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ABSTRACT

The COVID-19 pandemic has devastated the world, despite all efforts in infection control and treatment/
vaccine development. Hospitals are currently overcrowded, with health statuses of patients often being
hard to gauge. Therefore, methods for determining infection severity need to be developed so that high-
risk patients can be prioritized, resources can be efficiently distributed, and fatalities can be prevented.
Electrochemical prognostic biosensing of various biomarkers may hold promise in solving these prob-
lems as they are low-cost and provide timely results. Therefore, we have reviewed the literature and
extracted the most promising biomarkers along with their most favourable electrochemical sensors. The
biomarkers discussed in this paper are C-reactive protein (CRP), interleukins (ILs), tumour necrosis factor
alpha (TNFa), interferons (IFNs), glutamate, breath pH, lymphocytes, platelets, neutrophils and D-dimer.
Metabolic syndrome is also discussed as comorbidity for COVID-19 patients, as it increases infection
severity and raises chances of becoming infected. Cannabinoids, especially cannabidiol (CBD), are dis-
cussed as a potential adjunct therapy for COVID-19 as their medicinal properties may be desirable in
minimizing the neurodegenerative or severe inflammatory damage caused by severe COVID-19 infection.
Currently, hospitals are struggling to provide adequate care; thus, point-of-care electrochemical sensor
development needs to be prioritized to provide an approximate prognosis for hospital patients. During
and following the immediate aftermath of the pandemic, electrochemical sensors can also be integrated
into wearable and portable devices to help patients monitor recovery while returning to their daily lives.
Beyond the COVID-19 pandemic, these sensors will also prove useful for monitoring inflammation-based
diseases such as cancer and cardiovascular disease.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

viruses. Rapid global spread of the RNA-based SARS-CoV-2 has
prompted extreme measures from the international community,

Viruses are nonliving entities that can replicate only in the
presence of a host organism. This ability stems from their structure,
which comprises a protein capsid containing DNA or RNA frag-
ments. In December 2019, a contagious viral infection broke out in
Wuhan, Hubei province, China [1]. The pathogen responsible has
been identified as severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which is a part of the Coronaviridae family of
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E-mail address: howladm@mcmaster.ca (M.M.R. Howlader).
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including physical distancing, lockdowns, and travel restrictions
causing severe social and economic disruptions around the globe.
The World Health Organization (WHO) declared a global health
pandemic on March 11th, 2020 [2]. The urgency of the COVID-19
pandemic necessitates the identification of informative bio-
markers which can be used to forecast disease progression and
alert clinicians to changes in patients’ health.

Mitigating the severe impact of COVID-19 on patients' health
warrants an understanding of the disease's pathophysiology and
clinical presentation. SARS-CoV-2 receptor binding domain (RBD) is
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Abbreviations

ACE2 Angiotensin-converting enzyme 2

ALl Acute lung injury

ARDS Acute respiratory distress syndrome
CBD Cannabidiol

COPD Chronic obstructive pulmonary disease
CNS Central nervous system

CRP C-reactive protein

CRS Cytokine release syndrome

cv Cyclic voltammetry

CVvD Cardiovascular disease

DPV Differential pulse voltammetry

EBC Exhaled breath condensate

ELISA Enzyme-linked immunosorbent assay

IFN Interferon

IL Interleukin

NLR Neutrophil-lymphocyte ratio
PAMP Pathogen associated molecular pattern
PLR Platelet-lymphocyte ratio
POC Point of care

PRR Pattern Recognition Receptors
S1 Spike protein

subunit 1 S2 Spike protein, subunit 2
THC A®-tetrahydrocannabinol
TNFa Tumour necrosis factor alpha
VvoC Volatile organic compounds
WBC White blood cells

WHO World Health Organization

well suited for binding angiotensin-converting enzyme 2 (ACE2)
receptors which are highly expressed in lung tissues, nasal mucosa,
kidneys, testes, the gastro-intestinal tract, oral, lung and intestinal
tissues. The entry of SARS-CoV-2 into host cells increases inflam-
mation through various mechanisms; serious cases are character-
ized by an uncontrollable release of proinflammatory cytokines.
The “cytokine storm”, formally known as cytokine release syn-
drome (CRS), can cause serious damage to affected tissues, espe-
cially the lungs.

COVID-19 presents varying degrees of symptoms ranging from
asymptomatic to fatal. A meta-analysis found 15% of COVID-19
infected individuals (n = 51,155) were asymptomatic [3]. The
same meta-analysis found that half of asymptomatic individuals at
the time of diagnosis developed symptoms at a later time [3].
Symptoms included fever, cough, myalgia, fatigue [4] and anosmia
[5] while severe COVID-19 cases may progress to dyspnea (short-
ness of breath), bilateral interstitial pneumonia, acute respiratory
distress syndrome (ARDS), sepsis and multiorgan dysfunction in
addition to acute cardiac, kidney, and liver dysfunction [6,7].
Neurologically, COVID-19 impacts one's sense of smell by attacking
olfactory cells [8,9]. Its ancestor, SARS-CoV has been known to
attack the central nervous system (CNS), causing spine demyelin-
ating and neurodegenerative diseases [10,11]. In addition, there are
comorbidities that influence the onset and severity of these
symptoms. For example, illnesses that are associated with meta-
bolic syndrome (diabetes, obesity, etc.) have a 19.1% prevalence in
Canada [12], and act as comorbidities by putting excess strain on
the organ systems affected by COVID-19 [13]. It has been reported
that COVID-19 patients with cardiovascular disease (CVD) and hy-
pertension have a 6% and 10.5% mortality rate respectively, while
patients without these comorbidities have a 2.3% mortality rate
[13].

SARS-CoV-2 infection can be confirmed via reverse
transcription-polymerase chain reaction (RT-PCR) [14]. There is an
array of biomarkers related to COVID-19 which can be found in
biofluids [15,16]. Therefore, there is an opportunity to pursue
personalized diagnostic devices that can monitor patient health by
rapidly and sensitively detecting biomarkers. This includes COVID-
specific biomarkers (viral proteins and RNA) and non-specific bio-
markers (CRP, ILs, D-dimer, TNFa, glutamate, pH, hematological
biomarkers).

Although some biomarkers are not specific indicators of a
COVID-19 diagnosis, they may be used along with RT-PCR [14] to
indicate the severity of the infection. The current gold standard for

protein biomarker measurement is the enzyme-linked immuno-
sorbent assay (ELISA), which provides excellent sensitivity (<1 pg/
mL) [17]. Western blot is also commonly used to provide great
specificity and selectivity [17,18]. Alternatively, electrochemical
sensing techniques involve detecting electroactive analytes in
biofluids such as saliva, sweat, and blood [19]. They are easy to use
and can reduce testing duration. Electrochemical sensors often
involve the use of a simple technique called cyclic voltammetry
(CV). The potential of the working electrode changes relative to a
reference electrode until enough potential exists to drive a redox
reaction of the analyte at the working electrode [20]. Faradaic
current is generated and measured as electrons flow between the
working and counter electrodes. A brief schematic illustrating this
process is provided in Fig. 1. Ideally, an electrochemical biosensor is
a self-contained, integrated device which can analyze biofluids at
high sensitivity and selectivity without the need for sample prep-
aration. These attributes make electrochemical techniques ideal for
continuous health monitoring in a pandemic where proper man-
agement of personnel and healthcare resources is critical [21].
There is an urgent need for a real-time, non-invasive sensor that
can be used in point of care (POC) settings along with wearable
devices that monitor biomarker levels outside of the hospital.
While biomarker sensing protocols are well established in lab-
based techniques, miniaturized and portable sensors have been
the beneficiaries of more recent exploration. This new attention is
due to advancements in miniaturization, optimization and perfor-
mance allowed by nanomaterials [22]. Decentralized testing
methods using nanomaterials such as electrochemical sensors are
cheaper, easier to mass produce and more accessible than
centralized lab-based techniques (LBTs) like ELISA, Western blot
and PCR. Centralized LBTs may be accessible to populations in big
cities with well-established infrastructure. Populations in low to
middle income countries may lack this infrastructure and any
reliable alternatives — they would benefit from decentralized
techniques like individualized electrochemical sensing [23].
Furthermore, electrochemical sensors allow for the creation of
personalized multiplex or non-multiplex sensors that can be used
by individuals to monitor their current biomarker levels at home. If
abnormal levels (i.e. during a cytokine storm) are detected, in-
dividuals can be alerted to seek medical help. Considering the de-
mand on hospitals during the COVID-19 pandemic, developing such
sensors for personal use would help identify patients in need of
further medical attention. In addition, electrochemical sensors are
typically more portable, and faster than many LBTs (immunoassays,
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Fig. 1. A) A schematic of a three-electrode system used in modern electrochemical potentiometry B) a plot of voltage at the working electrode (relative to the reference electrode)
change over time during cyclic voltammetry C) A prototypical voltammogram, the current through the sample is measured at the voltage changes over time (as seen in B).

mass spectrometry) [24]. However, confounding variables when
using electrochemical sensors, such as pH, can alter the perfor-
mance of the sensor and must be considered when these sensors
are designed [25]. Nevertheless, there are still further obstacles to
face before these sensors can be used commercially.

The electrochemical sensors mentioned in this review have a
wide variety of applications outside of COVID-19. Thus, the devel-
opment of these sensors is an important endeavour to continue
beyond the COVID-19 pandemic. This review pushes the field for-
ward by highlighting current trends and promising sensors. Further
applications include cancer prognosis and possibly even treatment
[26]. For example, high IL-6 and IL-10 serum concentrations can
prognose several cancers, independent of tumour heterogeneity
[26]. Other conditions where similar sensors can be applied to
prognosis are pancreatitis [27], malaria [28], acute ischemic stroke
[29] and viral infections (such as respiratory syncytial virus [30]
and HIV [31]). The use of multiplex sensors can differentiate be-
tween biomarker concentration profiles that are typical to specific
diseases. Furthermore, multiplex sensors may be able to indicate
what is physiologically occurring as a disease progresses [32].
However, one challenge to this may be the heterogeneity of base-
line and diseased concentrations from patient to patient due to
confounding variables [33,34]. This heterogeneity can be man-
ifested in genetics, where mutations to various caspase proteases
alter the cytokine response [34]. But this may be resolved by cali-
brating the reference values of a sensor with personalized normal
values, detected prior to the incidence of a condition.

The purpose of this manuscript is to explore electrochemical
detection of biomolecules affected by COVID-19 infection to
monitor disease severity, especially when present with other dis-
eases. While there are some excellent review papers reporting
biomarkers’ value for COVID-19 prognosis [15,16], so far none of
them have explored the advantages of electrochemical sensors for
the detection of these biomolecules. Table 1 provides a summary of
the biomarkers discussed in this paper. In this review paper, we
discuss the progress, challenges and opportunities involved in
electrochemical sensing of these molecules for researchers inter-
ested in developing prognostic tools to help address these urgent
healthcare needs.

2. Pathophysiology

In this section, we describe the physiological processes that lead
to COVID-19 infection. One of the avenues SARS-CoV-2 uses to enter
the body is ACE2, which can be found in the heart, lungs, kidneys,
and endothelium [56]. ACE2 allows for the degradation of angio-
tensin II, affecting the constriction and dilation of vessels in the

circulatory system in order to regulate blood pressure [57]. The
virus' spike (S) protein, consisting of S1 and S2 subunits, facilitates
viral entry [58]. S1 is responsible for viral attachment to the target
cell's membrane via ACE2, while the S2 domain mediates the viral
envelope's fusion with the host cell [58]. The viral genome then
enters the host cell's cytosol, and the infection ultimately spreads to
other cells.

SARS-CoV-2 infection first triggers the body's innate immunity,
which serves to quickly and non-specifically prevent the spread of
the virus within the body [59]. Innate immune cells (like macro-
phages, neutrophils, and mast cells) express Pattern Recognition
Receptors (PRRs) that trigger host immune responses upon the
binding of pathogen associated molecular patterns (PAMPs), for
example surface glycoproteins or viral RNA [59,60]. These host re-
sponses include the release of pro-inflammatory cytokines such as
IL-6 and TNFa [61] which recruit leukocytes to help the body fight
infection [62]. However, in severe cases, systemic inflammation can
give rise to respiratory, cardiovascular, or neurological complica-
tions [63]. For instance, the IL-1p and IL-6 released during a COVID-
19 infection can lead to lung inflammation, fever, and fibrosis [64].

The release of pro-inflammatory cytokines activates the adap-
tive immune system, which includes T- and B-lymphocytes. T-
lymphocytes like Cluster of Differentiation 4+ and 8+ (CD4" and
CD8™") are memory cells that ‘remember’ antigens, allowing them to
destroy infected host cells and subsequently recruit other immune
cells to do the same [65]. B-lymphocytes facilitate the production of
antibodies which attach to the antigens and mark them for
destruction [65]. COVID-19 patients may present with lymphocy-
topenia (lymphocyte deficiency), which slows their immune
response to the infection [66]. Lymphocytopenia has been reported
in only 25% of mild COVID-19 cases [42] but in 80% of critical cases
[57]. When T-cells are overstimulated with antigens they gradually
enter a state of exhaustion in which they exhibit weaker effector
function [66]. Since the pathogen is still present, pro-inflammatory
cytokines are released in a positive-feedback loop. The resulting
“cytokine storm” can lead to ARDS, sepsis, or multiple organ failure
[63]. Since pro-inflammatory cytokines play a key role in the
severity and progression of COVID-19, it is critical to investigate
their validity as biomarkers of the disease.

3. Biological markers of inflammation

Inflammation is a complex biological process in which a sym-
phony of markers and cells react to harmful stimuli. These markers
include cytokines, immune cells, glutamate, pH and other proteins.
Cytokines are signaling proteins that allow damaged tissues and
immune cells to communicate [67]. Pro-inflammatory cytokines
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A summary of some biomarkers discussed in this paper. These biomarkers are prone to being influenced by a variety of variables. There is also a shortage of studies exploring
Serum COVID-19 Concentrations.

Name Role Approx. Healthy Concentration (ug/mL) Serum Concentration in COVID-19 (pg/mL)
CRP A protein which mediates inflammation in the Serum median: Severe:
body [35]. 0.8 [35] >41.8 [37]
IL-6 is the main inducer for CRP production,
with IL-1 enhancing it [36].
IL-1B A proinflammatory cytokine that helps with the Serum: Mild range:
production of synoviocytes [38] and proteases 6.46 x 1075 — 2,696 x 107> [40] 1.729 x 107> — 3422 x 107°
for inflammation [39]. Severe range:
2.589 x 107> — 4.718 x 107> [40]
IL-4 Immunoregulatory cytokines that help regulate Serum: Mild range:
antibody production, hematopoiesis, aids in the 3.486 x 107> + 2.442 x 107> [40] 3.251 x 107> - 5.550 x 107>
formation of the effector T-cell response [41]. Severe range:
3.646 x 107> — 1.0379 x 10~ [40]
IL-6 Most released cytokine by activated Serum: 9.0 x 1077 — 1.0 x 107> [43,44] Severe:
macrophages [42]. Induces an acute phase >55 x 107>
response High likelihood of mortality:
>8.0 x 107> [45]
IL-8 A chemokine (CXL8) that is linked to the Serum: Severe:
progression of ARDS [46]. 1.29 x 107> + 1.393 x 107> [48] >5.0 x 1077 [49]
Has a key role in neutrophil recruitment [47]
IL-10 Inhibits the activity of Th1, natural killer cells, Serum: Mild range:
and macrophages. All these are used for 2.21 x 1075 — 6.02 x 1075 [40] 332 x10°%—-4.16 x 106
pathogen expulsion [50]. Severe range:
6.30 x 1075 — 8.05 x 1076 [40]
D-dimer A protein fragment produced by fibrinolysis Serum: Survivors median:
(clot breakdown) [51]. <0.5[52] 1.02
Non-survivors median:
6.21 [52]
TNFo A potent pleiotropic cytokine that participates Serum: 1.12 x 107 + 7.31 x 10 [48] Not yet established
in cell proliferation, differentiation and
apoptosis [53,54].
L-glutamate An abundant excitatory neurotransmitter Plasma: Not yet established
implicated in several neurodegenerative 0.74—14.7
diseases [55]. Saliva:

3.4 x 10-2 £ 2.6 x 10-2

Urine:

4.855 x 102-2.7072 x 103 creatinine [55]

are a class of cytokines primarily released by macrophages and
helper T-cells to upregulate inflammatory reactions [68]. IL-1, IL-6,
TNFa, and IFN-y belong to the pro-inflammatory class of cytokines
[67,69]. Anti-inflammatory cytokines have the ability to inhibit the
synthesis of pro-inflammatory cytokines. Two major cytokines in
this class are IL-4 and IL-10 [68]. The aforementioned cytokines can
be found in measurable quantities in various biofluids, indicating
the health status of a patient. Such possible biofluids include whole
blood, serum, urine, saliva and sweat. Non-cytokine protein bio-
markers like CRP and D-dimer can also be found in some of these
biofluids, and they also indicate infection in the context of COVID-
19[15,51]. Non-protein biomarkers like pH and glutamate have also
been effective in assessing pulmonary inflammation (using breath)
[70—72] and neurological status, respectively [11,73]. Hematologi-
cal biomarkers, which can be cells or cell fragments, can indicate
inflammation through the fluctuation of their concentrations in
whole blood. COVID-19 specific biomarkers such as N-protein, S-
protein, and viral RNA can specifically diagnose COVID-19 instead of
simply indicating inflammation and these biomarkers can help
indicate disease severity.

Out of the aforementioned biofluids, testing whole blood and its
derivatives (serum, plasma, etc.) is considered invasive because it
requires medical professionals to cut the skin or insert instruments
into bodily openings. Whole blood is the gold standard of biofluids.
It is a simple, well-defined broad appraisal of the human immune
response. However, drawing blood would not provide a real-time
assessment of health status and repeated blood harvesting leaves
patients susceptible to infection by creating avenues for pathogen
entry. This can be especially dangerous in an overcrowded hospital
setting where bacteria and viruses tend to be strong and drug-

resistant, as is the case during the COVID-19 pandemic. This could
be overcome with implanted sensors, however, they are invasive
and lack commercial viability [74]. Whole blood contains many
potential interfering compounds, and tends to foul electrode sur-
faces, negatively impacting their long term performance [75]. This
provides an opportunity for development and validation of anti-
biofouling modifications [75]. Serum is derived from the centrifu-
gation of invasively obtained whole blood with anticoagulants
removed. Serum analysis does not suffer from the interference and
fouling issues of whole blood analysis, but it is time-consuming to
harvest and requires external lab equipment. Nevertheless, non-
invasive biofluid alternatives like saliva, sweat, breath, and urine
are also viable. In particular, saliva contains many of the constitu-
ents found in serum due to transcellular and paracellular routes
between blood and saliva [76]. However, the concentration of
various biomarkers is much lower in saliva compared to blood,
providing a technological challenge for researchers [76]. Despite
this, more sensitive materials are being used in biosensors, which
has rendered the diagnostic/prognostic utility difference between
saliva and blood less apparent [75,76]. Saliva can contaminate
breath, which is another non-invasive biofluid that contains a va-
riety of biomarkers that can be sensed. Breath provides insight into
the health status of the lungs and is easy to harvest. Sweat is also a
non-invasive matrix. Studies have found similar IL-1a, IL-1, IL-6,
IL-8, and TNFa concentrations between plasma and sweat [43].
One challenge with sweat analysis is the need for an adequate
amount of fluid to be harvested; perspiration may vary among in-
dividuals and thus presents an obstacle to researchers [77]. Urine
testing is a reliable and ubiquitous option, however its collection
can also cause discomfort, risk disease transmission, and requires
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the handling of noxious fluids. Lab testing on urine is subject to
time and temperature factors affecting particle stability [78].
Testing within 2 h of collection is considered optimal, however, POC
testing is not subject to these limitations [79]. Despite the diffi-
culties in collecting and measuring the aforementioned biofluids,
they can quickly provide valuable information about patients’
health, especially when used in the context of electrochemical
sensing. This section will describe some promising electrochemical
sensors and the analytes they sense.

3.1. The biofouling challenge

Section Summary: Electrochemical sensors intended for repeated
use need to be designed with biofouling taken into consideration
because substances contacting the electrodes may diminish the sen-
sor's performance over time. The mechanisms of biofouling and anti-
biofouling methods are discussed below.

Biofouling has been identified as an important factor for prog-
nostic sensors. Researchers designing sensors in the wearable or
implanted sensor space will be prioritizing reusability in their
design. The greatest obstacle these designers will face is biofouling
at the surface of the electrode following repeated sensor use. This
phenomenon blocks the transfer of electrons from the analyte to
the electrode, diminishing the sensor's performance. Biofouling can
occur by two mechanisms; it can affect the recognition components
(including antibodies and aptamers), or the transducing compo-
nents (including the electrode surface). The recognition element is
affected by the non-specific adsorption of proteins present in the
biofluid onto analyte receptors [80]. The transducing element is
affected when an analyte in the sample participates in a redox re-
action and forms electrochemically inactive products on the elec-
trode surface [81].

Many anti-fouling strategies have been envisioned to treat the
fouling of these components actively and passively. Passive anti-
fouling takes advantage of material properties to promote the
release of adsorbed proteins or render surfaces thermodynamically
unfavourable for fouling material attachment [82]. Polyethylene
glycol (PEG) and hydrogels form polymeric networks which retain
water, thus forming a hydrophilic barrier on the electrode surface
to which proteins have difficulty binding due to entropic unfa-
vourability [82]. Active anti-fouling strategies utilize stimuli-
responsive materials to reversibly change a material's properties.
Mechanical stress, light, pH, temperature, acoustic waves or elec-
trical/magnetic fields have been used in active anti-fouling sensors
[83,84]. Temperature responsive polymers have a volume phase
transition temperature (PVTT) property which marks the temper-
ature at which the polymer drastically and discretely changes its
physical arrangement. This property was exploited in the sensing of
glucose with a nanocomposite hydrogel, the swelling of N-iso-
propylacrylamide (NIPAAm) and polysiloxane colloidal nano-
particles released adhered cells. The electrode was optimized for
use in implanted glucose sensors; parameters such as temperature
fluctuations, mechanical strength and swelling kinetics were all
considered. This presented an active anti-fouling design that could
take advantage of the body's own fluctuations in temperature to
“clean” the electrode surface [84]. Ultimately, a similar demon-
stration of anti-fouling capabilities will be essential in real-sample
analysis of complex matrices such as blood, urine, saliva and sweat.

3.2. C-reactive protein (CRP)

Section Summary: Electrochemical sensors can assess elevated
CRP levels during COVID-19 infection, rising from healthy levels
(around 0.8 pg/mL) to more than 41.8 pg/mL (severe cases), by using
biofluids such as whole blood and serum. Many of the current viable
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label free electrochemical sensors lack the proper range of detection.
However, two viable sensors were focused on: a EGOFET sensor with a
linear range of 0.1 to 1 x 10° ng/mL and a wave-shaped microelectrode
array with a range of detection of 0.01 to 10,000 ng/mL.

C-reactive protein (CRP) is a ring-shaped plasma protein pro-
duced in the liver [85]. Generally, CRP is a nonspecific indicator of
tissue damage, infection, and other forms of acute inflammation
[86]. Non-infected individuals have a median baseline concentra-
tion of 0.8 ug/L; up to 10 pg/L at the 99th percentile [35]. During
inflammatory events, CRP can increase by more than 1000-fold,
reaching between 100 pg/L and to 500 mg/L [86G]. This large range
makes changes in health status obvious as it provides an indication
of inflammation along with an assessment of the intensity of the
inflammation or infection [8G]. During a COVID-19 infection, CRP
levels can range between 1 pg/L (very mild cases) to more than
100 pg/L (severe cases) [15]. Future electrochemical sensors must
operate in a wide linear range, ideally able to sense concentrations
between 0.8 pg/L and 500 mg/L. There are a lack of studies indi-
cating CRP presence in sweat, but there is evidence of CRP being
present in blood [37]. Given the non-specific nature of CRP, bio-
sensors targeting CRP will find many other applications such
assessing autoimmune disease, the likelihood of developing CVD,
amongst other conditions involving inflammation [86]. Evidently
CRP is a viable biomarker for COVID-19 prognostics, meriting the
exploration of various electrochemical sensors that measure this
analyte.

Some existing CRP electrochemical sensors are listed in Table 2.
Unfortunately, most approaches to sensing have failed to detect
CRP outside of a narrow concentration range, while the clinical
nature of the analyte necessitates a wide dynamic range (pM to uM)
[87]. Additionally, most protocols are multistep and require extra
processing, making them difficult to adapt to continuous or wear-
able devices [87]. One sensor that addressed both of these issues
was based on an electrolyte-gated organic field-effect transistor
(EGOFET) sensor that was fabricated through the absorption of
anti-CRP monoclonal antibodies onto a poly-3-hexyl thiopene
(P3HT) semi conductive organic surface [87]. Afterwards the
modified semiconductor surface was treated with hydrophilic (N-
[tris(hydroxy-methyl) methy] acrylamide-lipoic acid conjugate
(pPTHMMAA)) polymer to properly orient the anti-CRP antibodies
and block non-specific binding. The linear range of this sensor was
0.1—1 x 10° ng/mL, and the limit of detection was 0.1 ng/mL, which
is ideal for COVID-19. Beyond COVID-19, this range enables
assessment of inflammation, cardiovascular health, and cancer [88].
This label-free sensor was compatible with disposable and flexible
substrates while being adaptable to miniaturization and multi-
analyte arrays. An electrochemical capacitance immunosensor that
used an interdigitated wave-shaped microelectrode array showed
high performance (shown in Fig. 2) [89]. A self-assembled Dithiobis
(succinimidyl propionate; DTSP) monolayer functionalized by
NaBH4 was used to anchor anti-CRP antibodies onto the electrode
surface. The sensor had a linear range of 0.01 ng/mL to 10,000 ng/
mL (equivalent to 10 ng/L to 10 mg/L); this inadequately covered
expected CRP concentrations in severe COVID-19 cases, but future
developments may increase this range. The sensor was found to
produce ideal electrochemical responses at a pH value of 74, a
50 pg/mL anti-CRP-antibody concentration and a 10-min incuba-
tion time. The sensor was able to detect CRP without significant
effects from high concentrations of interfering agents. It had a
miniaturized design, good storage stability (two weeks at 4°C) and
was easily adaptable to a microcontroller-based potentiostat.
Despite these advancements, there is a shortage of CRP electro-
chemical sensors with an optimal linear range for COVID-19 ap-
plications. Future research should focus on developing sensors with
wide linear ranges and improved usability for POC applications.
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Table 2
A summary of electrochemical sensors targeting C-Reactive Protein analyte.

Analyte Electrode/Modification Receptor Matrix/Solvent LOD (ng/mL) Linear Range (ng/mL) Ref.

CRP Standard polycrystalline gold electrode Goat anti-human CRP Pharmaceutical 0.135 0.384-38.4 [90]
modified with SAM immunosensor polyclonal antibody preparation, human

serum

CRP Wave shaped microelectrode array with a Human CRP antibody PBS serum 0.025-0.23 0.01 — 10 x 10° [89]
monolayer functionalized by NaBH4 to anchor
antibodies

CRP Screen printed graphene electrode Anti-1°Ab unlabeled Human serum 1.5 10 — 150 x 103 [91]
functionalized by 1-cystine and gold to anchor capture antibody &
Anti-1°Ab Anthraquinone labelled

anti-human CRP
secondary antibody

CRP Reduced graphene oxide (rGO)-modified Anti-CRP antibody Pharmaceutical — 10 -1 x 10* [92]
screen-printed carbon electrode (SPCE) preparation
functionalized via 1-pyrenebutyric acid N
hydroxy succinimide ester (PyNHS)

CRP Branched polyethylenimine functionalized with Monoclonal IgG anti Rat blood 0.5-2.5 1-5x10* [93]
ferroced residues recognition layer anchored to CRP antibodies
electrode surface for the covalent anchoring of
antibodies

CRP Gold printed screened electrode has affinity for Monoclonal anti-CRP Human serum 780 6.25 x 10°-5 x 10* [94]
sulfur and nitrogen, which allows for antibodies antibody
to covalently attach

CRP Disposable single walled carbon nanotubes field Goat anti-CRP Pharmaceutical 0.1 01-1x10° [95]

effect transistor immunosensor, able to absorb
amino groups in anti-CRP antibodies

preparation

3.3. Interleukins

Section Summary: The levels of many interleukins, such as IL-1, 4,
8, and 10, are affected by COVID19 inflammation. The most studied and
promising interleukin is IL-6, whose levels in serum were found to
be > 5.5 x 10~° ug/mL in patients with risk of developing severe
COVID-19 and > 8.0 x 10~ ug/mL in patients with high likelihood of
mortality. Detection of IL-6 within this range is achievable with

existing electrochemical sensors, and detection in other biofluids is
also possible. The sensor highlighted in this section utilizes rat breath
to assess IL-6 levels through a silicon nanowire field effect transistor
(SiNW-FET) and a Detection of Living Animal's Exhaled Breath
Biomarker (dLABer) system.

Interleukins (IL) are a broad range of cytokines that have an
essential role in intercellular communication, specifically among
cells of the immune system and between immune cells and other
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Fig. 2. A) Electrode array of the wave-like interdigitated electrode sensor, Low magnification at 100x and the high magnification shows 30 pm finger and spacing in detail B) DTSP is
functionalized upon the e IDWLE modified wave shaped electrode, which allows for the immobilization of the anti-CRP antibody C) EGOFET sensor submerged in PBS where 1) anti
CRP immobilized by P3HT surface 2) pTHMMAA absorbed by surface where anti-CRP is not present to prevent nonspecific binding 3) CRP binds to anti-CRP, producing an electrical
current. D) The functionalization of DTSP, anti-CRP immobilization, and attachment between CRP and anti-CRP, respectively. A) B) C) and D) Reprinted and adapted with permission
from Ref. [89]. Open Copyright 2019 Multidisciplinary Digital Publishing Institute (MDPI). C) Reprinted and adapted with permission from Ref. [70]. Copyright 2016 Springer.
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tissue [96]. In inflammatory states, pro-inflammatory and anti-
inflammatory interleukin levels fluctuate [96]. Pro-inflammatory
interleukins such as IL-1, IL-6, and IL-8 were elevated in the sera
of COVID-19 patients [97—105], while levels of anti-inflammatory
interleukins like IL-10 and IL-4 were found to fluctuate
[103—106]. Out of these, IL-6 was most examined by the literature
as a target for COVID-19 prognostics, and several IL-6 receptor in-
hibition therapies are currently being investigated [107,108]. In
addition, interleukins can be detected in a variety of biofluids such
as blood, saliva [109], sweat [110], and even breath [111]. [L-1a IL-
1B, and IL-6 concentrations in sweat were not different from
plasma, with healthy levels ranging between 1 and 10 pg/mL
[43,44]. Meta-analysis of COVID-19 patients found IL-6 serum
concentrations >5.5 x 107> pg/mL indicated a high risk for devel-
oping a severe COVID-19 infection, and concentrations >8.0 x 107>
ug/mL indicated a high risk of mortality, although only one study
examined this endpoint [45]. A meta-analysis found IL-6 serum
concentrations were 2.9 times greater in severe cases compared to
non-severe cases [112]. COVID-19 treatments like corticosteroids
and drugs targeting pro-inflammatory signal pathways can be
guided by interleukin biosensors to gauge efficacy and adjust
treatment dosages [113]. Examples of these drugs include Tocili-
zumab (targeting IL-6) and Anakinra (targeting IL-1) [113]. Beyond
their use in COVID-19 therapies and prognostics, interleukin bio-
sensors will find applications in assessing conditions such as cancer
[114], aneurysms [115], and chronic obstructive pulmonary disease
(COPD) [116]. Electrochemical sensing developments for the mea-
surement of interleukin levels are abundant due to their diverse
applications, but performance differs between sensors.

Table 3 presents some electrochemical interleukin biosensors.
These sensors are highly specific due to their use of antibodies to
bind to specific interleukins [17]. Sensors for IL-6 have achieved
levels of detection which can distinguish between severe and non-
severe cases of COVID-19. A fully integrated POC device, called the
Detection of Living Animal's Exhaled Breath Biomarker (dLABer) is
presented in Fig. 3. It combined breath sampling, microfluidics, and
a silicon nanowire field effect transistor (SINW-FET) biosensor to
measure the quantities of IL-6 in exhaled breath [117]. The breath
exhaled by rats was absorbed with the collection liquid PBS via an
airflow system, and the PBS was transported to the biosensing
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component for analysis. A commercial SINW-FET (Vista Therapeu-
tics, Inc., U.S.A.) was modified with rat-specific IL-6 antibody. IL-6
binding to the SiNW-FET antibody complex proportionally
changed the conductance of the transistor, revealing IL-6 concen-
tration. The dLABer had a signal-to-noise ratio 104 times higher
than that of the ELISA when analyzing the same breath samples
[117]. It was determined that the ELISA and sensor data were in
agreement and the sensor demonstrated good repeatability and
selectivity amongst ambient components. However, this method
has only been tested on the exhaled breath of mice and further
work is needed to adapt the breath collection component to human
breath. Furthermore, the lower limit of the range of detection is
5 pg/mL which means it may be used in COVID-19 monitoring.
However, this may restrict the applications of this sensor from
conditions such as some forms of cancer [118]. This sensing tech-
nique can potentially be combined with ventilators to analyze pa-
tients' exhaled breath in intensive care settings to alert clinicians of
alarming interleukin spikes. The use of breath to measure inter-
leukin levels has proven to be possible and presents an opportunity
for future research.

3.4. Tumor necrosis factor alpha (TNFa) and interferon (IFN)

Section Summary: TNF and IFN levels are affected by COVID-19.
The concentration in severe COVID-19 patients is not yet established
but is likely to increase in the case of inflammation. Electrochemical
sensors exist for TNF and IFN using both aptamers and antibodies. A
multianalyte sensor using aptamers was able to simultaneously ach-
ieve a 47.6 and 48.8 pg/mL limit of detection for TNF and IFN respec-
tively. Further development in multianalyte sensors is encouraged.

Tumor Necrosis Factor (TNF) is a potent pleiotropic cytokine
playing important roles in cell proliferation, differentiation and
apoptosis [53,54]. It is one of the most thoroughly studied cytokines
and is considered the “master-regulator” of immune homeostasis
by limiting the duration of the inflammatory process [125,126].
TNF-a is responsible for initiating strong inflammatory responses,
inhibiting autoimmune diseases and impeding tumor growth [126].
Anti-TNF antibodies have been used to treat autoimmune diseases
like rheumatoid arthritis (RA), inflammatory bowel disease (IBS), or
ankylosing spondylitis [127]. TNF-a has also been found to increase

Table 3
A summary of electrochemical sensors targeting Interleukins.

Analyte Electrode Receptor Matrix LOD (pg/mL) Linear Range (pg/mL) Ref.

IL-1B, Gold working Anti-human II-6, IL-1, Pharmaceutical preparation 0.7, 1-15, [119]

IL-10 microelectrode IL-10 antibody 0.3 1-15

IL-6 8 x 50 pm gold needle Anti-IL-6 antibody 5% BSA solutions to simulate blood — - [120]
electrodes

IL-6 Graphene based field IL-6 specific aptamers Pharmaceutical preparation. 252 - [121]
effect transistor Human saliva samples

IL-6 Silicon nanowire field Rat IL-6 antibody Rat exhale breath 5 5—-5x10* [117]
effect transistor

IL-6 Magnetic Anti-IL-6 antibody Human serum 0.3 1-1x10° [122]
microparticles and
planar graphite-screen
printed electrodes

IL-6 Carbon screen printed IL-6 aptamer Human serum 0.33 1-15 [123]
electrode modified
with polypyrrole and
gold nanoparticles.

IL-6 Functionalized single IL-6 aptamer Spiked blood 1.0 1-1x10* [124]
wall carbon nanotubes
(SWCNT) microarrays

IL-6 Horizontally aligned Anti-IL-6 antibody Rabbit serum 137 1-100 [17]

single walled carbon
nanotubes forms a
liquid gate field effect
transistor
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Fig. 3. A) Image of dLABer system include a live rat and the apparatus for detecting IL-6 in the exhaled breath of the rat, with future aspirations to be a device that measures human
IL-6 levels B) Experimental schematic of the dLABer system setup in A. Describing breath sampling, microfluidics and the real-time sensing of IL-6 levels. Reprinted and adapted

with permission from Ref. [117]. Copyright 2018 American Chemical Society.

during COVID-19 infection and the resulting cytokine storms,
although exact concentrations have not yet been described [16,63].
These qualities make TNF a strong candidate for electrochemical
sensing in COVID-19 applications.

Many TNF-¢ electrochemical sensors have been described, using
both aptamers [128—130] and anti-TNF antibodies [131—134] as
antigen receptors. A few are listed in Table 4 To address the chal-
lenges of the COVID-19 pandemic (for example, alerting clinicians
to the onset of cytokine storms) a label-free, wearable sensor is
desired. One study modified a glassy carbon electrode (GCE) with a
[Fe(CN)s]*~-Glutaraldehyde-chitosan (KFe-GLA-CHIT) composite
followed by Nafion and anti-TNF antibodies [133]. The KFe-GLA-
CHIT was used as an electron transfer mediator. Nafion was used
to protect the long-term stability of the sensor by blocking the

interfering molecules from the sensor and to immobilize the anti-
TNF antibodies. TNF present in the sample would bind to the cap-
ture antibodies and decrease the peak anodic current, this decrease
has a linear relationship with concentration allowing the quanti-
fication of TNF in the sample. The sensor was highly sensitive,
detecting 20—34,000 pg/mL of TNF with a limit of detection of
10 pg/mL while demonstrating excellent selectivity for TNF and
long-term stability. Wearable TNF biosensors have been explored to
yield an aptamer-based graphene field effect transistor built upon
an ultrathin (2.5 pm) biocompatible mylar film shown in Fig. 4. The
substrate demonstrated good flexibility and durability over
polymer-based substrates like polydimethylsiloxane (PDMS),
polyester (PET) and polyethylene naphthalate (PEN) and was suit-
able for adhesion to non-planar, dynamic surfaces like the human

Table 4
A summary of electrochemical sensors targeting Tumor Necrosis Factor and Interferon.
Analyte Electrode/Modification Receptor Matrix/Solvent LOD (pg/mL) Linear Range Ref.
(pg/mL)

TNFa. Gold screen-printed electrode TNFo aptamer (RNA strand) Human serum 20 5.0-75 [132]
drop-casted with a modified
Ag/Pt-Gr-aptamer
nanocomposite

TNFo Carbon screen-printed TNFa aptamer (RNA strand) Human serum 1.64 5-70 [141]
electrode drop-casted with a
modified Ag/Pt-Gr-aptamer
nanocomposite

TNFo Graphene field-effect transistor TNFo and Artificial tears 47.6, — [135]

IFN-y IFN-y aptamers (RNaaA Strands) 48.8

TNFa. Screen printed electrode TNF Biotinylated capture antibodies Human serum 3 9.9 [142]
modified with Neutravidin-
functionalized magnetic
microbeads conjugated with
capture antibodies

TNFo Glassy carbon electrode [Fe(CN)g]*~-Glutaraldehyde - Pharmaceutical preparation 10 20 — 3.4 x 10* [133]
modified with anti-TNFo chitosan probes
antibody

IFN-02 B-lactamase label-based pH polyclonal anti-a-2 Pharmaceutical preparation — 1.0 x 10’-1.0 x 108 [143]

sensitive field effect transistor interferon antibodies
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Fig. 4. A) A schematic of the TNF/IFN aptamer-based graphene FET built upon an ultrathin and flexible mylar substrate. A demonstration of sensor placement on the B) wrist and C)
eyeball. D) A demonstration of the flexible nature of the constructed sensor. Reprinted and adapted with permission from Ref. [135]. Open Copyright 2020 Multidisciplinary Digital

Publishing Institute (MDPI).

wrist or eyeball. The sensor was a graphene monolayer modified
with TNF-aptamer (the antigen receptor) and demonstrated sen-
sitive, consistent, and timely detection of TNF in artificial tears
[135]. Tween 80 was also used to protect the long-term stability of
the sensor and block the potentially interfering molecules by
passivating the unmodified graphene area. Although electro-
chemical TNF sensors can decrease assay time from several hours
(ELISA) [117,136], future TNF sensors must emphasize timely/
continuous detection.

Interferons (IFNs) are a class of cytokines that interfere with
viral and non-viral infections in the body by adapting cell functions
[137]. IFN-o. and IFN-f are typically produced by infected cells,
while IFN-y is produced by T-lymphocytes during cell division
[138]. The administration of Type 1 interferons (IFN-o and -) is
being tested as a potential therapy for COVID-19. It can boost pa-
tients’ immune response and has been successful in treating other
disorders such as multiple sclerosis (MS), MERS-CoV and SARS-CoV
[139]. There is limited information about IFN concentrations in
COVID-19 infected individuals. A small study examining the con-
centrations of various IFNs during COVID-19 progression found that

patients who were IFN negative at diagnosis usually had higher
viral load [140]. It was also found that IFN-a2 rose gradually after
symptom onset and peaked approximately 8—10 days later. Pa-
tients without an increase of IFN-a all required ventilation and
spent more time in the ICU. While IFN-o2 and IFN-a. are relevant to
COVID-19 prognosis, their relationship with regards to COVID-19 is
not well documented and there is a shortage of electrochemical
sensors targeting these two analytes. IFN-y electrochemical sensors
have been developed (listed in Table 4) but do not seem to be as
relevant to COVID-19 prognosis. This presents an opportunity for
future research and sensor development.

3.5. Glutamate

Section Summary: Glutamate has been linked to neurological
diseases which have been observed in COVID-19 patients. However, the
link between glutamate and COVID-19 is not well defined. Although
electrochemical sensors can be used to detect glutamate current
electrochemical sensors for glutamate do not adequately detect the
low amount necessary for detection in biofluids. Functionalized
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nanomaterials can be used to increase sensitivity. Both enzymatic and
non-enzymatic glutamate sensors are presented.

Glutamate is a nonessential amino acid acting as an excitatory
neurotransmitter in the nervous system, making it responsible for
neurocognitive functionality. Glutamate has been identified as a
potential biomarker for disease conditions linked to neurological
diseases such as stroke, epilepsy, Alzheimer's disease and amyo-
trophic lateral sclerosis (ALS) [11,73]. Relatives of SARS-CoV-2 have
been known to impact the neurological system, so it is important to
track glutamate concentrations in COVID-19 patients in case of
complications [11,73].

The molecular virus-host interface is highly relevant to the
neurological symptoms of COVID-19, which includes the loss of
sense of smell [8,9]. Glutamate as the olfactory receptor cell
neurotransmitter plays an important role in the virus-host in-
terfaces [144]. Olfactory ionotropic glutamate receptors (iGIuRs)
are ligand gated ion channels regulated by G-protein-coupled re-
ceptors. iGluRs mediate chemical communication between neurons
at synapses and can be modified to be used as genetically encoded
chemical sensors [145]. Such chemical sensors could function as
genetically encoded neuronal activators or inhibitors, as well as
having broad practical applications, for example, in environmental
pollutant detection or clinical diagnosis. The neurotransmitter
glutamate plays the key role in neuronal communication and it is
important to monitor glutamate level to understand iGluRs func-
tion and loss of sense of smell in SARS-CoV-2 infected people.
Moreover, there is evidence of glutamate neurotoxicity involve-
ment in coronavirus [146].

The presence of coronaviruses in the CNS may also result in
long-term neurological diseases [9,147]. Coronaviruses can reach
the smell center of the brain, primarily via vascular cells in the CNS
[148]. Olfactory cells in the nasal cavity are most vulnerable to viral
infection [148]. The first neurons infected are the neurons that
detect odors in the nasal cavity; they can also signal when a virus is
present to summon other brain and immune cells to help fight the
infection [9,149]. The virus not only affects the respiratory system,
but also has deleterious effects on the CNS [149]. During the SARS
(severe acute respiratory syndrome) epidemic in 2003, the SARS
coronavirus was also found to attack the CNS causing brain and
spine demyelinating lesions and neurodegenerative diseases (e.g.
multiple sclerosis, Alzheimer's disease, and Parkinson's disease)
[10,11]. Brain stroke and seizures are already reported to be asso-
ciated with coronavirus [73]. Neurological symptoms manifest in a

Trends in Analytical Chemistry 136 (2021) 116198

notable proportion of patients with coronavirus disease [147]. As a
possible explanation of neurotoxicity due to virus invasion, some
coronaviruses have demonstrated the ability to spread via a syn-
apse-connected route to the medullary cardiorespiratory center
from the mechanoreceptors and chemoreceptors in respiratory
system [149].

Since glutamate is the most abundant excitatory neurotrans-
mitter in the CNS and neurotoxicity in COVID-19 evident, a
glutamate-related biomarker can play an important role in
detecting the severity of neurotoxicity. One major limitation,
however, is that glutamate concentrations in some biofluids are
lower than the detection limits of existing electrochemical sensors
[55]. To address this, the functionalization of nanomaterials used
for sensing (for example, NiO and Co304) can be improved with
carbon nanotubes or B-cyclodextrin in order to improve sensing
performance. Fig. 5 shows an example of one glutamate sensor
made with Ni nanoparticle coated Pt electrode surfaces. A recent
review identified the connection of glutamate to pathologies as a
potential biomarker and emphasized development of electro-
chemical sensors to instantaneously detect glutamate in biofluids
[55]. This review analyzed the performance of various materials for
the working electrode of a non-enzymatic glutamate electro-
chemical sensor. Table 5 summarizes some important materials
with modification approaches for electrochemical sensing of
glutamate in different biofluids. Continuous and real-time moni-
toring of glutamate levels in biofluids can provide a means to
identify the degree of neurological disorder or quantify the level of
neurotoxicity due to COVID-19.

3.6. Exhaled breath pH

Section Summary: Currently no direct studies assessing breath pH
levels during a COVID-19 infection have been conducted. However,
breath pH levels increase with the incidence of lung injury, which is
commonly caused by COVID-19. This section assesses two devices that
collect and measure breath pH, one that attaches to a hospital venti-
lator and another that uses only a syringe, mouthpiece, cylinder, and
ice as an exhaled breath condensate collection method.

It is difficult to assess pH as a biomarker at times due to the great
number of variables that affect it in various biofluids [55]. Despite
this difficulty, exhaled breath condensate (EBC), the condensed
liquid form of exhaled breath, has been reliably observed to expe-
rience pH changes, resulting from inflammation caused by
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Fig. 5. A) SEM images of a Pt coated Ni nanowire array electrode (non-enzymatic L-glutamate sensor). Reprinted and adapted with permission from Ref. [150]. Copyright 2013
Elsevier. B) Schematic of an enzymatic L-glutamate biosensor. The exposed copper wire makes contact with the potentiostat while the epoxy tip comes in contact with -glutamate.

Reprinted and adapted with permission from Ref. [151]. Copyright 2019 Elsevier.
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Table 5
A summary of electrochemical sensors targeting Glutamate.
Analyte Electrode/Modification Receptor Matrix/Solvent LOD (ng/mL) Linear Range (ng/mL) Ref.
t-glutamic acid  Mesoporous Co304 nanosheets on - Serum and urine 1.47 0.0147 — 1.47 x 107 [152]
glassy carbon electrodes
L-glutamate Nickel-oxide nanoparticles on glassy - Pharmaceutical preparation 4.03 x 10* 1.48 x 10°-1.18 x 10°  [153]
carbon electrodes
L-glutamate Ni-nanowire array electrode - Pharmaceutical preparation 8.89 x 10° 741 x 10°-1.19 x 10°  [150]
L-glutamate Zn0 nanorods/polypyrrole modified L-glutamate oxidase  Chinese soup 0.0267 2.96 — 7.41 x 10* [154]
pencil graphite electrode
Glutamate Ceramic-substrate enabled platinum Glutamate oxidase Pharmaceutical preparation 237 1.48 x 10°-8.44 x 10>  [155]
microelectrode array
L-glutamate Polyphenylenediamine, chitosan, Glutamate oxidase In vivo and in vitro brain slices  6.52 741 x 10°-222 x 10*  [151]

ascorbate oxidase

pulmonary diseases such as asthma, chronic obstructive pulmonary
disease (COPD), and cystic fibrosis [ 70]. Such diseases cause oxygen
limitations for lung cells, and this hypoxic state drives the cells into
anaerobic respiration in which lactic acid is produced as a
byproduct. In diseased states, EBC pH levels drop to a range of 4—6
while healthy patients’ pH levels are around 7.4 or higher [156]. EBC
pH can indicate inflammation even before clinical presentation of
lung injury is observed [157—159]. A study examined patients
requiring ventilation (with and without signs of acute lung injury
(ALI) or ARDS and found that EBC pH in ventilated patients was
lower and lactate levels were higher relative to a healthy group
[157]. Furthermore, pro-inflammatory cytokine concentrations in
breath correlated with both lower EBC pH and increased disease
severity. To the best of our knowledge, no relationship between
COVID-19 infection/severity and breath pH has been investigated.
However, since viral infections commonly cause lung inflammation,
breath pH may provide valuable insight into a patient's condition in
the context of COVID-19. Thus, new research concerning this rela-
tionship is encouraged.

Unfortunately, collection of breath samples poses a risk for
contamination. Most air contained in the respiratory tract does not
contact the bloodstream at the alveoli; this is known as “dead-
space air” [160]. During sample collection, dead-space air dilutes
the sample containing clinically significant molecules. This issue
can be overcome by exclusively sampling air exhaled at the end of
breath [160]. Also, volatile organic compounds (VOCs) in atmo-
spheric air may enter the respiratory tract during inhalation and
contaminate the sample. In this case, correction for background
concentrations of VOCs by parallel sampling of breath and external
air is necessary [160]. Additionally, it is possible for breath samples
to be contaminated by saliva, so collection techniques need to ac-
count for the separation of these matrices. They may also be

harvested and analyzed in parallel to maximize the usability of the
data collected. Various collection methods have been devised to
avoid contaminants in EBC samples; a few of them are discussed
below.

To capture exhaled breath for analysis, a simple condensation
method is required [161]. In addition to a cooling system, gas
standardization (de-aeration) may be used to address the issue of
CO, contamination, which can decrease the measured EBC pH
values [162]. Two such collection devices are shown in Fig. 6. A
saliva filter is often used to ensure the breath condensate is not
contaminated by saliva [161]. One proposed EBC collection mech-
anism was a system that attached to the exhaust port of a standard
Servo-i hospital bedside ventilator [163]. This device included 2-
chamber gas-standardization with a pH sensor that measured pH
every 6 s. Extracting exhaled breath condensate during ventilation
was also deemed to be non-detrimental to the patient and the
apparatus [164]. This device would benefit from newer fabrication
technologies, such as 3D printing, or new materials which could
optimize cooling and hydrophobicity.

There are a variety of ventilator-independent commercial de-
vices (Ecoscreen, RTube) used to collect EBC, however, their high
costs restrict widespread use [165]. To address cost concerns, a
device using only a stainless-steel open cylinder, a tube acting as a
mouthpiece, and a syringe was developed [165]. The metal tube
was placed in dry ice for 5 min and then patients exhaled into the
tube. A sensor then measured pH levels despite not de-aerating the
sample. CO, present in exhaled breath lowers pH and necessitates
the same collection-to-analysis time for consistent measurements
[165]. This low-cost collection device is attractive to areas where
healthcare may not be widely accessible due to costs. The two
devices described here can be adapted for COVID-19 prognosis or
assessing pulmonary injuries like ALI, COPD, and asthma.

Fig. 6. 1) 88 mm long rubber covered stainless steel open cylinder, (2) 40 mm-long tube as a mouthpiece, (3) 1 mL syringe plunger. Reprinted and adapted with permission from

Ref. [165]. Copyright 2006 American College of Allergy, Asthma & Immunology.
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3.7. Hematological biomarkers

Section Summary: Levels of hematological biomarkers such as
lymphocytes, neutrophils, and thrombocytes represent the immune
system's response to COVID-19 infection. T-lymphocytes are the most
studied marker, and this section lists several electrochemical sensors
that have already been developed to measure its levels in biofluids. A
smartphone-compatible sensor is discussed in further detail.

Lymphocytopenia, neutrophilia and thrombocytopenia are
present in severe and less pronounced in non-severe COVID-19
patients [166]. Therefore, lymphocyte, neutrophil, and platelet
counts are all potential biomarkers that may aid in the prognosis of
a COVID-19 infection. SARS-CoV-2 has an effect upon lymphocyte
count by infecting T-cells directly, and the final result is a decrease
in CD3", CD4", and CD8" T lymphocytes accompanied by an in-
crease in regulatory T-cells [167]. More lymphocyte apoptosis also
results from the subsequent cytokine storm [167]. Lymphocyte
count has already been combined with either platelet or neutrophil
count, using ratios like neutrophil-lymphocyte ratio (NLR) and
platelet-lymphocyte ratio (PLR); both of which are more predictive
of disease state compared to sampling each biomarker alone [167].
Despite the potential of hematological biomarkers, white blood cell
(WBC) counts are subject to change due to simultaneous viral or
bacterial infections [168]. Steroids (like glucocorticoids) and
intravenous immunoglobulin therapy can also alter WBC counts
[168], both of which have been considered for COVID-19 treatment
[169,170].

Several electrochemical sensors for immune cells have been
listed in Table 6. One publication documents a portable, label-free,
paper-based smartphone compatible sensor with gold microelec-
trodes [171] as seen in Fig. 7. A polyvinylidene fluoride (PVDF)
membrane (paper) was used to physically trap WBCs, while inter-
digitated microelectrodes were used with ferrocyanide probes to
quantify the trapped WBCs [171]. A portable potentiostat was also
constructed with an Arduino Uno and two operational amplifiers; it
was used to conduct differential pulse voltammetry (DPV) and send
the collected data to a nearby smartphone via Bluetooth [171].
Furthermore, the dynamic range of this sensor was
150—15,000 cells/puL [171]. This covered most cases of leukocyto-
penia and leukocytosis, including severe leukocytopenia caused by
COVID-19 (approx. 2000 cells/uL) [171,172]. This system's smart-
phone compatibility made data collection, storage, and analysis
very quick, rendering it suitable for application in POC settings. The
portable and cost-efficient nature of the Arduino potentiostat is
also noteworthy; it paves the way for such electrochemical sensors
to be used by patients at home in a similar fashion to blood-glucose
testing in diabetics. Since the long-term effects of the COVID-19
infection are unknown, this feature could be especially useful for
patients who have been discharged from the hospital and want to
keep track of their recovery. This study takes steps to better sensor
accessibility and ease-of-use while highlighting the opportunity to
improve system design for sensors of other biomarkers mentioned
in this review.
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3.8. D-dimer

Section Summary: D-dimer levels can be disrupted in the body as
a result of clotting abnormalities that accompany a COVID-19 infec-
tion. 74.6% of patients have serum levels greater than 0.5 ug/mL, and
high levels can be an indication of poor survival outcomes. Several
existing D-dimer sensors are listed, and a low-cost, desk-top fabricated
sensor is discussed in further detail.

D-dimer is a protein fragment produced as a by-product of
fibrinolysis, the process of thrombus breakdown in the body [51]. It
can be used to detect clotting abnormalities that arise when blood
coagulation and fibrinolysis fall out of balance [51]. D-dimer is
commonly measured in plasma, but techniques have been devel-
oped to allow measurement through saliva as well [177]. Although
D-dimer can be elevated due to non-pathological factors such as
race, age, or smoking, it is also elevated during pathologies such as
stroke, atrial fibrillation, malignancy, or even COVID-19 [51]. One
study (n = 248) found that 74.6% of COVID-19 patients had elevated
D-dimer levels (>0.5 pg/mL), and the median D-dimer levels were
higher in non-survivors (6.21 ug/mL) than in survivors (1.02 pg/mL)
[52].

D-dimer is a valuable biomarker to measure in COVID-19 pa-
tients as soon as the infection is diagnosed. One study has found
that D-dimer levels greater than 2.0 pg/mL on hospital admission
can predict mortality with a sensitivity of 92.3% and specificity of
83.3%, regardless of the patient's symptom severity [178]. Using
electrochemical sensing techniques to monitor D-dimer early and
frequently can allow health-care professionals to administer
antithrombotic therapies if needed and prevent fatalities [179].
Furthermore, COVID-19 patients with metabolic syndrome are
more likely to suffer cardiac events as the infection progresses
[180], and D-dimer sensing could be valuable in predicting and
intervening in those events. Monitoring D-dimer values after
COVID-19 recovery may also be an important tool to preserve long
term health for patients. It is possible that COVID-19, like its close
relative SARS-CoV, leaves long lasting damage [181]. This can lead
to cardiovascular events many years after recovery [182]. However,
obtaining blood samples for D-dimer testing is an invasive pro-
cedure that may cause patients discomfort and increase chances of
infection. Urine testing is reliable and ubiquitous but is subject to
similar difficulties as blood, although it is less invasive. Despite
these barriers, D-dimer's early elevation in response to infection,
along with its strong predictive value make D-dimer electro-
chemical sensing an opportunity worth exploring.

Over the past decade, several electrochemical immunosensors
have been developed to measure D-dimer levels in biofluids; some
of these sensors are listed in Table 7. One such sensor has an
especially low-cost desktop fabrication method that could be
valuable in areas where cleanrooms and expensive lab equipment
are scarce [184]. The device was fabricated using a standard 4.7-
inch polycarbonate compact disk (CD). After removing the protec-
tive layer from the CD with a knife, the disk was mounted onto an
old CPU fan and spin-coated with photoresist (PR). The PR patterns

Table 6

A summary of electrochemical sensors targeting Hematological Biomarkers.
Analyte Electrode/Modification Receptor Matrix/Solvent LOD Linear Range Ref.
WBC Microporous paper with Ferrocyanide Pharmaceutical preparation 195 WBC/uL 1.5 x 102-1.5 x 10* [171]

pattered gold microelectrodes electrochemical probes WBCs/uL
WBC/uL
CD4* T lymphocyte Magneto-actuated biosensor AntiDC3 antibodies Whole blood 44 cells/uL 89—-912 cells/uL [173]
CD4* T lymphocyte  Densely packed working electrode pixels ~ Anti-human CD4" Pharmaceutical preparation — - [174]
antibody

CD4" T lymphocyte  Single walled carbon nanotube electrodes CD4 antibody Pharmaceutical preparation 100 cells/mL  10?—106 cells/mL [175]
CD4* lymphocyte Gold-coated quartz crystal microbalance ~ Anti CD4" antibody Pharmaceutical preparation — - [176]
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Fig. 7. A) The system schematic for data collection from this paper-based WBC sensor B) The interdigitated design of the gold microelectrodes on the PVDF surface. Reprinted and

adapted with permission from Ref. [171]. Copyright 2017 Elsevier.

Table 7
A summary of electrochemical sensors targeting D-dimer.
Analyte Electrode/Modification Receptor Matrix/Solvent ~ LOD (pg/mL) Linear Range (pg/mL) Reference
D-dimer  Silver nanoparticles decorated ZNO nanotubes Mouse anti-human D-dimer Pharmaceutical 1 1 x 10'-1 x 108 [185]
antibody preparation
D-dimer  Conducting polymer polypyrrole D-dimer antibody 3B6 Human plasma 100 100 — 5 x 10° [186]
D-dimer  Magnetic beads deposited on screen printed Mouse monoclonal anti-D- Human serum 2.8 x 10* 8.4 x 10*-1.9 x 10° [187]
carbon electrodes (indirect competitive dimer antibody
immunosensing)
D-dimer  Magnetic beads deposited on screen printed Mouse monoclonal anti-D- Human serum 20 x 10° 6 x 10%-1 x 10° [187]
carbon electrodes (sandwich immunosensing) dimer antibody
D-dimer  Polycarbonate compact disk (CD) electrodes Anti D-dimer antibody Pharmaceutical 1 1-1x10* [184]
electropolymerized with polypyrrole preparation
D-dimer  Functionalized carbon nanotubes (SWCNT- Anti-D-dimer reduced Pharmaceutical 0.1 0.1-2x 108 [183]
COOH) modified gold electrodes antibody preparation

were then exposed and developed, and electrodes were etched into
the material with a gold etcher. The electrodes were functionalized
by electrochemical deposition of polypyrrole (PPy) (see Fig. 8) and
12 h of incubation in a humidor with anti D-dimer antibody solu-
tion. This sensor measured D-dimer by treating its electrodes like
an electric double-layer capacitor. When D-dimer in the test solu-
tion bound to the antibodies on the electrode surfaces, the prop-
erties of the capacitor's effective dielectric layer were altered, thus
decreasing capacitance. This sensor's cost effectiveness and

accessibility is an especially useful characteristic during today's
COVID-19 climate, where medical equipment shortages occur
frequently. Most of the equipment mentioned above can easily be
acquired outside of a lab setting, and the cost of performing one test
is approximately $1, which is much cheaper than the standard $495
ELISA kit (used for ninety-six tests). This sensor also saves time by
providing results within minutes while an ELISA can take hours.
Since this was just a preliminary study done with the intention of
validating a low-cost fabrication method, the sensor's limit of

Deposited Au (250 nm)

Passivation
(Si0; (400 nm)/Si;N4(400 nm))

Deposited Ti (10 nm)

$i0; (800 nm)

Fig. 8. Schematic view of Impedimetric immunosensor with SWCNT-COOH modified gold microelectrodes. Sensor is used to detect D-dimer presence when deep venous
thrombosis occurs. Reprinted and adapted with permission from Ref. [183]. Copyright 2017 Elsevier.
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Table 8

A summary of electrochemical sensors designed specifically for COVID-19.

Linear range Ref.

Matrix/Solvent LOD

Receptor

Electrode/Modification

Analyte

(copies/mL)?

(copies/mL)*

Custom designed capture, signal, Pharmaceutical preparation 200 [192]

and auxiliary probes

Calixarene functionalized graphene

Viral nucleocapsid phosphoprotein (N-

oxide electrodes, super sandwich type

sensor

gene)

[189]

14 — 1.4 x 103 nM

0.7 nM

SARS-CoV-2 Wuhan-Hu-1 sRBD with C-

Cobalt

Cobalt-functionalized TiO2 nanotubes

(Co-TNTs)

Spike Receptor Binding Domain

terminal hexa-histidine tag pharmaceutical

preparation

[193]

Complementary thiolated probes

Electrode made of Gold nanoparticles

on Ti surface

COVID-specific viral RNA or the

corresponding c-DNA
Viral nucleocapsid phosphoprotein (N-

[194]

5.85 x

Pharmaceutical Preparation 6900

Highly specific antisense

Electrode made of AuNPs on graphene

film

103 — 5.85 x 10'°

oligonucleotides (ssDNA)

gene)
+Spike protein

[190]

242

Nasopharyngeal secretions from COVID-

SARS-CoV-2 spike antibody
19 infected patients

Graphene FET-based sensor with Au/Cr

electrodes

[191]

Serum and saliva samples from RT PCR-

Capture antigens and antibodies for NP,
S1-IgM, S1-IgG and CRP immobilized
onto the graphene electrode surface

Laser-engraved graphene electrodes,

Multiplex sensor for SARS-CoV-2

confirmed COVID-19 positive patients and

healthy patients

sandwich/double-sandwich type assay

(depending on the analyte)

nucleocapsid protein (NP), S1-IgM,

S1 IgG, and CRP

2 The units used are copies/mL unless otherwise noted.
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detection and dynamic range are not optimized to COVID-19.
Infected individuals typically have blood D-dimer levels greater
than 0.5 pg/mL, but this sensor's dynamic range is 1 — 1 x 10 pg/
mL. This sensor requires further testing and optimization before it
can be applied to a COVID-19 patient. However, it provides a
promising fabrication method that can make D-dimer prognosis
technology available even in areas with funding limitations.

3.9. Existing electrochemical sensors related to COVID-19

Section Summary: In addition to the biomarkers mentioned
previously, there have been advances in electrochemical sensing for
biomarkers such as viral proteins and viral RNA specific to COVID-19.
This section discusses these markers in detail, presents a few promising
sensors, and identifies an opportunity for further investigation.

In addition to electrochemical sensors for the aforementioned
biomarkers, there have been developments in sensing technology
specific to SARS-CoV-2. These sensors involve the detection of
molecules produced directly due to the presence of the virus; they
would not exist in the body in large quantities unless an individual
was infected. Some examples of these biomarkers are viral RNA and
viral proteins such as spike protein and nucleocapsid phospho-
protein. As mentioned in the pathophysiology section (Section 2),
the spike protein can be found on the surface of viral SAR-CoV-2
particles, allowing them to enter and infect host cells. The nucle-
ocapsid protein, on the other hand, packages and assembles all the
components of the virus within infected cells [188]. While other
biomarkers like D-dimer, TNFa, and IL-6 indicate some form of
inflammation/infection, viral proteins and RNA are COVID-19 spe-
cific, so they are great tools in the immediate diagnosis/prognosis of
patients. Some sensors that have recently been developed for these
purposes are listed in Table 8 (entries 1—4), and two such sensors
are discussed in further detail below.

A non-enzymatic electrochemical sensor has been developed to
rapidly detect the SARS-CoV-2-S-RBD (S Receptor Binding Domain,
Spike protein) for diagnostic purposes [189]. This sensor is
composed of cobalt functionalized TiO, nanotubes which are
relatively inexpensive to synthesize and have high sensitivity. A
potentiostat was used to collect the data, and the limit of detection
and sensitivity were found to be 0.7 nM and 14—1400 nM respec-
tively. This test only took ~30 s, making it a potential replacement
for diagnostic tests that currently take several days. Furthermore,
the metallic layer of this sensor can be redesigned for compatibility
with other proteins, making it useful for diagnosing infections
other than just COVID-19. Overall, this is a cost effective and sen-
sitive sensor that can be adapted to other proteins, making it ideal
for diagnostic applications during the current pandemic and
potentially future ones as well. Another electrochemical sensor
developed for sensing SARS-CoV-2 spike protein has even under-
gone trials in a clinical setting [190]. This graphene FET-based
sensor is fabricated by first etching a graphene base, then form-
ing an Au/Cr layer and immobilizing SARS-CoV-2 spike antibodies
on top of it. The sensor's testing was done with secretions from
nasopharyngeal swabs of both infected and non-infected in-
dividuals. In this medium, the limit of detection was discovered to
be 242 copies/mL. Although this is greater than the limit of detec-
tion for current molecular diagnostic tests (~50—100 copies), it is
still suitable for practical use, and is one of the only current COVID-
19-specific sensors that has undergone clinical trials. These two
sensors are currently the most promising in the detection of viral
proteins specific to COVID-19.

Despite the promising capabilities of the above-mentioned
sensor, there remains a need for non-COVID-specific sensors that
can be useful far beyond the end of the pandemic. At the present
time, viral protein or RNA sensors will be a great help in diagnosing
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infected individuals. Post-infection, long term cardiological,
neuropathological or inflammatory problems will be difficult to
track using a COVID-specific sensor. Developing technologies for
non-specific sensors will serve multiple purposes — inflammatory
responses in patients can be monitored both throughout the
infection and during recovery by continually tracking one or more
inflammatory markers starting from the day of diagnosis. One such
sensor is discussed in detail below.

A graphene-based multiplexed electrochemical sensor has been
developed to diagnose COVID-19 and determine which stage of
infection the patient is in Ref. [191]. It measures the concentration
of four analytes: SARS-CoV-2 nucleocapsid protein (NP), CRP, and
SARS-CoV-2 spike protein immunoglobulins S1-IgM and S1-IgG.
The varying concentrations of these biomarkers in saliva or serum
are used to distinguish between healthy, recovered, and infectious
patients with varying degrees of symptom severity (presymptom-
atic, asymptomatic, symptomatic). Testing patient samples with
this sensor can take as little as 1 min, and the materials used in its
fabrication are also low cost. The design involves four laser-
engraved electrodes functionalized with antibodies or coating
proteins specific to each analyte. NP and CRP are detected via a
sandwich-type assay, while S1-IgM and S1-IgG are detected via a
double-sandwich type assay. Overall, this sensor utilizes inflam-
matory biomarkers and COVID-19 specific markers to diagnose the
infection and determine its severity within minutes, making it an
ideal device for use in POC settings. However, the use of this sensor
requires the dilution of saliva and serum samples with PBS, which
hinders the application of the system in at-home settings. This
shortcoming is present in many of the other sensors discussed in
this review as well. Moving forward, such multiplexed sensors can
be designed to detect even more biomarkers such as ILs and IFNs,
which may allow doctors to identify symptomatic patients in need
of more direct attention or urgent care. Furthermore, the avenue of
multiplexed sensors that measure COVID-19 specific and non-
specific markers should be further explored to improve the
simultaneous diagnosis and prognosis of COVID-19.

4. Metabolic syndrome

Section Summary: This section discusses metabolic syndrome as a
comorbidity for COVID-19. In patients with metabolic syndrome, the
markers mentioned in Section 3 can contribute to systemic inflam-
mation; a COVID-19 infection can worsen this inflammation drasti-
cally, leading to a potentially fatal cytokine storm. It is possible that
patients will face cardiovascular complications years after recovery
from COVID-19. The electrochemical sensors mentioned in Section 3
can be useful for tracking this comorbidity as well.

Metabolic syndrome and its accompanying conditions are
comorbidities that are often associated with COVID-19 [13]. Meta-
bolic syndrome refers to a collection of risk factors such as obesity,
insulin resistance/hyperglycemia, endothelial dysfunction, or
hyperlipidemia that can increase a patient's chance of having type 2
diabetes or atherosclerotic cardiovascular disease (CVD), leading to
a heart attack or stroke [195]. Since ACE2 is an enzyme involved in
managing blood pressure, ACE2 expression is often elevated as a
result of metabolic syndrome [196]. ACE2 also serves as SARS-CoV-
2's primary target, so patients with metabolic syndrome are more
frequently infected by COVID-19, and often suffer more severe in-
fections than those without metabolic syndrome [13]. For instance,
a study conducted in China showed that the case fatality rate for
COVID-19 patients was 2.3%, but in patients with hypertension,
diabetes, and CVD, it was 6%, 7.3%, and 10.5% respectively [197].
Since metabolic syndrome is a relatively well researched condition,
knowledge about its symptoms, biomarkers, and management can
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be used to improve COVID-19 treatment outcomes for patients with
metabolic syndrome.

Metabolic syndrome and its associated illnesses are commonly
accompanied by chronic systemic inflammation, which overloads
patients’ immune and cardiovascular systems [13,198]. In COVID-19
patients this is compounded by the inflammation from the infec-
tion, and the excess of inflammatory cytokines can lead to a fatal
cytokine storm [199]. Several biomarkers can be used to monitor
the progression of inflammation in metabolic syndrome, including
pro-inflammatory cytokines such as IL-6, TNFa, and CRP [200]. IL-6
is a pro-inflammatory cytokine released upon any disruption of
homeostasis in the body, but in the cardiovascular system, it is
released primarily in response to vascular tissue remodeling.
Initially, elevated levels of IL-6 have a protective effect by directing
the immune system to injured tissue and facilitating healing [201].
However, chronically high levels of IL-6 induce systemic inflam-
mation and are causally linked to CVD [201]. Similarly, TNFa is a
cytokine that contributes to heart contractility and peripheral
resistance [202], but chronically elevated levels can promote
atherosclerosis by inducing vascular dysfunction [203]. CRP is a
biomarker that is very predictive of acute myocardial infarctions,
and levels higher than 10 mg/L (in blood) give patients at least a 4%
risk of experiencing a fatal cardiovascular event over the next ten
years [204]. Recent investigations have proven that these bio-
markers can be monitored in saliva as well [200,205]. During a
COVID-19 infection, many of the same biomarkers are further
elevated (CRP, IL-6, TNFa, etc.) [ 16], making them perfect targets for
a biosensor that can be used to monitor concentrations of inflam-
matory cytokines as the infection progresses. Several examples of
these sensors were discussed above in Section 3. This way, severe
outcomes of the infection can be mitigated, especially in patients
with metabolic syndrome which predisposes them to cardiac
events and other fatalities.

Since the virus largely targets cells of the cardiorespiratory
system it is possible that recovered patients are more likely to
experience strokes or cardiac events long after they have recovered
from COVID-19. This link has been found in a close relative of SARS-
CoV-2, SARS-CoV [181]. In one study, patients were surveyed 12
years after recovery from a 2003 SARS-CoV outbreak [181]. It was
determined that 68% had hyperlipidaemia, 60% had glucose meta-
bolism disorders, and 44% had cardiovascular disorders. They were
also more likely to contract lung infections and develop tumors.
Although the mechanisms of these long-term health detriments are
unknown, the correlations have been established. It is possible that
this correlation applies to SARS-CoV-2 as well, and it can be espe-
cially damaging for patients with the metabolic syndrome comor-
bidity. Research is currently being conducted to develop therapies
for COVID-19 in the short term, but as the pandemic fades, it will
become important to monitor patients with comorbidities who can
suffer fatal outcomes years after recovery. It is possible that
tracking inflammatory biomarkers in COVID-19 patients now will
give medical professionals insight into the long-term effects of the
infection. Simultaneously, it will prepare them for outbreaks that
may arise from similar viruses in the future.

5. Cannabinoids and the coronavirus

Section Summary: Cannabis-based medication (CBM) as a sup-
plement to therapeutics has been discussed in the context of many
complex diseases without conventional treatments (HIV, cancer, mul-
tiple sclerosis, chronic pain). Cannabinoids have also shown neuro-
protective effects. These properties are being investigated to see if they
could benefit COVID-19 patients. Cannabinoids sensors discussed here
have high sensitivity on the ng/mL scale.
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In this review we discuss unconventional approaches to deal
with the COVID-19 pandemic, and cannabinoids are an uncon-
ventional therapeutic which can be monitored via electrochemical
sensors simultaneously with inflammatory markers to determine
efficacy. Cannabis (marijuana) is among the most consumed drugs
worldwide [206]. Cannabinoids are a family of compounds derived
from the Cannabis plant, the two most prominent of which are A°-
tetrahydrocannabinol (THC) and cannabidiol (CBD) [207,208]. A°-
THC is the psychoactive component responsible for somnolence
and altered states of mind, while the non-psychoactive CBD is
thought to be responsible for marijuana’s sedating, analgesic and
neuroprotective effects [209—212].

Many of the effects of severe COVID-19 infection, such as cyto-
kine storms [213], dyspnea (trouble-breathing) [214] and anosmia
(loss of smell) [5] are related to inflammation, especially in the
brain and lungs. There is extensive evidence in the scientific liter-
ature suggesting that an entourage of cannabinoids can decrease
inflammation [215—218]. These properties make cannabis well-
suited for complex medical conditions which lack effective con-
ventional treatments and their potential as an adjunct to conven-
tional anti-viral treatments has been explored [219,220]. In
addition, cannabis has been used in the management of chronic
pain, neuropathy and loss of appetite associated with cancer
[221,222] and HIV treatments [223,224], spasticity and muscle pain
associated with multiple sclerosis [225] and mental illnesses like
anxiety and depression [226]. They do this via four pathways
involving the cannabinoid receptor 2 (CB2) which is highly
expressed on the surface of immune cells [227]. The four pathways
are apoptosis, inhibition of cell proliferation, cytokine/chemokine
production inhibition and regulatory T cell induction [227]. In
general, limited evidence exists concerning the influence of can-
nabinoids on patients with viral infections, and no investigations
are available regarding SARS-CoV-2.

The novel interest in medicinal cannabis has led to a surge in
evaluations and validations of therapeutic application for cannabis,
including viral infections [228]. Although cannabis contains ther-
apeutic potential for many diseases, it remains unclear whether
THC and CBD would be advantageous or disadvantageous in the
fight against COVID-19 [228]. Cannabinoids have been shown to
inhibit immune cell recruitment and function in the lungs while
having detrimental effects on lung function and decreasing respi-
ratory pathogen clearance [229]. Understanding the role of can-
nabinoids in providing resistance against inflammatory damage
may help clinicians with producing optimal health outcomes.

Deleterious neurological effects have been observed in a notable
proportion of COVID-19 patients [147,149]. Anosmia (loss of smell)
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[230], necrotizing encephalopathy (brain damage) [231], stroke
[73] and Guillain-Barré syndrome are neurological disorders asso-
ciated with COVID-19 [232]. Although the exact mechanism is
unknown, increasing evidence suggests some coronaviruses use
synapse-connected routes to travel from the lungs and airways to
the brainstem [149]. Despite a lack of information regarding the
effects of CBD on COVID-19 recovery, cannabis has been used to
guard against neurological developments caused by other viral
infections. Studies have suggested cannabis exposure is associated
with lower levels of neurocognitive impairment for individuals
living with HIV, possibly due to its anti-inflammatory effects [233].
Other studies demonstrated CBD attenuated neuroinflammation
induced by Theiler's Murine Encephalomyelitis Virus-Induced
Demyelinating Disease (TMEV-IDD) in the brains of infected mice
[234]. Treatment with CBD reduced the migration of activated
immune cells through the blood-brain barrier (BBB) and decreased
the induction of proinflammatory cytokines (CCL1, CCL2, IL-1f) and
vascular cell adhesion molecule 1 (VCAM-1). Reducing leukocyte
infiltration and microglia activation in the brain of TMEV-IDD mice
improved their motor symptoms and neuroinflammation in the
chronic phase of the infection [234]. Furthermore, in vitro studies
have shown CBD to inhibit hepatitis C (HCV) replication by 86.4% at
a 10 pM concentration with an EC50 (half maximal dose) of
3.163 uM, although no activity against hepatitis B (HBV) was
exhibited [235]. Additionally, studies evaluating cannabis for the
treatment of HBV and HCV found cannabis to be a useful adjunct to
the standard interferon or ribavirin prescriptions by helping users
adhere to challenging medication regimens [236]. These examples
highlight the potential for cannabinoids, particularly CBD, as an
adjunct to traditional antiviral therapies.

Electrochemical sensing of cannabinoids is well documented
[81]. A summary of electrochemical sensors used to detect canna-
binoids in aqueous solutions is presented in Table 9. The biggest
application of cannabinoid sensors is to determine impairment
status of individuals. As a result, research has mostly targeted the
psychoactive A°-THC and less commonly its metabolites 11-OH-
THC and COOH-THC, while the development of electrochemical
sensors for CBD has been completely neglected. Fig. 9 shows that
AS-THC and CBD share a similar structure. The phenol which un-
dergoes the redox reaction is common between the two [237]. This
presents an opportunity to validate A>-THC biosensors for the
analysis of CBD. The electrochemical behavior of CBD is largely
unknown; a study of CBD's faradaic efficiency, redox site and
transfer coefficient will be instrumental in developing CBD tar-
geting sensors. Other opportunities are found in simultaneous
sensing of multiple analytes. A multianalyte array simultaneously

Table 9
A summary of electrochemical sensors targeting Cannabinoids.
Analyte Electrode/Modification Receptor/Mediator Matrix/Solvent LOD (ng/mL) Linear Range Ref.
(ng/mL)
A°-THC Screen-printed electrode N-(4-amino-3-methoxyphenyl)-  Real saliva 25 - [238]
methanesulfonamide
(0X0245) mediator
A°-THC Porous carbon paper - pH 10 buffer 1.26 - [237]
11-OH-THC 1.32
COOH-THC 2.75
A°-THC Carbon screen printed electrode - Pharmaceutical 314 - [239]
preparation pH 7.4
A®-THC Glassy carbon immunosensor Anti-THC antibody Rat serum pH 7.4 0.0033 0.01 -1 x 10° [240]
modified with gold nanoparticles
A°-THC CNT molecularly imprinted polymer (MIP) — Pharmaceutical preparation  0.18 - [241]
A®-THC Carbon paste Carbon paste; absorptive Artificial saliva pH 10 157 157 — 22 x 103 [242]

stripping voltammetry
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Fig. 9. The molecular structure of A) A°-Tetrahydrocannabinol (THC) and B) Cannabidiol (CBD).

tracking cannabinoids and inflammatory markers may provide re-
searchers new insights into medicinal cannabis and its effect on the
immune system.

When cannabinoids participate in redox reactions in aqueous
solutions, radical phenols are formed. Phenol radicals readily
participate in side-reactions which 1) result in surface fouling
which quickly diminishes the reusability of these sensors and 2)
decrease the faradaic efficiency of cannabinoids sensors thereby
reducing their sensitivity. To address surface fouling issues, re-
searchers use mediated (indirect) sensing arrays [81]. These sen-
sors monitor a surrogate which changes concentration in the
presence of a cannabinoid. For example, the mediator N-(4-amino-
3-methoxyphenyl)-methanesulfonamide (0X0245) and supporting
electrolytes were evaporated onto a porous electrode overlayer
[238]. The overlayer's content dissolved into a sample when the

two elements came into contact, allowing the sensor to be used
without prior sample preparation. This sensor is presented in
Fig. 10b. This method achieved a limit of detection of 25 ng/mL and
reported little surface fouling [238]. In this way the direct oxidation
of cannabinoids is avoided, extending the lifespan of the sensor.
A®-THC has very low solubility (1—2 pg/mL) in water [243]. In
the past this has limited the use of electrochemical sensors in real
bodily fluids because the sensitivity has not been adequate for
detection [81]. Unmodified screen-printed carbon and glassy car-
bon electrodes have been documented with high sensitivity in non-
aqueous solvents [244—246] or insufficient sensitivity in aqueous
solutions [239]. Electrode surface modifications have been used to
solve many problems in the electrochemical sensing space [247].
Multiwalled carbon nanotubes (MWCNT) drop-casted on a carbon
ink electrode have been used in a wearable ring sensor to achieve a
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Fig. 10. A) Molecularly imprinted polymer (MIP)-based electrochemical sensor Reprinted and adapted with permission from Ref. [241]. Copyright 2019 Elsevier. B) An electro-
chemical sensor in which an 0X0245 mediator and supporting electrolytes are dissolved onto a porous overlayer, which eliminates sample preparation prior to electrochemical
analysis. Reprinted and adapted with permission from Ref. [238]. Copyright 2016 Springer. C) A schematic fabrication a wearable sensor array, Ag/AgCl ink is used for contacts,

carbon ink is used for working electrode which is then modified by MWCNT by drop-casting. D) The prototype for of the wearable ring sensor. C) and D) reprinted and adapted with
permission from Ref. [248]. Copyright 2020 Elsevier.
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157 ng/mL limit of detection [248]. This sensor can simultaneously
sense THC and ethanol in the saliva of impaired drivers. The
fabrication of this sensor is presented in Fig. 10c/d. Sensors based
on absorptive stripping voltammetry [242], porous carbon paper
[237], molecularly imprinted polymers (MIPs) (Fig. 10a) [241] have
also produced highly sensitive electrodes capable of sensing con-
centrations of 31.5, 1.26 and 0.18 ng of THC/mL respectively.

6. Conclusion

In this review, the recent advances and current opportunities for
electrochemical sensing of biomarkers related to COVID-19 and its
comorbidities were discussed. We have emphasized advantages,
disadvantages, and future opportunities in label-free and wearable
technology to provide insight into disease progression for resource
management and public health outcomes. Opportunities are pre-
sent for targeting cytokines (ILs, TNFs, IFNs) and other biomarkers
(CRP, NLR, PLR, D-dimer, pH and glutamate). Cannabinoids are also
being explored as a possible supplement or adjunct to conventional
antiviral therapies, as such continuous monitoring of cannabinoids
in biofluids is desirable, particularly the non-psychoactive CBD. The
development of sensors targeting these biomolecules is likely to
progress rapidly as governments fund initiatives to minimize the
impact of the COVID-19 pandemic. As mentioned in the respective
sections, these biomolecules are involved in many diseases and
continued work would improve health outcomes. Prior to publi-
cation, researchers should validate their sensors’ performance in
biofluids (saliva, sweat, urine, tears, breath) to test performance in
the presence of contaminants.

Multianalyte and simultaneous sensing is the newest frontier in
electrochemical sensing. Multianalyte sensing could provide more
rapid determination of disease progression and allow for an
economical use of resources. We highlighted low-cost fabrication
technologies throughout this paper and want to reiterate the
importance of low-cost sensors. The WHO has developed the
AS.S.URE.D criteria as a benchmark for identifying appropriate
tools in areas where resources are limited. The A.S.S.URE.D
acronym stands for Affordable, Sensitive, Specific, User-friendly,
Rapid and robust, Equipment-free and Deliverable to end-users.
This is especially important during the COVID-19 pandemic
where surges in cases may overwhelm developing or otherwise
strained healthcare systems.

This COVID-19 pandemic has been the first-time humans have
experienced the effects of the SARS-CoV-2 virus, so its long-term
complications are largely unknown. Like its relative, SARS-CoV, it
is likely that various cardiac and pulmonary complications of SARS-
CoV-2 infection will become apparent over the next few years
[181]. A study that assessed patients after 12 years of recovering
from SARS-CoV infection suggested that 68%, 60%, and 40% had
hyperlipidaemia, glucose metabolism disorders, and cardiovascular
disorders, respectively; along with an increased risk of contracting
lung infections and developing tumors [181]. Furthermore, virus-
induced pneumonia survivors are at risk of having long term lung
disability, with blood-gas diffusion abnormalities [249]. Lung
fibrosis has also been suggested to be a long-term consequence of
COVID-19 pneumonia [250]. Using portable, wearable, or POC
electrochemical sensors to monitor inflammatory biomarkers after
patients have recovered from COVID-19 can allow clinicians to
observe residual injury and prevent any adverse effects from
occurring in the future. Currently, POC testing can be made more
efficient with the use of electrochemical sensors, providing real-
time monitoring of various prognostic biomarkers. Wearable and
portable sensors can be sent home with patients after discharge in
order to monitor their recovery. In a post-COVID world, wearable
and portable sensors will become very important as they will allow
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people returning to their daily lives to monitor any long-term
complications of COVID-19. Apart from use during the COVID-19
pandemic, the sensors discussed in this paper have a myriad of
use cases in other disorders involving inflammation, infection, and
even cancer. Thus, these sensors should be developed further not
only in the next few years with the purpose of post-COVID usage,
but in the decades to come.
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