jacc.2020.03.031
https://dx.doi.org/10.1016/j.jacc.2020.03.031
https://dx.doi.org/10.2217/fca-2020-0082
https://dx.doi.org/10.2217/fca-2020-0082
https://dx.doi.org/10.2217/fca-2020-0082?ref=pdf
https://dx.doi.org/10.1007/s10916-020-01587-6
https://dx.doi.org/10.1007/s10916-020-01587-6
https://blog.fitbit.com/covid-19-global-activity/
https://dx.doi.org/10.1016/j.jshs.2019.04.002
https://dx.doi.org/10.1016/j.jshs.2020.02.001
https://dx.doi.org/10.1016/j.jshs.2020.02.001
https://dx.doi.org/10.3389/fcvm.2019.00069
https://dx.doi.org/10.3389/fcvm.2019.00069
https://dx.doi.org/10.1136/bjsports-2011-090824
https://dx.doi.org/10.1136/bjsports-2011-090824
https://dx.doi.org/10.2174/1381612826666200305125210
https://dx.doi.org/10.2174/1381612826666200305125210
https://dx.doi.org/10.3389/fspor.2020.00057
https://dx.doi.org/10.3389/fspor.2020.00057
https://dx.doi.org/10.1021/acsmaterialslett.0c00299
https://dx.doi.org/10.1021/acsmaterialslett.0c00299
https://www.covidnearyou.org/us/en-US/
https://dx.doi.org/10.1101/2020.04.17.20069211
https://dx.doi.org/10.1101/2020.04.17.20069211
https://dx.doi.org/10.1101/2020.04.17.20069211?ref=pdf
https://dx.doi.org/10.1101/2020.04.17.20069211?ref=pdf
https://dx.doi.org/10.1038/s41591-020-0824-5
https://dx.doi.org/10.1038/s41591-020-0824-5
https://dx.doi.org/10.1038/s41591-020-0931-3
https://dx.doi.org/10.1038/s41591-020-0931-3
https://arxiv.org/abs/2007.10497
https://dx.doi.org/10.1038/s41551-020-00640-6
https://dx.doi.org/10.1038/s41551-020-00640-6
https://dx.doi.org/10.1126/science.abb6936
https://dx.doi.org/10.1126/science.abb6936
https://dx.doi.org/10.1126/science.abb6936
https://dx.doi.org/10.1109/OJEMB.2020.2999214
https://dx.doi.org/10.1109/OJEMB.2020.2999214
https://dx.doi.org/10.1109/OJEMB.2020.3002447
https://dx.doi.org/10.1109/OJEMB.2020.3002447
https://dx.doi.org/10.1109/OJEMB.2020.3002447
https://www.whatsapp.com/coronavirus/?lang=fb
https://www.whatsapp.com/coronavirus/?lang=fb
https://www.facebook.com/coronavirus_info/
https://www.facebook.com/coronavirus_info/
https://twitter.com/COVID19Tracking
https://twitter.com/COVID19Tracking
https://dx.doi.org/10.1016/j.diabet.2020.05.001
https://dx.doi.org/10.1016/j.diabet.2020.05.001
https://dx.doi.org/10.1101/2020.03.24.20042283
https://dx.doi.org/10.1101/2020.03.24.20042283
https://dx.doi.org/10.1101/2020.03.24.20042283
https://dx.doi.org/10.1101/2020.03.24.20042283?ref=pdf
https://dx.doi.org/10.1101/2020.03.24.20042283?ref=pdf
https://dx.doi.org/10.2337/dc20-0682
https://dx.doi.org/10.2337/dc20-0682
https://dx.doi.org/10.1161/CIRCULATIONAHA.120.047659
https://dx.doi.org/10.1161/CIRCULATIONAHA.120.047659
https://dx.doi.org/10.1161/CIRCULATIONAHA.120.047659
https://dx.doi.org/10.1111/eci.13338
https://dx.doi.org/10.1111/eci.13338
https://dx.doi.org/10.1016/S2213-8587(20)30152-2
https://dx.doi.org/10.1016/S2213-8587(20)30152-2
https://dx.doi.org/10.1038/s42255-020-0237-2
https://dx.doi.org/10.1038/s42255-020-0237-2
https://dx.doi.org/10.1021/acsnano.0c04421
https://dx.doi.org/10.1021/acsnano.0c04421
https://dx.doi.org/10.1021/acsnano.0c04421
https://dx.doi.org/10.1002/jmv.26300
https://dx.doi.org/10.1002/jmv.26300
https://dx.doi.org/10.1002/jmv.26300
https://dx.doi.org/10.1002/jmv.26300?ref=pdf
https://dx.doi.org/10.1101/2020.03.19.20034447
https://dx.doi.org/10.1101/2020.03.19.20034447
https://dx.doi.org/10.1101/2020.03.19.20034447?ref=pdf
https://dx.doi.org/10.1101/2020.03.19.20034447?ref=pdf
https://dx.doi.org/10.1016/S0140-6736(20)30183-5
https://dx.doi.org/10.1016/S0140-6736(20)30183-5
https://dx.doi.org/10.21037/atm-20-3391
https://dx.doi.org/10.21037/atm-20-3391

ACS Nano

Www.acsnano.org

(104) Shen, B.; Yi, X.; Sun, Y.; Bi, X;; Du, J.; Zhang, C.; Quan, S.;
Zhang, F.; Sun, R.; Qian, L.; Ge, W.; Liu, W.; Liang, S.; Chen, H,;
Zhang, Y.; Li, J.;; Xu, J.; He, Z.; Chen, B.; Wang, J.; Yan, H.; Zheng, Y ;
Wang, D.; Zhu, J.; Kong, Z.; Kang, Z.; Liang, X.; Ding, X.; Ruan, G;
Xiang, N.; Cai, X.; Gao, H.; Li, L.; Li, S.; Xiao, Q.; Lu, T.; Zhu, Y;
Liu, H.; Chen, H.; Guo, T. Proteomic and Metabolomic Character-
ization of COVID-19 Patient Sera. Cell2020, 182 59 72.

(105) Zhu, L.; She, Z.-G.; Cheng, X.; Qin, J.-J.; Zhang, X.-J.; Cai, J.;
Lei, F.; Wang, H.; Xie, J.; Wang, W.; Li, H.; Zhang, P.; Song, X;
Chen, X.; Xiang, M.; Zhang, C.; Bai, L.; Xiang, D.; Chen, M.-M,; Liu,
Y.; Yan, Y.; Liu, M.; Mao, W.; Zou, J,; Liu, L.; Chen, G.; Luo, P.; Xiao,
B.; Zhang, C.; Zhang, Z.; Lu, Z.; Wang, J.; Lu, H.; Xia, X.; Wang, D.;
Liao, X.; Peng, G.; Ye, P,; Yang, J; Yuan, Y.; Huang, X.; Guo, J;
Zhang, B.-H.; Li, H. Association of Blood Glucose Control and
Outcomes in Patients with COVID-19 and Pre-Existing Type 2
Diabetes. Cell Metal2020, 31 1068 1077.

(106) Gao, F.; Zheng, K. I.; Wang, X.; Yan, H.; Sun, Q.; Pan, K;;
Wang, T.; Chen, Y.; George, J.; Zheng, M. Metabolic Associated Fatty
Liver Disease Increases Coronavirus Disease 2019 Disease Severity in
Nondiabetic Patients. J. Gastroenterol. Hepa@20, 15112.

(107) Sattar, N.; Mclnnes, I. B.; McMurray, J. J. V. Obesity Is a Risk
Factor for Severe COVID-19 Infection: Multiple Potential Mecha-
nisms. Circulatior2020, 142 4 6.

(108) Caussy, C.; Wallet, F.; Laville, M.; Disse, E. Obesity Is
Associated with Severe Forms of COVID-19. Obesit2020, 28 1175
1175.

(109) Yang, Y.; Gao, W. Wearable and Flexible Electronics for
Continuous Molecular Monitoring. Chem. Soc. R2319, 48 1465
1491.

(110) Choi, J.; Ghaffari, R.; Baker, L. B.; Rogers, J. A. Skin-
Interfaced Systems for Sweat Collection and Analytics. Sci. Ad\2018,
4, No. eaar3921.

(111) Kim, J.; Campbell, A. S.; de Avila, B. E.-F.; Wang, J. Wearable
Biosensors for Healthcare Monitoring. Nat. Biotechna2019, 37,
389 406.

(112) Ehrhardt, N.; Hirsch, I. B. The Impact of COVID-19 on CGM
Use in the Hospital. Diabetes Ca2820, 43 2628.

(113) Klonoff, D. C.; Umpierrez, G. E. Letter to the Editor: COVID-
19 in Patients with Diabetes: Risk Factors That Increase Morbidity.
Metab., Clin. Exp020, 108 154224,

(114) Reeder, J. T.; Xue, Y.; Franklin, D.; Deng, Y.; Choi, J.; Prado,
O.; Kim, R;; Liu, C.; Hanson, J.; Ciraldo, J.; et al. A. Resettable Skin
Interfaced Microfluidic Sweat Collection Devices with Chemesthetic
Hydration Feedback. Nat. Commur2019, 10 5513.

(115) Gao, W.; Emaminejad, S.; Nyein, H. Y. Y.; Challa, S.; Chen,
K.; Peck, A.; Fahad, H. M.; Ota, H.; Shiraki, H.; Kiriya, D.; et al. Fully
Integrated Wearable Sensor Arrays for Multiplexed in Situ
Perspiration Analysis. Nature2016, 529 509 514.

(116) Lee, H.; Choi, T. K;; Lee, Y. B.; Cho, H. R.; Ghaffari, R.;
Wang, L.; Choi, H. J;; Chung, T. D.; Lu, N.; Hyeon, T.; et al. A
Graphene-Based Electrochemical Device with Thermoresponsive
Microneedles for Diabetes Monitoring and Therapy. Nat. Nano-
technoR016, 11, 566 572.

(117) Smart Contact Lens. https://sites.google.com/site/
smartcontactlens/ (accessed 2020-09-23).

(118) Arakawa, T.; Kuroki, Y.; Nitta, H.; Chouhan, P.; Toma, K;
Sawada, S.; Takeuchi, S.; Sekita, T.; Akiyoshi, K.; Minakuchi, S,;
Mitsubayashi, K. Mouthguard Biosensor with Telemetry System for
Monitoring of Saliva Glucose: A Novel Cavitas Sensor. Biosens.
Bioelectroa016, 84 106 111.

(119) Yang, Y.; Song, Y.; Bo, X.; Min, J.; Pak, O. S.; Zhu, L.; Wang,
M.; Tu, J.; Kogan, A.; Zhang, H.; et al. A Laser-Engraved Wearable
Sensor for Sensitive Detection of Uric Acid and Tyrosine in Sweat.
Nat. Biotechn@020, 38 217 224.

(120) Kim, J.; Imani, S.; de Araujo, W. R.; Warchall, J.; Valdes-
Ramirez, G.; Paixao, T. R. L. C.; Mercier, P. P.; Wang, J. Wearable
Salivary Uric Acid Mouthguard Biosensor with Integrated Wireless
Electronics. Biosens. Bioelect?6t5, 74 1061 1068.

16193

(121) Yu, Y.; Nassar, J.; Xu, C.; Min, J.; Yang, Y.; Dai, A.; Doshi, R.;
Huang, A.; Song, Y., Gehlhar, R.; et al. Biofuel-Powered Soft
Electronic Skin with Multiplexed and Wireless Sensing for Human-
Machine Interfaces. Sci. Roba2020, 5, No. eaaz7946.

(122) Torrente-Rodriguez, R. M.; Tu, J.; Yang, Y.; Min, J.; Wang,
M.; Song, Y.; Yu, Y.; Xu, C.; Ye, C.; IsHak, W. W.; et al. Investigation
of Cortisol Dynamics in Human Sweat Using a Graphene-Based
Wireless mHealth System. Matter2020, 2, 921 937.

(123) Pfefferbaum, B.; North, C. S. Mental Health and the Covid-19
Pandemic. N. Engl. J. Me2020, 383 510 512.

(124) zhou, X.; Snoswell, C. L.; Harding, L. E.; Bambling, M.;
Edirippulige, S.; Bai, X.; Smith, A. C. The Role of Telehealth in

Reducing the Mental Health Burden from COVID-19. Telemed. e-

Health2020, 26 377 379.

https://dx.doi.org/10.1021/acsnano.0c08494
ACS Nano 2020, 14, 16180 16193



