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Influenza A,[1] Zika,[2,3] Ebola,[4] Hepatitis 
B and Hepatitis C,[5] and coronaviruses.[3,6] 
Despite these viruses emerging in dif-
ferent geographic areas, they have become 
an undeniable threat to worldwide public 
health and economic burden. The coro-
naviruses (CoVs) include severe acute res-
piratory syndrome (SARS-CoV), Middle 
East respiratory syndrome (MERS-CoV), 
and especially the most recent SARS-CoV 
variant, SARS-CoV-2, which has caused 
the virulent, airborne, and infectious cor-
onavirus disease 2019 (COVID-19) that 
continues to affect millions of people, 
resulting in the ongoing pandemic out-
break.[3,6–10] Considering that most of the 
described viral-based community spread 
infections occur through aerosols and 
fomites[11] transmitted by presymptomatic 
and asymptomatic people,[12] diagnostic 
methods for the early detection with high 
accuracy and on-site capability are crucial 
and would further aid the current needs of 
the epidemic outbreak.[13–15]

In clinical methodology, the emerging 
mutations and the evolution of SARS-
CoV-2 isolates are determined by DNA 

sequencing of bronchoalveolar lavage fluid (BALF) samples.[6,16] 
These BALF samples come in the form of nasopharyngeal 
swabs or sputum samples, and the viral nucleic acid detec-
tion is performed by reverse transcription-polymerase chain 

Several viral infectious diseases appear limitless since the beginning of the 
21st century, expanding into pandemic lengths. Thus, there are extensive 
efforts to provide more efficient means of diagnosis, a better understanding 
of acquired immunity, and improved monitoring of inflammatory biomarkers, 
as these are all crucial for controlling the spread of infection while aiding 
in vaccine development and improving patient outcomes. In this regard, 
various biosensors have been developed recently to streamline pathogen 
and immune response detection by addressing the limitations of traditional 
methods, including isothermal amplification-based systems and lateral 
flow assays. This review explores state-of-the-art biosensors for detecting 
viral pathogens, serological assays, and inflammatory biomarkers from the 
material perspective, by discussing their advantages, limitations, and further 
potential regarding their analytical performance, clinical utility, and point-of-
care adaptability. Additionally, next-generation biosensing technologies that 
offer better sensitivity and selectivity, and easy handling for end-users are 
highlighted. An emerging example of these next-generation biosensors are 
those powered by novel synthetic biology tools, such as clustered regularly 
interspaced short palindromic repeats (CRISPR) with CRISPR-associated 
proteins (Cas), in combination with integrated point-of-care devices. Lastly, 
the current challenges are discussed and a roadmap for furthering these 
advanced biosensing technologies to manage future pandemics is provided.

1. Introduction

Within this millennium, several infectious diseases originated 
by viruses, including the highly pathogenic Asian avian (H5N1) 
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reaction (RT-PCR).[17,18] By amplifying the viral gene sequences 
to approximately a single-molecule level sensitivity, RT-PCR 
is considered the gold standard for any pathogen detection.[18] 
Compared to the next-generation sequencing technology,[19] 
RT-PCR-based techniques offer cheaper and applicable detec-
tion with a shortened response time down to 2 h.[20] However, 
several downsides also exist: i) requirement for a constant rea-
gent supplement such as primers and polymerase enzymes 
to be performed, ii) highly specialized equipment used for 
testing requires complicated handling and present at high  
costs, iii) trained personnel for sample collection, preparation 
and analysis are required, iv) furthermore, considering the high 
demand for testing during an outbreak, the number of tests per-
formed remain limited by the given capacity of central laborato-
ries and the number of regulatory-approved (multiplexed) PCR 
assays,[21] v) transportation of samples from the testing facility to 
the central laboratory is time-consuming, error-prone (due to a 
possible contamination) and costly, hampering immediate isola-
tion of the infected persons and thus, prompt suppression of the 
outbreak, vi) false positive/negative results due to wrong sample 
collection, issues related to isothermal amplification employed, 
possible denatured/dead genetic material of the virus, poten-
tial cross-reactivity with other viruses and the genetic variances 
between patients,[22] vii) manual reporting of the test results and 
their transfer and distribution to a digital database increases the 
susceptibility to human error and makes accurate bio surveil-
lance, case reporting, and decision support more complex.[23]

Notwithstanding the recent advances in RT-PCR testing,[17,18] 
it only enables the identification of active carriers within a lim-
ited time frame. For example, in COVID-19 patients, the SARS-
CoV-2 pathogen is detectable during its acute infection phase, 
which corresponds to 2–3 days after the onset of symptoms. Yet, 
it remains detectable until 14 days postsymptom onset, placing 
a temporal limitation on the efforts of diagnosing convales-
cent individuals.[10,18] Identification of the recovering patients, 
testing the efficacy of developed vaccines and therapies against 
viral infections are also critical. These allow a more comprehen-
sive understanding of the immunity features against re-infec-
tion, estimate how the virus spreads over time, evaluate the 
virus’s geographical distribution,[12,24] and are found in the form 
of immunology or serology assays that require the collected 
patient blood samples.

The humoral immunity features can be studied by screening 
the primary antibody immunoglobulin M (IgM) and secondary 
antibodies, such as immunoglobulin G (IgG) or immuno-
globulin A (IgA). While IgM detection is preferred when rapid 
information (around 15 min) about possible ongoing infections 
needs to be assessed,[25] acquired immunity is determined using 
a neutralization assay to screen the number of anti-SARS-CoV-2 
IgG levels diminishing promptly. On the other hand, IgAs, 
which protect mucosal surfaces against pathogens by neutral-
izing respiratory viruses or obstructing their attachment to epi-
thelial cells, are shown to be more effective in virus neutraliza-
tion than IgGs.[26] Typically, the detectable levels of neutralizing 
antibodies start declining three months postinfection, espe-
cially for wild and asymptomatic cases of COVID-19. However, 
the same is true for seasonal coronaviruses (sCoVs),[27] which 
may yield ambiguity in understanding the source of IgG, IgA, 
and IgM levels present in neutralization assays.

The most significant serological assays, based on chemilu-
minescent assays,[28] enzyme-linked immunosorbent assays 
(ELISA),[29] and lateral flow immunoassays (LFA),[30] are pres-
ently in use for determining immunoglobulin generation as 
a function of the adaptive immune response upon viral infec-
tion.[31,32] Among them, due to their low-cost, instrument-free, 
and easy-to-use nature, LFAs, in the form of rapid antigen tests 
using virus-specific biorecognition elements (like antibodies), 
are also highly favorable for on-site virus detection to control 
infectious disease spread to a certain extent.[33] All of the assays 
explained above are informative methods for rapidly identifying 
the current and previous exposures to a particular virus while 
also specifying the extent of infection.[27] However, their low 
accuracy, sensitivity, and specificity due to cross-reactivity with 
similar pathogens are restraining. Consequently, existing direct 
antigen tests and serological assays cannot substitute RT-PCR 
testing but are rather suitable as complementary diagnostic 
tools.[27,34]

These limiting factors, coupled with supply chain concerns 
and inconsistencies between the test results, led to alternating 
approaches such as biosensors, which can overcome the draw-
backs of the conventional diagnostic methods for viral infec-
tious diseases. From this standpoint, biosensors offer many 
promising features: i) low costs, ii) rapid, simultaneous, and 
susceptible detection of various analytes, iii) short turnaround 
times, iv) high specificity and selectivity, v) adaptability for on-
site (even wearable) testing, continuous monitoring, and mul-
tiplexed detection, and vi) integrability for simultaneous data 
transfer to a central or distributed database.[34]

In this review, we shortly introduce the fundamentals of bio-
sensors, followed by a survey of the state-of-the-art biosensing 
devices for detecting viral pathogens and/or associated (like 
serological and inflammation) biomarkers. Herein, we thor-
oughly discuss the advantages and drawbacks of each strategy. 
Later, we share our vision on next-generation biosensing tech-
nologies along with advanced materials and their use to detect 
viruses or other viral pathogen-associated biomarkers to control 
and combat such pandemics caused by viral infectious diseases 
in the future.

2. Designing Biosensors

A biosensor mainly consists of the following four elements 
(Figure 1): i) a bioreceptor, which is a molecule (either natural, 
synthetic, or bioinspired) with a high binding affinity toward a 
specific substance (i.e., target/analyte), enabling its biorecogni-
tion, ii) a transducer to convert this biorecognition event into 
a measurable signal, iii) an electronic circuit for signal pro-
cessing and data evaluation (preferably, also for data transfer), 
and iv) a display element translating the output signal to prede-
fined forms (numeric, visual, or illustration).[35,36]

In addition, biosensors may also include a sample prepara-
tion unit that allows on-site processing of samples straightfor-
wardly.[37,38] Therefore, it is crucial to consider the types of bio-
fluids to be analyzed for a specific target when designing a bio-
sensor. For example, saliva and sputum are ideal candidates as 
biofluids for the COVID-19 diagnostics since the SARS-CoV-2 
virus is transmitted through respiratory airways and mucosal 
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tissue. In the case of immune response detection via serological 
assays, blood-based samples such as whole blood, plasma, or 
serum are more favorable.

2.1. Substrate Materials

Biosensors in terms of their substrate material could be cat-
egorized as i) conventional materials for micro/nanosystems 
technology (like silicon, glass, ceramics, metals, and carbon-
based materials), ii) synthetic polymers (such as elastomers, 
thermosets, and thermoplastics), iii) cellulose-based materials 
(including nitrocellulose and paper) and iv) hybrid materials to 
address deficiencies of single-material systems.[14]

Conventional micro/nanotechnology materials show excel-
lent material characteristics, yet because of their stiff nature, 
stretchability can only be achieved by geometrical modifica-
tions. Even though cleanroom facilities and complex manufac-
turing techniques are required, their high cost could be over-
looked by the established methods for mass production. On the 
other hand, synthetic polymers are mainly compelling because 
of their low cost and wide range of varieties offering distinct 
material properties. For example, poly(dimethylsiloxane) 
(PDMS) has enhanced elasticity and porosity than conven-
tional substrates such as glass or silicon. Therefore, it is pre-
ferred especially for wearables and for prototyping microfluidic 
devices. An epoxy-based photoresist may be used to construct 
biosensors, such as a bisphenol-A novalac epoxy (SU-8), which 
offers excellent chemical stability, high aspect ratios, and bio-
molecule immobilization capability via adsorption. However, 
because SU-8 is expensive, its application in biosensors has 
been restrictive (mainly as isolation material, although it is 
also possible to create 3D microfluidics). In this regard, cel-
lulose-based materials have become prominent since they are  
inexpensive, flexible, and biodegradable. Even though cellulose-
based materials support the fabrication of microfluidic struc-
tures and their integration into wearable systems, fabricating 

controlled patterns at small scales (within micro or nanoscale) 
is challenging. To achieve augmented performance at a low 
cost, hybrid materials, usually created from the combination of 
polymers and other materials, are used. The composition of the 
hybrid materials depends on the design requirements of the 
biosensors.[39]

2.2. Transduction Methods

Methods for signal transduction in biosensors can be sorted 
into five categories: electrochemical, optical, microgravimetric, 
magnetic, and thermal detection.[40] Electrochemical biosen-
sors are used widely because of their high sensitivity, fast 
turnaround times, miniaturization capabilities, and facile mass 
production at low costs.[41] Besides, optical biosensors are also 
extensively employed due to their enhanced sensitivity, robust-
ness, and rapid detection.[42] For example, an optical method, 
surface plasmon resonance (SPR), offers sensitive detection 
of biomolecules without any labeling. However, the bulky and 
costly instrumentation of the current SPR devices is still an 
obstacle to the commercialization of this technology.[43]

On the other hand, microgravimetric biosensors, based in 
quartz crystal microbalance (QCM)[44] or surface acoustic wave 
(SAW),[45,46] detect changes in mass employing piezoelectric 
materials as transducers and thus, enable the highly sensitive 
detection of analytes in different environments (liquid, air, or 
vacuum). However, their capability for on-site testing and detec-
tion in complex biofluids are limited. With the advancements 
in magnetic biosensors (for example, giant magnetoresistance 
sensors), it is possible to achieve a rapid and real-time quan-
tification of biomolecules by using magnetic nanoparticles 
(NPs), which lead to a change in the electrical resistance of the 
sensor upon binding to its surface.[47] Lastly, thermal biosensors 
are rarely employed for on-site applications due to the consid-
erable influence of environmental temperature fluctuations 
on the results obtained. Thus, they are used for monitoring 
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Figure 1.  Schematic representation of a biosensor including all elements: A) Several sample types, including biofluids, such as plasma, urine, blood, 
or saliva/sputum for the analysis. B) Various analytes that may be targeted for diagnoses, such as small molecules, proteins, nucleic acids, cells, and 
antibodies. C) Surface modification with biorecognition elements like proteins, receptors, ssDNA, enzymes, and antibodies. D) Signal conversion of 
biochemical interactions to electronic readout with a transducer. E) Electronic circuitry for signal processing, analysis, and transmission. F) Display of 
results. All images within this figure are adapted with permission from Biorender.com with a paid academic subscription.



www.advmat.dewww.advancedsciencenews.com

2201085  (4 of 30) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

clinical and industrial processes under defined measurement 
conditions.[48] To reach the gold standards set by well-estab-
lished methods like RT-PCR and serology immunoassays and 
to overcome the drawbacks of the different signal transduction 
methods, multimodal detection where at least two modes of 
detection are simultaneously employed (for example, optical-
electrochemical detection) has been increasingly employed in 
biosensing. Although multimodal analysis increases complexity 
and production costs, it also elevates sensitivity, selectivity, and 
reproducibility.[14]

2.3. Surface Modification and Signal Amplification Strategies

The advances in nanoscience and nanotechnology have rein-
forced the development of unique nanomaterials, including 
monolithic and hybrid architectures such as photon-up con-
version NPs (for example, lanthanide-doped nanocrystals).[49] 
They can be used as i) substrate materials, ii) labels in bioas-
says, iii) amplification tools, and iv) bulk/surface modifiers in 
biosensors.[14] The conventional nanomaterials employed are 
metals[50,51] (for example, platinum (Pt), gold (Au), silver (Ag) 
and magnetic nanoparticles, and quantum dots)—mainly due 
to their plasmonic (in the case of optical sensors) or electro-
catalytic properties (for electrochemical sensors)—and carbon-
based[51,52] (such as carbon nanotubes, graphene).

Since biosensors rely on the detection of biological recogni-
tion events on the sensor surface, the application of nanomate-
rials or various coatings for surface modification of biosensors 
results in signal enhancement that can improve sensitivity and 
selectivity, upon many other metrics: i) to increase biocompat-
ibility and ii) conductivity, iii) to reduce biofouling, and iv) to 
enhance the immobilization of bioreceptors. So far, several 
surface modification techniques, including self-assembled 
monolayers (SAMs), monolithic or hybrid nanoparticles, elec-
trodeposition of polymers/nanomaterials, and metal-organic 
frameworks (MOFs),[53] have been used. Although even single-
molecule detection could be achieved using nanomaterials and/
or coatings, further developments are necessary to eliminate 
their complexity and high cost for industrial applications.[54]

2.4. Biorecognition Elements

Bioreceptors are mainly classified as natural and artificial.[55–57] 
Natural biorecognition elements include nucleic acids, anti-
bodies, enzymes, whole cells, etc., originate from living organ-
isms and are harvested in laboratories. They are precise and 
cost-effective in the case of small-scale production. However, 
the large-scale production of natural bioreceptors is disad-
vantageous due to their high production costs and difficulties 
for scaling up.[14] Artificial bioreceptors, on the other hand, 
are either fully/partially synthesized or engineered from nat-
ural biorecognition elements.[57,58] They primarily consist of 
aptamers, molecularly imprinted polymers (MIPs), and recom-
binant natural bioreceptors (like antibody fragments). Artificial 
biorecognition elements offer a more stable solution for cre-
ating low-cost biosensors on a large scale when compared to 
natural bioreceptors. Yet, they require resource-intensive and 

time-consuming initial development, including multiple steps 
for their design, characterization, and optimization.[58,59]

2.5. Sample Preparation

For the diagnosis of viral diseases and the body response upon 
an infection, a great variety of sample types, including swabs, 
sputum, saliva, urine, stool, tissue, and blood-based specimens, 
exists. Herein, a proper and standardized sample collection 
(i.e., sampling) and preparation play a crucial role in obtaining 
accurate and reproducible test results.

After a sample is collected from a patient, it usually needs to 
undergo several preparation steps—dependent on the sample 
type and the analyte—before analysis. Liquid samples such as 
whole blood, plasma, saliva, and swab or sputum specimen 
are mainly preferred for testing infectious diseases-related 
parameters. For example, dilution or filtration is necessary for 
whole blood samples due to their surrounding complex matrix. 
Besides, depending on the analyte, additional processing steps 
such as centrifugation, precipitation, and deproteinization may 
have to be performed before testing specimens that exist in 
complex matrices, such as whole blood, serum, or plasma. On 
the other hand, sputum and throat, nasal or nasopharyngeal 
(gold standard for respiratory diseases) swab samples should 
be collected only with sterilized swabs, consisting of a plastic 
shaft along with a synthetic tip made of nylon, Dacron, rayon, 
or polyurethane, and having either a flocked or foam struc-
ture.[60,61] Upon sampling, the swab should be resuspended in 
either a viral transport medium or an elution/lysis buffer. The 
swab material and form should be carefully studied depending 
on the target type (nucleic acids or proteins) since they greatly 
influence the collection and release efficiency of the sample. 
Additional pre-treatment of the sample may be necessary for 
saliva analysis, like including protease inhibitors to decrease 
protein degradation. In the case of urine-based diagnostics, in 
addition to filtration due to high volume, pH adjustment also 
becomes necessary because of the wide range of pH values 
found in these samples.

On the other hand, more complex sample processing is nec-
essary for solid samples, including stool and tissue.[62] Stool 
specimen, for example, requires intensive off-chip sample 
preparation, including vortexing, centrifugation, and filtra-
tion because of the presence of high concentrations of bile.[61] 
Additionally, complex matrices such as wastewater and soil, 
which could be analyzed for virus detection in environmental 
monitoring and risk evaluation during a pandemic, also require 
centrifugation, solid-phase extraction, and/or enrichment tech-
niques, all demanding a complicated setup.[63]

For indirect pathogen detection, molecular diagnostics of 
viral genetic material needs extensive sample preparation to 
extract genetic material (i.e., nucleic acids) and subsequent iso-
thermal amplification of these nucleic acids. First, unwanted 
cellular chaff might cause contamination of nucleic acid sam-
ples; therefore, a purification process becomes necessary. 
Second, the extraction of RNA/DNA is highly laborious and 
time consuming. Several proper nucleic acid extraction proce-
dures include cell lysis, nucleic acid isolation from biological 
matrices (inactivation of cellular nucleases), and chemical 
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inhibitor elimination.[63] Accompanying extraction procedures, 
ultrafiltration by a membrane, and water drying with hydro-
philic gel methods may be used to concentrate the nucleic acids 
in the sample.[61]

Because of the complexity of many procedures involving 
sample collection and preparation, diagnostic devices are sus-
ceptible to human errors and contamination risk. To overcome 
these issues, “sample-in, answer-out” biosensors with an inte-
grated and fully automated sample preparation unit have been 
recently developed.[37] However, although these platforms offer 
rapid and quantitative analysis by directly processing patient 
specimens, their on-site testing capability is still limited due to 
their bulky size.[64]

2.6. Signal Analysis and Data Acquisition

Upon visualization of the biorecognition event by the trans-
ducer, the signal is transferred to the complex circuitry for 
signal processing, including converting from analog to digital 
format and signal amplification. This signal is then quantified 
by a (preferably integrated) display unit.[35] As signal varies, cor-
responding changes in noise may affect sensor performance. 
The signal-to-noise ratio (SNR) should be evaluated to quantify 
this effect.[65] Accordingly, a circuitry employing lock-in ampli-
fiers, passive switches, capacitors, and filters could be designed 
to eliminate unwanted harmonics, lower power consumption, 
and thus, improve SNR.[66]

The integration of smart devices used in our daily lives like 
smartphones to biosensors, especially for point-of-care (POC) 
diagnostics, eliminates sophisticated hardware requirements 
for signal readout and analysis, as well as data transmission. 
For instance, the cameras of smartphones could be used to 
analyze optical signals, which can be later evaluated via an 
app.[13,67,68] Additionally, Internet-of-Things (IoT) integration 
to biosensing technologies would enable wireless data transfer 
and exchange between multiple smart devices and cloud-based 
servers.[69,70] Indeed, further advancements could be achieved 
with decentralization, enhancing data security by eliminating 
third parties (i.e., centralized laboratories and institutions).[71]

3. Biosensors for the Detection of Viral Infections

The measurement strategies used for the diagnosis of viral 
infections are categorized as i) direct pathogen detection (viral 
surface proteins or the virus itself),[13,72,73] ii) recognizing 
pathogen-associated viral genetic material such as nucleic 
acids (either viral RNA or DNA),[34,72–77] or iii) detecting the 
biomarkers that are present as a result of the specific host 
immune response, including antibodies,[34,72–77] proinflamma-
tory cytokines and chemokines.[78,79]

3.1. Biosensors for Direct Pathogen Detection

Direct pathogen measurement is performed exclusively through 
antibody–antigen interaction[34,72–77] by targeting the virus-spe-
cific proteins[13,72,73] (nucleocapsid, surface, or transmembrane 

proteins) of a target pathogen. LFAs are routinely used for the 
(semi-)quantitative or qualitative detection of various analytes 
in clinical settings due to their low cost, easy applicability, and 
short turnaround times (5–30  min). Depending on the rec-
ognition elements used, LFAs can be grouped as lateral flow 
immunoassays (LFIAs) and nucleic acid LFAs (NALFA). In 
LFIAs, antibodies are employed as bioreceptors to gauge ana-
lytes, including proteins, antigens, and hormones, whereas, 
with NALFA, amplicons formed during the PCR are identified. 
In brief, LFAs consist of a conjugation pad, which has anti-
bodies temporarily fixed to the surface.[30] A mixed sample is 
then placed sample pad which directs sample flow to the con-
jugation pad where the conjugated antibodies bind the analyte 
(or antigen) of interest. The analyte–antibody mix subsequently 
migrates along a membrane by capillary flow across test and 
control strips. These strips are coated with antibodies detecting 
the analyte of interest, and a positive test is confirmed by a 
color change in control and test lines.[30,80,81]

In contrast, biosensors for direct pathogen detection offer 
a straightforward methodology with a more applicable setup 
that reduces the error sources of the whole procedure.[34,82] In 
detail, when biosensors are utilized for the direct detection 
of viral pathogens, the interaction between the viral antigen-
specific proteins and the proper capture biomolecules (for 
example, antibodies, surface proteins, or aptamers) is realized 
by screening the changes (in mass, optical or electrical signals) 
on the sensor surface. The virions of RNA viruses, including 
coronavirus and nidoviruses, are enveloped and take a form 
that contains four essential structural proteins: the spike (S) 
protein, which governs binding to host cell receptors and virus 
entry into cells; the membrane (M) protein; the envelope (E) 
protein, which mediates virion budding; and the nucleocapsid 
(N) protein, which together with genomic RNA constitutes the 
nucleocapsid and has an essential role in viral pathogenesis 
and replication.[73,83–85]

For instance, a field-effect transistor (FET)-based biosensor 
for directly gauging the SARS-CoV-2 was realized using an 
antibody against SARS-CoV-2 S protein immobilized on the 
graphene sheets of the gate.[85] The biosensor developed 
could detect SARS-CoV-2 viruses in clinical serum samples in 
real time, deprived of any pretreatment or preparation steps 
(Figure 2). Although the sensor performance reported is com-
parable with the standard ELISA tests, the universal transport 
medium used to store nasal swab samples caused a high noise 
signal. Indeed, the fabrication time (more than one day) and 
the multiple stages used to functionalize the biosensor surface 
limit its scalability. The results imply that different materials 
or engineering approaches should be implemented to reduce 
noise, ease their production, and improve the detection perfor-
mance of such FET-based biosensors.

N protein is more predominantly present in various clin-
ical samples such as sera, nasopharyngeal aspirate, throat 
wash samples, and urine, even at the early infection period.[73] 
Thus, utilizing N protein as a biomarker has shown to be an 
effective strategy for the early screening and identification 
of the patients infected by coronavirus variants, including  
SARS-CoV, MERS-CoV, SARS-CoV-2.

N protein detection has been accomplished by using varia-
tions of the SPR method to detect changes in localized waves 
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that go through the device (called surface plasmon oscilla-
tions) and react to refractive index changes along the gold sur-
face of the sensor caused by the binding of biomolecules.[86,87] 
Recently, the detection of N protein in serum samples was 
achieved using a localized surface plasmon resonance (LSPR) 
coupled fluorescence fiber-optic biosensor.[72] This study uti-
lizes sandwich immunoassay configuration to detect N protein 
of SARS-CoV, suggesting a comparable sensitivity and speci-
ficity to the conventional immunoassay setup conducted in 
parallel. Accordingly, it can be further enhanced by integrating 
chip-based assays to diagnose several diseases in the clinic. 
In another study, a label-free biosensor based on an optoflu-
idic nanoplasmonic sensor was developed for proof-of-concept 
detection of RNA originated Ebola and DNA originated vaccinia 
virus in cultured cell samples.[88] The biosensor proposed is 
promising due to its performance for direct virus detection and 
adaptability for integration into a multiplexed format. However, 
analysis of real samples should be further carried out before 
deciding its eligibility for clinical use.

As previously mentioned, SPR detects the shifts in sur-
face plasmon resonance upon biomolecule binding.[86,87] By 
monitoring these changes, antibody–antigen interaction can 
be visualized without any labeling in real time, making such 
sensors a decent candidate for on-site testing of viral infec-
tions.[86,89] Applying this approach, an SPR-based biosensor 
was established to detect SARS-CoV viruses targeting its E pro-
tein regions.[89] To form the biorecognition layer, a fusion pro-
tein consisting of a gold binding polypeptide (GBP) and an E 
protein was designed then self-immobilized (due to the thiol 
affinity of the GBP) to the Au chip surface in the absence of 
further chemical functionalization. The self-formed biorecogni-
tion layer could rapidly and precisely sense anti-E antibodies in 
physiological buffer solution. But an excess amount of cross-
reactivity for other IgGs presence was observed. Also, the sensi-
tivity was lacking due to the high detection limit obtained, and 
thus, it should be improved further for a clinical application.

In another optical variation, Au nanoparticles (AuNPs) were 
presented to detect the porcine reproductive and respiratory 

virus (PRRSV), a positive-sense RNA virus found in pigs, in 
real time.[90] The optical response exerted by a conformation-
ally changed antibody upon antigen binding in solution was 
detected using either fluorescent-labeled quantum dots or 
AuNPs combined with FRET. Although this study offers con-
venience for directly measuring isolated PRRSV samples, it 
is inapplicable, mainly due to the process variability and high 
batch-to-batch variation.[91] Therefore, an in-line fluidic setup 
should be developed for NP fabrication, functionalization, and 
validation before clinical utilization.[92,93] In a milestone study, 
the circulating N-antigens of the SARS disease were sensi-
tively detected for the first time in sera specimens collected 
without any cross-reaction, utilizing a rapid antigen test along 
with a sandwich ELISA.[73] Hence, it can be effectively used in 
the clinic to identify the infected patients at the acute phase  
(the first 10 days after the symptoms are onset). In addition, the 
system developed is shown to be clinically applicable consid-
ering the high number of patient samples tested and the high 
specificity and selectivity obtained. Sample collection, dilution, 
and sensing elements could be integrated into a single module 
to enhance this system further.

As a feasible alternative, optofluidic biosensors, combining 
the simplicity, scalability, and versatility of microfluidics with 
the improved sensitivity and specificity of optics by integrating 
fluorescent probes,[94] lasers,[95,96] spectrometers,[97] or photonic 
crystals,[98] are emerging. Their superior features, such as label-
free and high-throughput analyte detection, suitability for min-
iaturization, and multiplexing, are encouraging for real-time 
monitoring and on-site disease diagnosis. For example, in a 
proof-of-concept study, an optofluidic biosensor incorporating 
a whispering gallery mode (WGM) microlaser and suspended 
waveguide inside a microfluidic channel was established for 
Influenza A detection.[96] The total internal reflection of reso-
nators improves the light–matter interactions at small vol-
umes, while the large bandwidth of the laser provides single 
virus level detection with much higher sensitivity than passive 
resonators. In the meantime, the fluid handling incorporated 
with the microfluidic channels offered the portability expected 
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Figure 2.  Field-effect transistors for direct pathogen detection. A) Schematics of direct viral detection using a field-effect transistor (FET)-based bio-
sensor. The sensor surface is functionalized with capture biomolecules (here, antibodies). After introducing the patient sample, viral particles in the 
solution bind to the capture antibodies immobilized on the sensor surface and cause a measurable change which can be gauged via channel current 
and/or gate capacitance. All images within this figure are adapted with permission from Biorender.com with a paid academic subscription. B) Rapid 
detection of SARS-CoV-2 in human nasopharyngeal swabs using FET biosensors. The graphene-coated FET surface is functionalized explicitly with 
antibodies against the S protein of SARS-CoV-2 to measure the whole virus directly. Figures are adapted with permission.[85] Copyright 2020, American 
Chemical Society.
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from a POC device. However, because the technology described 
only tested for virus particles in the air and polystyrene NPs in 
water, its prosperous applicability when tested in human sam-
ples, remains a question. Therefore, further assay development 
and testing of this device with clinically relevant viral samples 
should be demonstrated to prove its potential utility in the 
clinic.

Another proof-of-concept study based on an optofluidic setup 
was carried out using 2D slab photonic crystal (PhC) sensors, 
termed 2-D slab-PhC, coupled with a waveguide.[99] The signal 
readout is performed via a laser and a photodetector. Here, the 
transmission spectra are obtained to detect the presence or 
absence of a single captured molecule inside the defect hole. 
The size of the defect hole provided a reduction of non-specific 
surface binding and interaction; however, the bulk of the assay’s 
specificity was achieved through optical detection of virus-
antibody capture on the surface of the microfluidic chamber. 
While the platform has yet to be tested on viral particles, it has 
shown promising preliminary results using functionalized and 
non-functionalized viral-sized latex particles. More research 
is needed to test the 2-D slab-PhC platform with clinical viral 
samples and further evaluate specificity and sensitivity. This 
technology detected viral simulants underflow of liquid and air, 
which shows its potential within airborne or fluid-based patho-
gens. Current temperature limitations due to the silicon PhC 
sensors and the extended surface functionalization and han-
dling times, currently inhibit the use of the platform in point-
of-care settings.

Mass-sensitive biosensors that utilizes piezoelectricity effect 
to detect and quantify mass changes created on an electrode 
surface, mainly resonating quartz crystals, are another approach 
applied for the rapid detection of pathogens.[100] For instance, 
the use of such a platform was shown for measuring SARS-
CoV in sputum samples after evaporating the virus-containing 
samples in the gas phase.[75] Due to the piezoelectric effect, the 
binding of the SARS-CoV virus on the electrode surface caused 
a frequency shift in crystal resonance frequency; therefore, cal-
culating this frequency change, the loaded mass, hence, the 
virus concentration was quantified. Although this biosensor 
is reusable and offers a reproducible and specific detection of 
SARS-CoV, contamination and infection risks during sample 
preparation must be carefully evaluated before further adapta-
tion to clinical applications.

Despite the differences between the sensing methods dis-
cussed thus far, one universal condition would be imperative 
in further developing the field: multiplexing (i.e., multianalyte 
detection) capabilities. Multiplexing is especially important to 
differentiate between seasonal allergies, common cold, flu, 
and other viral detection, especially when the initial symptoms 
(such as respiratory problems, fever, etc.) for those may appear 
similar; however, their treatments vastly differ. Typically, mul-
tiplexing can offer higher accuracy through the simultaneous 
detection of various pathogens while also providing a potentially 
simpler workflow and less risk of sample contamination.[101] 
Furthermore, the throughput of testing increases, proving that 
multiplexing is a critical approach for improving the cost and 
time efficiency of POC diagnostics.[102] For example, there are 
extensive efforts for multiplexing the detection of Influenza 
viruses simultaneously with SARS-CoV-2. Such technologies 

have recently been approved for use under the Food and Drug 
Administration[103] and vary in complexity from simple, at-
home tests requiring little to no training and a low risk for an 
incorrect result to moderate-higher complexities.

In a typical example of multiplexing, the immunocomplex 
formation was realized in conductance change, and virus detec-
tion was evaluated in real time using a silicon nanowire–Au 
array modified FET.[76] The Influenza A virus could be selec-
tively detected amongst structurally similar adenovirus and 
paramyxovirus through electrical measurements and optical 
imaging. Due to high sensitivity, selectivity, and simple instru-
mentation, the proposed multiplexed platform shows an excel-
lent promise for adaptation to clinical applications. However, 
further studies should be exploited to enhance the multiplexed 
detection performance of the system proposed by testing mul-
tiple viruses and their variants simultaneously. In addition, 
large-scale adaptation should be evaluated before deciding 
clinical transfer. Another study based on an optofluidic LOC 
device was established to detect viral epitopes of SARS-CoV-2 
and Flu A responsible for COVID-19 and Influenza diseases, 
respectively.[94] Here, an optical analysis unit is incorporated 
with an amplification-free differential diagnostic setup based 
on biophotonic assay antiresonant reflecting optical waveguides 
(ARROW). Briefly, streptavidin-coated beads were functional-
ized with biotin-labeled SARS-CoV-2 or Flu-A antibodies, while 
a photocleavable spacer gives fluorescent reporting upon detec-
tion. This optofluidic chip allows single-antigen detection in 
a multiplexed mode by intersecting the analyte signal, and a 
multimode interference (MMI) excitation waveguide. The MMI 
platform supports multiple modes, or the standing wave state 
of an excitation wave[104] that have different propagation con-
stants. MMI presents a wide waveguide phenomenon, which 
supports several waveguide modes for multianalyte detection. 
Although only two different fluorescent labels were used for the 
differential diagnostics of the SARS-CoV-2 and Flu A viruses, 
the platform itself can be configured for up to seven multi-
plexed antigens with variations to the MMI layout. While this 
system shows promising results using negative PCR tested 
nasal swabs spiked with the respective pathogens, the number 
of steps in the assay and the complex and precise instrumen-
tation needed to perform differential diagnostics significantly 
limits its clinical utility. However, the high level of sensitivity 
and specificity along with an amplification-free protocol are 
promising features of this platform; therefore, its clinical adap-
tion is possible after pointing out these issues.

Alternatively, the multiplexing paradigm by wavelength divi-
sion would allow differentiative identification and detection of 
a single virus; their subtypes and possible mutations can be 
identified through trapping under flow conditions. With this 
motivation, optical wavelength division (405–745 nm) was used 
to establish wavelength-dependent spot patterns on an ARROW 
optofluidic chip that enhances its multiplexing capacity to con-
currently detect fluorescent-labeled Influenza A subtypes (like 
H1N1, H2N2, H3N2).[105] Although the reported performance 
with a femtomolar level is sufficient for clinical applications, 
its feasibility with patient samples should be tested prior to 
its adaptation as a diagnostic tool. In case of on-site testing, a 
miniaturization of the measurement instrumentation as well 
as a re-evaluation of microfluidic integration to achieve better 

Adv. Mater. 2022, 2201085
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sample processing and distribution for increased efficiency are 
required.

A similar multiplexed optofluidic approach enhanced by 
trapping functions to visualize single viral molecules was suc-
cessfully demonstrated for the adenovirus detection.[106] Herein, 
a sandwich assay is employed, where polystyrene beads cou-
pled with adenovirus antibodies were first incubated with the 
sample and then, the complex was labeled with signaling anti-
bodies with quantum dots. After the immunolabeling protocol, 
the solution is flown through the optofluidic chip, in which a 
nanowaveguide-paired array generates potential wells, trapping 
the bead–virus complexes at constant trapping positions. Due 
to the small size of the adenoviruses, multiple viruses could be 
bound to a single bead. The quantification of the number of 
viral particles per bead was achieved by the individual fluores-
cence readings of each quantum dot. As more complexes are 
trapped and the fluorescence is continuously quantified, a pla-
teau is reached, signifying that all wells are filled. This platform 
offers many benefits, including the need for a small sample 
volume, and high sensitivity (allowing an amplification-free 
detection) and specificity thanks to the sandwich assay used. 
However, it is currently limited by the geometry of a 16-nano-
waveguide-pair chip, which diminishes trapping capability 
down to 130 particles. Nevertheless, increasing the number of 
nano-waveguide pairs or expanding the width of the micro-
channel for entrapment can expand the trapping capabilities.

Following a similar multiplexing approach, a magnetoresist-
ance biosensor consisting of 64 arrays decorated with magnetic 
nanoparticles (MNPs), was introduced for real-time detection of 
the Influenza uenza A virus.[77] A sandwich immunoassay was 
performed to detect and continuously monitor viral N proteins 
present in nasal swabs, suggesting a comparable performance 
with the ELISA counterpart. This biosensing platform is up-
and-coming for large-scale adaptation to achieve combinatorial 
and detection of multiple pathogens in a single step. However, 
extended sample preparation and biosensor fabrication steps 
are challenging.

Another study introduced a laser-engraved graphene immu-
nosensor integrated with a wireless data transfer module as a 
portable COVID-19 at-home testing device, RapidPlex.[107] SARS-
CoV-2 N protein, IgG/IgM, and C-reactive protein (CRP) can be 
simultaneously quantified using this system. The multiplexed 
detection of these analytes simultaneously provides information 
on the active infection through N protein, the previous condition 
through IgG/IgM, and disease severity via CRP. These together 
facilitate the complete prognosis of COVID-19 patients. Incor-
porating this multiplexed platform with a mobile user interface 
allows data to be wirelessly transmitted to healthcare providers. 
Thus, this immunosensor not only delivers immediate sample-
to-answer turnaround with high sensitivity and specificity by 
utilizing noninvasive body fluids such as serum and saliva. It 
also displays potential POC use through telemedicine for patient 
triage and remote monitoring. On the other hand, further pro-
gress can be made by incorporating an automated sample-han-
dling process before full adoption for telemedicine and the POC 
distribution to build on these promising results.

Recently, an electrochemical biosensor, namely “RAPID,” 
has been developed to detect the SARS-CoV-2 virus and its 
United Kingdom variant by examining patient saliva and 

nasopharyngeal/oropharyngeal swab samples.[108] The RAPID 
sensor modification was achieved by drop-casting Nafion (1%) 
on working electrode surfaces of the screen-printed carbon 
electrodes to increase robustness, and interestingly, without 
sacrificing sensitivity. Electrochemical impedance spectroscopy 
(EIS) measurements were conducted to evaluate SARS-CoV-2 
related S protein interaction with its receptor, angiotensin-
converting enzyme 2 (ACE2), known to be downregulated upon 
coronaviruses’ entry into cells. Due to displaying superior ana-
lytical performance than its peers, this rapid (4 min), low-cost, 
easily manufactured, and portable device proved its suitability 
for POC testing of the SARS-CoV-2 virus.

Other methods that employ different biorecognition ele-
ments for viral pathogen detection are based on molecularly 
imprinted polymers (MIPs),[98] cell-based membrane pro-
teins,[13,110] and antibody mimic proteins.[111] MIPs are highly 
favorable as bioreceptors due to the tailor-made binding sites, 
which fully complement the template molecules in size, shape, 
and functional groups. Thanks to their high specificity, they can 
interact with the whole viral particle rather than just its receptor 
site, which is the norm in typical biosensing methods involving 
native antibodies.

For example, a pathogen detection platform based on MIP-
modified quartz crystal microbalance (QCM) enabled selective 
detection of human rhinovirus (HRV) in suspension form.[112] 
A viral template was introduced to create a virus stamp that 
binds the subjected viruses. The surface engineered cavities 
enable studying the interaction between artificially designed 
recognition material and target pathogen by varying geomet-
rical shape and surface chemistry (Figure  3). The intragroup 
and intergroup selectivity of the sensor experimented across 
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Figure 3.  MIP-based label-free virus detection using quartz crystal 
microbalance. The polymer surface is “stamped” using a viral template 
that creates cavities in the polymer surface. After introduction with the 
patient sample, viral particles bind to the polymer cavities. These binding 
interactions are then detected by the quartz crystal microbalance. Such 
a biorecognition strategy of viruses could be also applied to other bio-
sensing devices. All images within this figure are adapted with permission 
from Biorender.com with a paid academic subscription.
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major/minor HRV serotypes (like HRV1A, HRV2, HRV14, and 
HRV16) and another type of picornavirus, foot-and-mouth dis-
ease virus (FMDV), respectively. Due to the sensitive and selec-
tive detection obtained, such a system is worthwhile mainly to 
evaluate the interaction mechanisms of pathogens and their 
serotypes with specifically engineered recognition materials. 
Biosensing technologies that use antibody-antigen binding 
interactions are limited by the availability of antibodies for 
newly occurring pathogens, artificial biorecognition elements 
like the MIPs can get around this hurdle.[98] However, inte-
grating MIPs with QCM limits its mass production; hence, 
in the future, a further adaption of MIPs with different trans-
duction (such as optical or electrochemical) methods that have 
better scale-up feasibility required for the clinical utility as well 
as promising capability for on-site testing. Advancing the MIP 
technology will allow distinct virus diagnosis, with limited or 
no interference, regardless of the group (minor or major) to 
which they belong or its subtypes/variants. For example, in the 
COVID-19 scenario, MIP-modified biosensors can selectively 
detect the SARS-CoV-2 virus amongst other coronaviruses that 
belong to the same family (MERS-CoV and SARS-CoV) and 
its variants[113] (SARS-CoV-2-α, -β) by manipulating artificially 
crafted pathogen-specific surface groups of the receptors.

Following an unconventional approach, the SARS-CoV-2 
spike S1 antibodies were electroinserted into membrane-engi-
neered cells, which were used to modify the surfaces of 8-array 
PDMS attached screen-printed Au electrodes.[13] Upon S protein 
binding to the membrane-bound receptors, the caused changes 
in the membrane potential and other bioelectric properties of 
the cell membrane were detected through a bioelectric recog-
nition assay. Also, the hyperpolarization of the engineered cell 
membrane could be rapidly (within 3  min) identified without 
any pre-extraction, amplification, and cross-reactivity; also, the 
integrated readout interface enables real-time screening in a 
user-friendly manner. Although this proof-of-concept study 
shows its potential in pathogen detection, further clinical 
studies should be utilized to detect various analytes using mul-
tiple engineered cell membranes.

Transduction and amplification of the biorecognition events 
into an electrical readout directly affects the quality of the 
output signal, hence the sensor performance. Recently, bio-
electronic transducers, namely organic electrochemical tran-
sistors (OECTs), have emerged as an alternative to solid-state 
electrolyte-gated transistors, mainly allowing for sensor surface 
biofunctionalization with nanobodies. Following this approach, 
the depletion-mode poly-(3,4-ethylendioxythiophen)-poly-
(styrolsulfonat) (PEDOT-PSS) modified gated electrodes func-
tionalized with green fluorescent protein-tagged nanobodies 
was established for pathogen detection.[114] The distinguishing 
performance of the sensor was shown over unprocessed SARS-
COV-2, and MERS virus specimens both in buffer and saliva 
mediums, together with its modular and disposable format 
and rapid detection features imply its potential applicability 
for POC diagnostics. However, the simplified configuration 
of this device should be developed to increase its applicability 
by minimally trained personal in on-site settings. In another 
study, the recognition of the whole Hepatitis B virus and viral/
antiviral components was achieved by utilizing engineered 
receptor-transduced cells that can express reporter and antiviral  

molecules.[110] The mechano-transduction-based detection 
scheme was employed while converting ligand binding (input) 
into proteolytic release of the sequestered transcription factor, 
which enters the nucleus to express the desired genetic mate-
rial as an output. Moreover, this platform reveals the capacity of 
engineered cellular biosensors not only for sensing but also to 
develop appropriate immunotherapies against viral infections 
through customized re-programming. For clinical adaptivity, 
appropriate signal amplification needs to be applied to decrease 
the long response time (currently around 24 h).

Although biosensors for direct pathogen detection offer 
various advantages over conventional immunoassays and are 
promising, most are still in their infancy. Hence, further efforts 
should be concerted to build integrated biosensing devices. 
Figure  4 depicts some of the featured multiplexed and all-in-
one technologies. Moreover, additional clinical and on-site 
studies using biosensors should be performed to prove their 
feasibility for use at the POC.

3.1.1. Aptasensors

Aptamers are single-stranded DNA or RNA oligonucleotides 
(with a length of 20–100 nucleotides) and can be employed 
as artificial bioreceptors. The aptamer sequence having high 
affinity and specificity to the target of interest is selected 
from a sequence pool containing different nucleotide variants 
through a high-flux screening method named “Systematic 
Evolution of Ligands by Exponential Enrichment (SELEX).”[115] 
After repetitively processing binding, washing, and amplifica-
tion steps by SELEX, the resultant aptamer achieved optimum 
interaction with the target analyte of interest and was easily 
distinguished.[116,117]

Aptamers are frequently compared with antibodies due to 
their interaction with the analytes; therefore, they are known 
as “chemical or artificial antibodies.”[117] However, they usually 
offer better performance than monoclonal antibodies when 
applied as a biorecognition element to build “aptasensors.” The 
reasons behind their extensive usage in many applications, par-
ticularly for virus detection and treating viral infections, can be 
summarized as follows: i) reproducible and cost-effective chem-
ical synthesis process, which does not require living organisms 
as raw materials; ii) easy selection procedure, which does not 
depend on a particular analyte, iii) due to the elimination of 
cross-reaction during SELEX, the resultant aptamers have high 
specificity between different virus genotypes, iv) high affinity 
and selectivity toward the target analyte; v) high thermal and 
chemical stability, vi) ease in modification and functionalization 
and labeling without loss of function, vii) nontoxicity and low 
immunogenicity.[115,117]

By coupling aptamers with several methods, including PCR 
and ELISA, improved sensitivity and selectivity could have been 
achieved.[117] For instance, an electrochemical aptasensor inte-
grated with a sandwich-type enzyme-linked oligonucleotide 
assay (ELONA) was applied to selectively measure the inacti-
vated Influenza A subtype (H1N1) among its variants (Influenza 
B, H7N9).[118] Using EIS, this study indicated that the standard 
ng-level sensitivity of the conventional ELONA was signifi-
cantly improved to pg-level proposing a better performance.  
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Additionally, the effect of oligonucleotide probe density on 
signal performance was evaluated. In contrast to the sensitivity, 
the selectivity of the aptasensor was enhanced when decreasing 
probe density suggesting saturation of the sensor surface and 
steric hindrance, which plays an essential role in hybridization 
efficiency needs to be carefully optimized to ensure good per-
formance. Besides enabling direct detection of a viral pathogen 
genome in one step (without any pretreatment stages), the 
utilization of inactivated viral DNA detection in this study pre-
sents a safe way for virus detection. Hence, it will guide further 
studies in overcoming biosafety issues during detection. How-
ever, testing with patient samples should be achieved to prove 
its POC applicability.

In another study, a similar strategy has been undertaken 
to differentiate the subtypes of Influenza A H1N1 virus from 
its variants (seasonal H1N1, H3N2, and 2009 H1N1) both by 
targeting recombinant Influenza A mini-hemagglutinin (mini-
HA) protein (the stable stem region of HA) or the whole 

H1N1 viruses.[119] The experimental protocol involves mul-
tiple rounds of SELEX with the mini-HA proteins to select 
the active conformation for the broad detection of Influenza A 
group 1 viruses. At the same time, the selection of H1N1-spe-
cific aptamers is followed by six rounds of SELEX with H1N1 
viruses. An enzyme-linked aptamer assay was used to com-
pare the binding behaviors of the PCR products after multiple 
rounds of being subjected to mini-HA and with H1N1 viruses. 
The ssDNA pools from each selection round were stored and 
amplified with biotinylated forward and reverse primers. In 
addition, developed aptamers were used as receptors instead 
of antibodies to build ITO/glass-based electrochemical 
aptasensor. The system was tested against six strains of H1N1 
viruses, two strains of H3N2 viruses, adenovirus virus, Influ-
enza B virus, and HA proteins of four different subtypes of 
Influenza A virus (H5N1, H1N2, H1N3, and H1N8). Although 
this study suggests a rapid, selective, and low-cost virus detec-
tion and subtyping tool relying on ssDNA aptamers, it is not 
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Figure 4.  All-in-one viral detection biosensors. A) SARS-CoV-2 RapidPlex as a graphene-based multiplex sensing platform for SARS-CoV-2 viral antigens, 
immune responses, and C-reactive protein (CRP) that is associated with symptom severity with Bluetooth capabilities for telemedicine. Inset shows 
the complete device. Figures are reproduced with permission.[107] Copyright 2020, Elsevier Inc. B) Giant magnetoresistance (GMR)-based biosensor 
for detecting the Influenza A virus. (i) GMR fully functional chip with (ii) 8 × 8 sensor array that is functionalized with capture antibodies against IAV 
(iii) magnified portion of a GMR biosensor: Each GMR chip contains five GMR strip groups in series, and each strip group contains 10 GMR strips 
connected in parallel (iv) Specific sensor strips. Figures are reproduced with permission.[77] Copyright 2016, Frontiers Inc. C) Schematic of organic elec-
trochemical transistors (OECTs) to detect COVID-19 and MERS antigens. A sample mixture of saliva and the binding buffer is introduced to the gate 
electrode. The electrode is flipped and mounted on top of the OECT channel for pathogen detection upon rinsing. The gate electrodes are functional-
ized with PEDOT: PSS for detection. The inset shows the molecular interactions of the viral S proteins to the oriented-SAM and chemical-SAM layers 
the electrodes are functionalized with. Figures are reproduced with permission.[114] Copyright 2021, under exclusive license to Springer Nature Limited.
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suitable yet for POC use due to limitations in standardization 
and complex procedure.

Although the methods summarized above provided 
enhanced sensitivity and specificity, most of them still require 
laborious devices to perform viral pathogen detection and 
cannot be applied to POC testing to detect multiple targets in 
a miniaturized device. Moreover, nucleic acid-based diagnostic 
probes authorized by microfluidic integration of plentiful pro-
cesses such as aptamer selection, amplification, and multi-
plexed detection of various analytes by a single device would 
overcome the problems associated with the POC testing of 
target viral sequences.[116] Microfluidic-enhanced SELEX chips 
can hurdle this problem and are expected to become stand-
ards in the POC selection of aptamers and achieve hybridiza-
tion reactions in a single device. For instance, by integrating an 
entire SELEX process (incubation, extraction, and amplification 
of nucleic acids) in a single microfluidic device, an aptasensor 
was introduced for Influenza testing (H1N1, H3N2, and Influ-
enza B).[120] SELEX chip consisted of two PDMS layers on a 
glass substrate. After the aptamer selection, a magnetic bead 
assay was employed to demonstrate each virus’s sensitive and 
selective detection. Such an approach suggests the applicability 
of microfluidic-empowered biosensors for POC detection of 
virus-specific aptamers that can be further improved with auto-
mated schemes and multiplexing. Furthermore, more collective 
efforts are needed to develop fully integrated/automated sys-
tems to detect viruses after the aptamer selection (Table 1).

3.2. Indirect Methods for the Detection of Viral Genetic Material

Nucleic acid (NA) testing is critical for determining the viral 
genome and promotes the early diagnosis of viruses. Indeed, 
detecting pathogens through identifying their unique genetic 
material enables obtaining more accurate information on 
disease-related features that vary due to genetic variances and 
mutations, screening patients, confirming suspected cases, and 
conducting virus surveillance.[121]

The earliest approaches for NA testing relied on the plate 
cultivation of pathogens.[122,123] Following, laborious culti-
vation-based assays could have been progressively replaced 
with polymerase chain reaction (PCR) technology. Briefly, 
PCR consists of DNA polymerase and DNA primers specific 
to the 3’ ends of the sense and antisense strands of template 
DNA (the DNA strands available in samples of interest). 
DNA polymerase and the primers are employed to synthesize 
new strands of DNA complementary to the original template 
strand. After synthesis, several rounds of exponential amplifi-
cation yield copies of the newly synthesized DNA (amplicons). 
These amplicons vary depending on the primer sequences 
and their complementary original nucleotide sequences.[124,125] 
PCR is essential for NA detection, given that in complex sam-
ples such as blood or saliva, the amount of viral DNA may be 
very little compared to host DNA. Fortunately, only viral DNA-
specific primers are amplified with PCR method. Therefore, 
after a few rounds of amplification, the DNA concentration of 
the host will become negligible compared to the viral DNA, 
allowing the PCR to achieve selective and sensitive viral NA 
detection.

For coronaviruses, particularly in the COVID-19 scenario, 
quantitative reverse transcription-PCR (qRT-PCR) tests have 
been extensively performed, where first the target viral RNA 
is converted into a complementary DNA (cDNA), which is 
required for isothermal amplification.[126] To detect viral com-
ponents, first, specific primers that can recognize the molecular 
targets secreted within the single-stranded RNA genome of the 
virus, such as open reading frame 1a/b or 8 (ORF1a/b or ORF8) 
regions, N-, S-, and E-genes, and RNA-dependent RNA poly-
merase (RdRP) need to be designed and tested.[127,128]

Although PCR technology has advantageous features, there 
are caveats to the technology pertinent to pathogen detection. 
For instance, the trace number of pathogens and their related 
genetic substance existing in collected specimens may result in 
false negatives, whereas the “inert” antibodies obtained from 
the recovered patient’s samples may cause false positives and 
can be misleading while decision making. Furthermore, fun-
damentally, amplification of the NA product takes place during 
the exponential phase. Depending on the amount of accumu-
lated product, self-annealing can happen, and thus, it makes 
endpoint quantification of viral pathogens potentially unreli-
able. In addition, i) sample collection and transportation-related 
issues (such as sampling error, denaturation of the sample 
while transporting), ii) the insufficient number of clinical 
facilities and complicated device setup and maintenance issues 
(including lack of clinical facilities and qualified personnel to 
perform an extensive number of tests promptly during a pan-
demic), iii) resource shortage and inadequate quality of rea-
gents and extraction kits provided when high demand and 
supply gap are problematic.[129]

Therefore, to limit falsifying test results while testing a lim-
ited sample volume, one must obtain an intense signal output. 
All these aspects point out that potent NA detection methods 
empowered by biosensor technology are critical. Hence, we pre-
sent biosensors incorporated with several nucleic acid testing 
platforms, mainly based on isothermal amplification-, clustered 
regularly interspaced short palindromic repeats (CRISPR)-, and 
nucleic acid-based assays (Figure 5).

3.2.1. Biosensors Combined with Isothermal Amplification

The conventional PCR technologies rely on temperature con-
trol instruments employed to achieve multiple temperature 
cycles during the amplification step of the nucleic acids. This 
problem was later solved by isothermal amplification methods, 
which enabled a simple and cost-efficient way for viral gene 
replication at a constant temperature by a water bath or a 
heating block.[130] Considering the working principle and the 
assay enhancing features, isothermal amplification approaches 
that have been extensively used in the virus genome diagnosis 
era can be categorized as following: rolling-circle amplifica-
tion (RCA), loop-mediated isothermal amplification (LAMP), 
recombinase polymerase amplification (RPA), and nucleic acid 
sequence-based amplification (NASBA).[130,133]

The RCA-based assays amplify DNA or RNA primers forged 
to a circular small single-stranded DNA (ssDNA) template 
using DNA or RNA polymerases. In traditional RCA, bulky 
and laborious gel electrophoresis has been employed to detect 
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and quantify the RCA amplicons and classify them depending 
on their geometrical differences.[134] On the other hand, elec-
trochemical biosensors can be combined with an RCA assay 
to enhance its performance for the rapid detection of a trace 
amount of genetic material. For example, the N-, S-genes of 
the SARS-CoV-2 virus were measured by a single-step sand-
wich hybridization assay using a redox probe (methylene blue 
or acridine orange) tagged silica NPs.[130] With this method, the 
detection limit of targeted gene sequences could be decreased 
to 103 copies per mL. Thus, it proves a comparable perfor-
mance compared to the RT-PCR counterpart, which measured  
N-gene -specific viral loads ranging between a median of about 
104–106 copies per mL for throat swabs, sputum (collected 
on day 5–6 postonset), and nasal swab samples (collected on  

day 3 postonset). Another advantage of this electrochemical 
biosensor is that it allows for detecting early-onset viral load  
(106 copies per mL) of SARS-CoV-2. Thus, it is translatable into 
the POC testing once the ongoing investigation is completed to 
simplify the proposed setup and reduce the sample-to-result time.

LAMP operation (Figure 6A) relies on autocycling strand dis-
placement employed by a DNA polymerase having high strand 
displacement activity and a set of target-specific designed 
inner and outer primers for hybridization and strand displace-
ment.[135] The reaction is conducted at about 60–65  °C and 
achieved by assessing two noncyclic and cyclic stages. Then, 
the designed primers are used to detect six distinct regions 
on the target nucleic acid that can be either DNA or RNA by 
using a reverse transcriptase enzyme in RT-LAMP assay. This 

Adv. Mater. 2022, 2201085

Figure 5.  Indirect detection of viral genetic material using various techniques. A) An example of viral detection in conjunction with isothermal ampli-
fication methods: Rolling circle amplification (RCA) and electrochemical biosensor detection of SARS-CoV-2 N- and S-genes.[130] The multiplexed RCA 
reaction includes a sandwich hybridization of RCA amplicons onto probes with redox-active labels for detection via a potentiostat using pulse voltam-
metry. Figures are reproduced with permission.[128] Copyright 2021, Springer Nature Limited. B) An example of nucleic acid hybridization sensors for 
viral detection. Multiplexed paper-based colorimetric DNA sensor using peptide nucleic acid (PNA)-induced AgNP to detect MERS-CoV, MTB, and 
HPV oligonucleotides.[131] A pyrrolidinyl PNA probe functionalized to AgNP, after which binding MERS-CoV, MTB, and HPV DNA present a loss of 
aggregation in the nanoparticles and a colorimetric change. Figures are reproduced with permission.[129] Copyright 2017, American Chemical Society. 
C) An example of CRISPR-Cas associated techniques for viral detection.[132] Multiple CRISPR RNAs (crRNAs) were combined for the preamplification-
free detection of SARS-CoV-2 RNA using Cas13a, simultaneously targeting N- and E-genes of SARS-CoV-2. Extracted RNA was easily detected under 
fluorescence reporting of crRNAs utilizing a mobile phone-based device. Figures are reproduced with permission.[130] Copyright 2020, Elsevier Inc.
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isothermal system offers a rapid, sensitive, accurate, and cost-
effective measurement method; therefore, it can be easily 
adapted for low-cost POC diagnostics, especially in resource-
limited settings.[67,135]

In this direction, a one-pot RT-LAMP assay was utilized 
to detect MERS-CoV virus disease from respiratory samples 
from infected individuals.[136] The immunoreactions between 
the biotin/fluorescein/digoxin-labeled duplex amplicons and 
the streptavidin-conjugated polymerized nanoparticles were 
detected with a set of two primers, the ORF1ab- and N-genes of 
MERS-CoV were simultaneously amplified in a single reactor 
and fluorescently measured. This method is more affordable, 
more applicable, and offers comparable sensitivity to RT- and 
qRT-PCR measurements. However, the false-positive readouts 
due to aerosol contamination at a constant temperature remain 
critical. Similarly, a multiplexing approach was followed in 
another one-pot assay to develop an RT-LAMP incorporated 
with a nanoparticle enhanced LFIA-based biosensor for SARS-
CoV-2 detection. In addition, the LFIA results obtained for oro-
pharynx swab samples testing indicated no cross-reactivity with 
non-specific templates, suggesting a foolproof specificity and 
selectivity for SARS-CoV-2 virus detection.

Another isothermal amplification strategy for the molecular 
diagnostic is the RPA method performed at relatively low tem-
peratures (≈37 °C to ≈42 °C) and offers fast reaction time with 
a proper temperature operation.[137,138] Combining the RPA 
method with an isothermal RNA amplification (iROAD) assay 

and an optical detection tool, a silicon microring resonator 
(SMR)-based biosensing system was developed (Figure 6B).[139] 
The iROAD-SMR device was tested using nasopharyngeal 
specimens obtained from patients having different respiratory 
viruses (IFN-A/B, HCoV-OC43/229E, and RSV-A/B). This study 
indicates that the iROAD assay could detect as low as 25 copies 
per reaction, whereas, in RT-PCR, the same signal output can 
only be obtained if ten times or even more RNA samples exist 
in the reaction. This high analytical performance obtained for 
all viruses measured suggests the clinical applicability of this 
device for detecting different pathogens of interest if newly 
designed primers accompany it. However, this study needs to 
be evaluated by integrating sample processing and detection in 
a miniaturized format to enable POC testing of multiple ana-
lytes in various samples such as blood, urine, and sputum.

In another study, the RPA-aided electrochemical biosensor 
was utilized for the rapid and sensitive detection of SARS-
CoV-2.[140] The microelectrode array of an electrochemical 
sensor allowed for detecting multiple target genes (N-gene and 
RdRP) without pre-amplification or purification using differen-
tial pulse voltammetry. The isothermal RPA reaction involves 
hybridizing RPA amplicons with thiol-modified primers 
immobilized on the working electrodes, reducing the current 
density measured as amplicons accumulated. Although the 
platform implemented offers a sensitive and on-site measure-
ment of the COVID-19, clinical samples from different sources 
need to be tested. In addition, the multiplexing capability of 

Adv. Mater. 2022, 2201085

Figure 6.  Schematic of isothermal amplification featured in various biosensors. A) Schematic for loop-mediated isothermal amplification (LAMP), in 
which primers create self-hybridizing loops of target DNA. The self-hybridizing loops assume the LAMP dumbbell structure due to the multiple sites 
that primers attach to initiate DNA amplification. B) Schematics describing the iROAD assay. Forward primers are immobilized on the surface of the 
silicon microring resonator (SMR)-based sensor. Next, reverse primers, reverse transcription-recombinase polymerase amplification (RT-RPA) reagent, 
and patient RNA are added to perform reverse transcription. Double stranded cDNA binds to the forward primers and is amplified and elongated by 
RPA on the SMR biosensor. All images within this figure are adapted with permission from Biorender.com with a paid academic subscription.



www.advmat.dewww.advancedsciencenews.com

2201085  (15 of 30) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

the designated biosensor should be evaluated by targeting 
multiple genes.

As indicated, isothermal amplification methods offer many 
benefits over PCR, including constant temperature process 
and shorter assay times (20 min for the iROAD system and 
60 min for the one-pot LAMP assay), and higher sensitivities 
obtained. However, although these methods offer promising 
tools for determining genes expressed explicitly for a particular 
viral disease, several problems exist and need to be addressed. 
For instance, nonspecific amplification may directly affect the 
assay’s sensitivity and specificity due to the lack of a tempera-
ture-gating mechanism. In addition, the existence of multiple 
primers (for example, in the case of LAMP, six primers per 
target) leads to an increased likelihood of primer dimerization 
and is problematic. Therefore, avoiding primer-dimer formation 
and amplification while performing the assay and classifying 
reactions as either specific or non-specific amplification are cru-
cial points; hence, assay optimization needs to be identified to 
get optimum performance and deployment in on-site diagnos-
tics.[141,142] Also, most isothermal assays are laborious and expen-
sive, still requiring an RNA extraction step using costly kits. In 
the case of high demand, such as in pandemic situations, the 
shortage of these kits can be precarious.[143] Furthermore, devel-
oping advanced tools for isothermal amplification that would 
enable affordable, quick, extraction-free, and efficient detection 
of various pathogens-associated genetic biomarkers in a multi-
plexed device simultaneously is of great interest.

3.2.2. Nucleic-Acid Probe-Based Biosensing

Single-stranded DNAs (ssDNAs), RNAs, or peptide nucleic 
acids (PNAs) act as molecular recognition elements via hybrid-
ization. In the case of viral pathogens, RNA is first extracted 
from the virus. This isolate is exposed to biosensors with oligo-
nucleotide probes immobilized on the surface, enabling a meas-
urable response for viral detection (Figure 7). These probes are 
short nucleic acid sequences that can hybridize to target analyte 
single-stranded DNA or RNA based on NA complementarity 
and be labeled (radioactively, fluorescently, etc.) using synthetic 
target molecules. Herein, similar to immunoassays, both sand-
wich and competitive assays could be realized.[144]

Using multiple oligonucleotide probes modified to an SPR 
chip, simultaneous detection of several respiratory viruses, 
including Influenza A and B and SARS, was achieved.[145] After 
carboxyl group formation and surface activation of the self-
assembled monolayers (SAM), specifically designed respiratory 
virus probes were printed onto the functionalized gold surface. 
Following RNA extraction, the amplification of the target RNAs 
was achieved by multiplexed RT-PCR using biotin-labeled 
primers. The SPR signal intensities that were shifted due to the 
hybridization reaction between the PCR-amplified viral genome 
and oligonucleotide probe on the gold surface were tested in 
the presence of streptavidin. Combining the Au gene chip 
with RT-PCR, the biosensor claims high specificity and high-
throughput detection within 30 min. However, due to its bulky 

Adv. Mater. 2022, 2201085

Figure 7.  Oligonucleotide probes are immobilized on the biosensor surface for hybridization of target RNA/DNA. A) Competitive oligonucleotide 
hybridization: Extracted pathogen single-stranded RNA hybridizes to the complementary oligonucleotide. Additionally, a labeled competitor probe has 
complementarity to the surface-functionalized probe and acts for the same hybridization sites and elicits a biosensor response (for example, electrical). 
Target analyte concentration is inversely proportional to competitor signal. B) Sandwich assay-based oligonucleotide hybridization: Short primary 
nucleic acid probe, complementary to target RNA/DNA, is functionalized to surface. Target pathogenic RNA/DNA is introduced first, which followed 
by a labeled secondary probe (complementary to target RNA) hybridizing to the distal end of target RNA for production of measurable response. All 
images within this figure are adapted with permission from Biorender.com with a paid academic subscription.
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instrumentation, further miniaturization is required prior to its 
use at the point of care as a complementary diagnostic method.

Another genosensor incorporating thiolated oligonucleotide 
probes onto gold nanostructured screen-printed carbon elec-
trodes was employed to detect the SARS-CoV virus via hybridi-
zation.[146] Streptavidin-labeled alkaline phosphatase (AP) was 
used as an enzymatic label that catalyzed the dephosphoryla-
tion of the 3-indoxyl phosphate substrate, resulting in silver 
ions reduction in the solution and screened by voltammetry 
measurements. Even single base-mismatched complemen-
tary strands could be efficiently detected with the developed 
genosensor, suggesting high selectivity and pM sensitivity. This 
high analytical performance offers promise when considering 
SARS-CoV-2 variants, where the different variants consist of 
specific substitutions of bases within the spike protein section 
of the viral genome.[147]

PNAs were seen for the application of detecting MERS-CoV, 
mycobacterium tuberculosis, and human papillomavirus (HPV) 
in tandem in a recent study that developed a multiplexed sensor 
that was integrated with a pyrrolidinyl PNA– nanoparticles. 
Upon hybridization, the paper-based colorimetric assay allowed 
for viral DNA detection. The multiplexed capability, ease of use, 
and ability to detection DNA associated with both viral and bac-
terial infections, and simplicity of a paper-based colorimetric 
assay show great promise as a low-cost and disposable alterna-
tive for rapid triaging at the POC. However, given that selectivity 
was reduced with one- and two-base mismatches, further opti-
mization is required before adoption in a clinical setting.[131]

A unique application incorporating PNAs has recently uti-
lized the hybridization capabilities of the synthesized PNAs 
as a blocking mechanism to measure human SARS-CoV-2 
specific gene sequences more sensitively, as compared to bat 
and other SARS-related coronaviruses through the conserved 
sequences of ORF3ab E-and N-genes.[148] This blocking tech-
nique aimed to discriminate between SARS-CoV-2 and other 
SARS related-CoVs in human samples without compromising 
sensitivity. The sensitivities were significantly increased in 
both detections when the designed PNAs probe was combined 
with an RT-qPCR workflow. PNAs are considered to be “syn-
thetic DNAs” where the typical phosphodiester backbone seen 
in DNA is replaced with a 2-aminpethylglycine chain. However, 
PNAs cannot serve as primers for polymerization and even-
tual amplification of target sequences but are still able to bind 
nucleobases complementary in target DNA or RNA samples. 
Thus, PNAs are great tools for exploiting the blocking effect of 
amplification. In this study, the designed PNAs effectively block 
RT-qPCR amplification of SARS-CoV for N-gene, where 100-
fold more RNA copies per reaction are needed to detect SARS-
CoV N compared to SARS-CoV-2 N transcript. Although these 
results were not directly involved as a biosensor, the promising 
results can be translated to a biosensor modality for large-scale 
testing of SARS-CoV-2 and other novel viruses and discerning 
true-positive versus false-positive cases from other SARS-
related coronaviruses.

Using an automated microfluidic sample preparation multi-
plier (SPM) along with optofluidic ARROW system, amplifica-
tion-free detection of the Ebola viruses in clinical samples was 
achieved.[149] The SPM microfluidic chip consists of incubation 
reservoirs, liquid-core and solid-core waveguides, and input and 

output channels with the capability of performing six assays in 
parallel. Pressure valves facilitate the automated on-chip fluid 
transfer. Magnetic beads were functionalized with NA capture 
probes and added to the incubation reservoirs. Ebola virus 
RNAs extracted from clinical samples were then hybridized to 
the complementary capture probes. Zaire Ebola virus RNA as 
the positive control and Sudan Ebola virus RNA as the nega-
tive control were used. Captured targets are released by heat 
denaturation and concentrated three-fold. ARROW fluores-
cence detection utilizes a lens-adapted optical fiber and spec-
trometer to detect the target RNA. The novel SPM improves the 
previous optofluidic design[150] by enabling metered air bubbles. 
Thus, it enhances the target capture without a need for addi-
tional devices or increasing fabrication complexity. Additionally, 
it requires only minimal user interaction owing to the auto-
mated process for sample preparation. This amplification-free 
optofluidic device offers a unique alternative to PCR for viral 
detection with its low LOD (2.1 × 10−3 PFU mL−1) and sample-
to-result time of less than 2 h. Such a high sensitivity allows 
even to diagnose pre-symptomatic infections before the onset 
of severe symptoms. All these features make this system an 
ideal candidate for clinical and POC testing, however, more 
attention should be paid to miniaturization and multiplexing 
for an increased throughput.

In another optofluidic configuration, silicon nitride wave-
guides were realized in nanoslots, forming a femtoliter fluidic 
channels, to detect the fluorescently tagged product of reverse 
transcription of the N gene virions of the SARS-CoV-2 virus 
in real time.[151] Using transverse electric polarized light, the 
optical field overlapped within the fluidic slot channel confines 
the light at a rate of 50.5%, greatly increasing the light–matter 
interaction; hence the sensitivity of the biosensor developed. 
The fluorescence emission of the cDNA is carried to a spec-
trometer via a small fiber. This platform could discriminate 
between the cDNA from SARS-CoV-2 and that from stereotype 
1 Dengue viral RNA from only a 40 fL sample volume. While 
reverse transcription is required to translate target RNA into 
fluorescently labeled cDNA, the amplification-free nature of 
this approach decreases the running costs and increases its 
accessibility in clinical settings. Another benefit of this plat-
form is that the assay functions at a wide range of pHs and 
temperatures with minimal sample preparation. Nonetheless, 
the operation of this platform necessitates a large and expen-
sive optical equipment, including the laser and the waveguide, 
which may be limiting its POC utility.[151]

3.2.3. CRISPR-Cas-Powered Biosensors

Previously, CRISPR, and its generated customizable RNA-
guided nucleases, such as Cas9, have been used to quickly, 
simply, and efficiently transform endogenous genes in a wide 
variety of cell types and in organisms that have been challenging 
to manipulate genetically using conventional approaches.[152] 
In addition, using their ability to recognize and cleave specific 
DNA and RNA sequences, several applications, including gene 
editing,[153,154] genome imaging,[155] have been proposed. Lately, 
many efforts have been directed towards understanding their 
potential in nucleic acid-based diagnostics.[148,156–158]
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A wide variety of CRISPR-Cas enzymes is presently available 
for programmable recognition of DNA and RNA sequences 
classified into two main groups based on the organization of 
their loci and signature proteins.[159] While the Class I CRISPR-
Cas systems employ multiple subunit effector complexes, Class 
II (for example, Cas9, subtypes Cas12, Cas13) group uses single 
RNA-guided Cas proteins to recognize and cleave target nucleic 
acid sequences and are viable tools when adapted for pathogen 
detection.

Among DNA targeting Cas proteins, Cas9 enzyme guided by 
single-guide RNA (sgRNA) can specifically bind to target double-
stranded DNA (dsDNA), cleaves it due to the nuclease activity, 
and eventually result in a DNA double-strand breakage.[160,161] 
The first proof-of-concept study based on CRISPR-Cas9 has 
been utilized by merging in silicon technology with the NASBA 
method for primer generation optimal and toehold switches 
for Zika virus (ZIKV) detection.[161] A microfluidic paper-based 
analytical device, including freeze-dried reagents for isothermal 
RNA amplification, in combination with a portable readout 
device, was used to screen the colorimetric changes upon viral 
RNA detection. The proposed sensing methodology holds an 
excellent promise for multiplexed adaptation to strain-specific 
detection of the various nucleic acids would be a viable tool to 
monitor several infectious diseases by specifically designing 
primers, especially in low-resource settings.

An alternative class of Cas protein, Cas12, is a proficient 
enzyme that possesses the cis–trans cleavage activity of ssDNA 
creates staggered cuts in dsDNA and is being used for pathogen 
detection (Figure  8A).[162] For example, a DNA endonuclease 
targeted CRISPR trans reporter method was developed based 
on the activation of Cas12a ssDNase. The signal enhancement 
was achieved by combining it with RPA for nucleic acid ampli-
fication.[163] Targeted DNAs of papillomaviruses, specifically 
HPV16 and HPV18, were detected testing human serum sam-
ples by utilizing LFIA. The results obtained from the CRISPR-
Cas12a technique presented a good correlation with the PCR 
assay. Also, its easy integration to a mobile phone device for 
optical readout, suggesting its suitability for on-site use. Simi-
larly, another DNA probe method based on a CRISPR-Cas12 

target cleavage enhanced by an RT-LAMP assay, so-called DNA 
endonuclease-targeted CRISPR trans reporter (DETECTR), was 
proposed for on-site diagnosis of the COVID-19 disease.[127] The 
RNA samples were extracted from the nasopharyngeal or oro-
pharyngeal swab, amplified, and tested through Cas12 detec-
tion of predefined coronavirus sequences. After assessing syn-
thetic primers, which are designed to target the E- and N-gene 
regions of the SARS-CoV-2 virus, the cleavage of a reporter 
molecule confirmed that the targeted virus is present in each 
sample. The reaction results were visualized using both fluores-
cence readers and lateral flow strips designed to capture labeled 
nucleic acids, showed no cross-reactivity across other coronavi-
ruses (SARS-COV, bat SARS-like coronavirus) tested. Consid-
ering the encouraging predicting power (100% negative, 95% 
positive predictive agreement with the real-time RT-PCR), high-
speed development, and validation process (≈2 weeks), this 
assay offers versatility to be adapted to identify viral pathogens, 
especially after multiplexing has been applied.

While some Cas enzymes target DNA (Cas9, Cas12), single 
RNA-guided effector proteins, such as Cas13 (Figure  8B), 
can be engineered to pursue a specific recognition and 
cleavage activity towards the complementary CRISPR RNA 
(crRNA).[164,165] Due to the trans and collateral cleavage activity 
of nearby RNA, Cas13 RNases have been extensively used to 
detect viral RNA transcripts in patient samples. For example, 
by incorporating CRISPR-Cas13 RNA detection assay to a previ-
ously developed microchamber-array technology, the “CRISPR-
based amplification-free digital RNA detection (SATORI)” plat-
form was established to perform N-gene targeted SARS-CoV-2 
detection.[156] The SATORI system allows for amplification-free 
(fM-range), rapid (within 5 min), and simultaneous detection 
of multiple targets of different sites in the SARS-CoV-2 N-gene 
using three crRNAs complementary to different regions of the 
target RNA. This concurrent use of multiple crRNAs is impor-
tant in this study because the Cas13-gRNAs used may target dif-
ferent regions of target RNA and thus, expose the potential for 
false positives. Besides, combining these three crRNAs for the 
same target results in an enhanced sensitivity. The screening 
can be performed by a compact fluorescent microscope, to 
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Figure 8.  CRISPR-based assays for detecting viral RNAs. A) Cas12 enzyme recognizes complementary DNA (cDNA) produced by the reverse transcrip-
tion of the viral RNA. The binding of cDNA activates non-specific nuclease activity on ssDNA. B) Recognition of viral RNA by Cas13 enzyme activates 
non-specific ribonuclease activity on ssRNA. Both activities are utilized to cleave the ssDNA/ssRNA reporter molecules, respectively, to amplify the 
fluorescence upon cleavage. All images within this figure are adapted with permission from Biorender.com with a paid academic subscription.
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which many clinical labs already have access, supporting the 
clinical applicability of this platform. In addition, this platform 
could be directly applied to clinical samples without any RNA 
purification thanks to the robustness of SATORI against con-
taminants including nontarget RNAs, virus transport media, 
saliva, and different swabs. However, since there is a need for 
a fluorescence microscope and image processing software for 
accurate analysis, SATORI does not currently appear to be ame-
nable for resource-limited (such as at-home) settings.

Similarly, another amplification-free proof-of-concept study 
based on CRISPR-Cas13a detection was presented to detect the 
SARS-CoV-2 RNA from extracted patient nasal swab samples 
by combining multiple crRNAs targeting different regions of 
the viral RNA genome.[132] The fluorescent signals obtained are 
quantitatively measured using an integrated portable mobile 
phone camera-based device. Uniquely, this study employed 
multiple crRNAs to increase Cas13 activity (i.e., sensitivity), 
analyzed the change in fluorescence over time with Cas13 acti-
vation, which allowed the detection of ≈100 copies µL−1 from 
SARS-CoV-2 patient samples within 30 minutes. Although the 
results of this study are promising due to allowing sensitive 
and rapid, and low-cost detection of SARS-CoV-2 RNA meas-
urements without any RNA amplification, POC adaptation can 
be achieved if the lab-based RNA extraction step is replaced 
with an extraction-free protocol.

Although encouraging achievements have been obtained 
by employing CRISPR-Cas-powered detection strategies, there 
are still many challenges to overcome before this method can 
replace the well-established nucleic acid detection techniques, 
for instance, RT-qPCR.[166] Most of the developed assays still 
comprise a preamplification step to achieve lower LODs which 
disrupts direct analysis of a given sample, increases the sample-
to-answer time, and the misinterpretation risk of the results 
due to amplification errors.[156] In addition to amplification-
free protocols, replacing lab-scale RNA extraction steps with 
extraction-free procedures will decrease the assay’s complexity 
for the end-user and turnaround time and bring us to the  
CRISPR-powered POC diagnostic platforms intended one step 
closer (Table 2).

3.3. Biosensors for the Detection of the Host Immune Response

Upon virus entry, the host’s immune system produces var-
ious inflammatory biomarkers, like antibodies, cytokines, and 
chemokines, to combat the viral infection.[78,169] While anti-
body detection is achieved to determine the presence of viral 
infections or the immunity against a virus, pro-inflammatory 
cytokines and chemokines are mainly employed to monitor the 
antiviral immune response and predict the expressed disease 
pattern. Understanding diverse disease pathology leads pri-
marily to developing treatment and prevention strategies.[78,79]

3.3.1. Antibody (Immunoglobulin) Detection

Antibody testing is not only critical for evaluating acquired 
immunity features but is also essential in vaccine devel-
opment.[170] The production of antibodies results from an 

immune defense response against the prior expression of the 
external antigen by the disease-related genome. Hence, anti-
bodies are a crucial indicator of inflammatory diseases due to 
providing several possibilities that ease disease management, 
including the diagnosis, progression screening, understanding 
the pathology of conditions, and accordingly developing sub-
sequent therapy.[171] Viral pathogen-associated antibody detec-
tion can be performed by testing body fluids, including blood 
and swab samples. The presence of antibodies targeting the 
receptor-binding domains (RBD) of the structural virus con-
stituents can be determined qualitatively and quantitatively.[34]

The detection of host-immune response-associated anti-
bodies is achieved by utilizing pathogens and pathogen-specific 
proteins (N, S, and E proteins) as biorecognition molecules 
(Figure 9). In detail, upon viral infection, the immune system 
produces IgMs for a prior immune defense, and its level is 
commonly quantified for rapid identification of the disease 
exposure. Following that, an adaptive and high-affinity IgG 
response is created to neutralize viral pathogens, which are 
screened to assess previous exposures to a particular infection, 
acquired long-term immunity, and immunological memory 
features.[172]

In current clinical practice, the quantitative detection of 
antibodies is mainly achieved by conventional ELISA systems, 
microparticle enzyme immunoassay (MEIA), and western blot. 
However, several factors, including the need for expensive and 
bulky instruments, multistep and time-consuming operation 
processes, and various reagents, of these assays limit their 
applicability in POC testing. For the qualitative or semiquan-
titative on-site testing of antibodies against viral infections, 
LFIAs, also known as at-home pregnancy/ovulation tests, have 
been extensively employed. However, immunoassay-based tech-
niques such as LFIAs lack sensitivity and reliability due to high 
cross-reactivity between similar antibodies.[173,174]

Unlike traditional LFIA assays that use colloidal AuNPs 
or other fluorescent dyes as optical labels, LFIAs, along with 
lanthanide-doped polystyrene NPs (LNPs), demonstrated an 
enhanced measurement performance (such as high stability, 
quantum yield, and sensitivity) compared to its conventional 
peers such as gold.[175] In this setup, N proteins of SARS-CoV-2 
were first dispensed onto a nitrocellulose membrane to capture 
specific IgGs. Then, the self-assembled LNPs that served as 
fluorescent reporters were coupled with anti-human IgG anti-
body and rabbit IgG. The functionalized LNPs mixtures were 
separately dispensed onto the lateral flow test strip and incu-
bated for 10 min. Excitation of the LNPs at 365 nm wavelength 
resulted in a fluorescence shift at 615 nm on the test line upon 
antibody binding. The intensities of the test and the control 
line were recorded with an embedded portable fluorescence 
reader. The ratio of both lines was calculated to determine the 
anti-SARS-CoV-2 IgG concentration in the human serum sam-
ples analyzed. Furthermore, SARS-CoV-2-related IgG antibody 
detection and disease progression monitoring were performed 
simultaneously using this platform; hence it can be adapted to 
other viruses’ detection, especially in low resource settings.

There is no doubt that both IgM and IgG antibody assays 
alone give essential information about specific disease 
pathology; however, when the corresponding disease-related 
antigens are combined in a single platform, better utility and 
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sensitivity could be obtained. A combinatory kit was developed 
using an LFIA to qualitatively and rapidly detect IgG–IgM anti-
bodies against SARS-CoV-2.[25] The LFIA strips were separately 
modified spraying SARS-CoV-2 S protein fused AuNPs, which 
allowed the detection of IgG and IgM antibodies in whole 
blood, serum, and plasma samples of patients, presenting more 
informative results than the IgG and IgM tests alone. There-
fore, such LFIA platforms should be improved to conduct 
quantitative analyses to evaluate epidemiological factors such as 
the extent of viral infection age-ranked seroprevalence and to 
study impermanent immunity features.[27,176]

Compared to LFIA tests, electrochemical biosensors offer 
more accurate, rapid, and highly sensitive tools for on-site 
quantification of immune response antibodies against viruses. 
For instance, an impedimetric sensor for detecting circulating 
ZIKV antibodies from saliva and undiluted serum samples 
of human subjects was presented.[174] Herein, screen-printed 
carbon electrodes enhanced with carboxylated carbon nano-
tubes were coated with recombinant structural protein domains, 
domain III of the E protein, and a fragment of a nonstructural 
protein were employed as bioreceptors to detect ZIKV-specific 
antibodies. To achieve this, the biosensors need to be first incu-
bated with the diluted serum sample before being exposed to 
secondary antibodies (anti-IgM-Ab2 or anti-IgG-Ab2), followed 
by the impedance measurement. Although the satisfactory per-
formance was achieved for the differentiative detection of the 
ZIKV-specific immune antibodies, the multi-stage assay format 
needs to be simplified to use this biosensor in the POC settings.

In another study, antihepatitis B IgG antibodies were gauged 
via sandwich immunoassay on an electrochemical biosensor 
where magnetic beads were employed for immunoreactions and 
AuNPs for electrocatalytic labeling.[177] A rapid and straightfor-
ward IgG measurement was achieved by chronoamperometric 
detection of the electroreduction of hydrogen ions in an acidic 
medium. Although the proposed method represents a low-cost 
and more sensitive alternative to traditional LFIA testing, it is 
still not suitable for POC testing unless complicated fabrication 

Adv. Mater. 2022, 2201085

Figure 9.  Biosensors for host immune response detection. Surface of the 
sensing area is functionalized with viral antigens to detect the presence 
of neutralizing antibodies produced as a response to a viral infection. 
Binding of the target antibody to its antigen leads to a measurable signal. 
All images within this figure are adapted with permission from Biorender.
com with a paid academic subscription.
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steps are simplified, and laborious instruments are miniatur-
ized for on-site testing.

Detecting viral infections by identifying host-immune-asso-
ciated antibodies could be enlightening and a robust strategy 
than the counterpart approaches. So far, there are many well-
established (and even commercialized) LFIA-based and other 
biosensing platforms. By putting more effort into enhancing 
the performance of these devices (i.e., increasing the sensitivity 
and eliminating cross-reactivity) and miniaturization, they can 
be used as quantitative analysis tools in limited-resource set-
tings, especially during pandemics where the rapid diagnosis is 
essential to manage a potential outbreak.

3.3.2. Detection of Proinflammatory Biomarkers

The innate immune system uses a variety of pattern recogni-
tion receptors (PRRs), including C-reactive protein (CRP) and 
serum amyloid protein (SAP), that are synthesized as an acute 
phase response to a specific infection.[178,179] The primary roles 
of PRRs include opsonization (via CRP and SAP), activation of 
complement and coagulation cascades, phagocytosis, activa-
tion of pro-inflammatory signaling pathways, and induction of 
apoptosis.[180]

In a typical viral infection scenario, the cellular response 
is either mediated by transcriptional cytokine induction, 
including interferon (IFN) and upregulation of IFN-stimulated 
genes (ISGs), or leukocytes and their subgroups mainly created 
by chemokine discharge.[179,181] For instance, cytokines are regu-
lators of the host response to infection, which can modulate the 
inflammatory response, clearance pathogens, and ensure the 
repair of infected tissues. While the proinflammatory cytokines 
make the disease worse, the anti-inflammatory types reduce 
inflammation and stimulate healing.[182,183]

Detection of proinflammatory biomarkers is important in 
characterizing varying antiviral defense mechanisms and their 
contributed components at a molecular level. For instance, the 
disease severity of COVID-19 patients was found correlated to 
elevated serum levels of the IL-6, IL-10, IL-2, interferon-γ (IFN-γ),  
tumor necrosis factor-alpha (TNF-α), and CRPs.[184] Indeed, 
some of these pro-inflammatory biomarkers, precisely IL-6 and 
CRP, were found to have a predictive value for lung inflamma-
tion and used to determine patients requiring ventilation.[185] 
On the other hand, the elevated production of the pro-inflam-
matory biomarkers caused a “cytokine storm” yields subsequent 
tissue damage resulting in multi-organ failure, hence the mor-
tality.[186,187] Although targeting pro-inflammatory biomarkers 
for viral infectious disease management could improve survival 
rates, these biomarkers are present at low concentrations in dif-
ferent sample types (including serum, sweat, tears, and urine) 
tested. So far, several analytical procedures, including immuno-
assays (such as ELISA), molecular biology techniques, and flow 
cytometry, have been applied for evaluating cytokine levels in 
body fluids, tissues, and cells. However, most of these methods, 
particularly ELISA, suffer due to their insufficient sensitivity 
and multistep/time-consuming procedures, inhibiting its use 
in on-site monitoring. Hence, biosensors that can sensitively, 
accurately, and rapidly detect proinflammatory biomarkers on 
site are of great interest.[129,188]

Though designing and prototyping biosensors for detecting 
pro-inflammatory biomarkers are challenging due to the fol-
lowing factors: i) cytokines are found at pg mL−1 levels in a 
blood-based specimen, ii) to obtain bedside information, the 
tests should be realized by directly utilizing untreated samples 
(like urine, whole blood, saliva, sweat), iii) as the oversaturation 
of hospitals in pandemic situations does not allow for long-
term (and preferably continuous) screening of all severely ill 
patients, decentralized care should be assimilated by designing 
portable biosensing devices for at-home or wearable testing.

For instance, LFIA tests combined with surface enhanced 
Raman spectroscopy (SERS) were developed for IL-6 detection 
in untreated whole blood samples.[189] The nitrocellulose mem-
brane was functionalized with SERS tags (Raman signaling 
molecule-modified silica oxide–gold core–shell NPs) and anti-
IL-6 antibodies. Raman intensities changed with the detected 
IL-6 concentrations could be qualitatively seen by the naked eye 
using the test strips. On the other hand, a Raman spectrom-
eter should be employed to obtain quantitative information. 
Compared to the conventional LFAs, the SERS-based LFIA 
proved better sensitivity, shorter turnaround times, and neg-
ligible interferences whether tested in serum or whole blood. 
However, this platform needs to be miniaturized to increase its 
accessibility and applicability for POC detection.

A multiarray detection platform named a pencil-like immu-
nosensor was established for the on-site detection of 3 inflam-
matory biomarkers: IL-6, procalcitonin (PCT), and CRP.[190] 
The suit-case-like portable immunosensor device contains an 
optical-fiber-based biosensor, a pencil cap-like multiple reagent 
wells, a photon-counting head powered by a battery that directly 
converts immune recognition into a luminescent signal, and a 
touch-screen laptop for data acquisition, analysis, and reporting. 
Each optical fiber was immobilized with antibodies to form a 
biorecognition layer and simultaneously used as a signal trans-
ducer. While detection, the pencil-like probe was introduced 
into different wells (with the pre-prepared reagent and sample 
solutions, detection antibody, signaling complex, chemilumi-
nescence substrate, and washing buffer) on the reagent strip 
separately in “plug-into/out” format to proceed with multiple 
detection steps (including sandwich immunoreaction, signal 
amplification, and chemiluminescence reaction) (Figure  10). 
Although this device is portable, user-friendly, and enables mul-
tiplexed detection of biomarkers consecutively, it needs further 
evaluation to achieve higher sensitivity and simultaneous detec-
tion of various analytes.

Enabling fast, real-time and label-free detection of bio-
markers, localized surface plasmon resonance (LSPR) sys-
tems have drawn much attention and can replace existing 
fluorescence-based methods.[191] In addition, several features, 
including their rapid sensor response, inhibited reaction to 
external interferences, high stability in complex matrices, and 
non-invasiveness while sample detection make them favorable 
for real-time testing. Following that, a massively parallelized 
multiarrayed LSPR chip was developed using microfluidics 
for the high-throughput detection of multiple cytokine bio-
markers in serum.[192] The microarrays were modified by gold 
nanorods conjugated with antibodies unique for each cytokine 
protein (IL-2, IL-4, IL-6, IL-10, TNF-R, and IFN-γ). Following the 
sample introduction, the scattered light intensity was measured 
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using simultaneous replicated measurements, and quantitative 
information regarding target analytes was collected. The most 
striking feature of this particular device is its multiplexed and 
massively parallelized format and low (1  µL) sample require-
ment needed for detection, which make it highly capable of 
commercialization for the parallelized detection of various 
inflammatory serum biomarkers. However, the manual sample 
preparation setup and bulky optical detection apparatus should 
be improved and miniaturized to achieve such detection on site.

Besides optical detection methods, electrochemical detec-
tion of inflammatory biomarkers is also extensively studied 

for cytokine detection. For example, graphene oxide (GO)-
modified sandwich immunoassay was developed for simulta-
neous detection of cytokines, IL-6, IL-1β, and TNF-α in whole 
mouse serum.[193] Each detection antibody was covalently 
bound to GO-based redox probes to produce signal reporters. 
On the other hand, the capturing antibodies were covalently 
attached to the glassy carbon electrode to realize an electro-
chemical sandwich immunoassay. The signals (obtained by 
amperometry and square wave voltammetry), exerted by signal 
reporters and altering when a specific biorecognition reaction 
occurred between mouse serum spiked multiple cytokines and 
detection antibodies, were recorded. Although satisfying sensi-
tivity, selectivity, and long-term stability of the functionalized 
immunosensor were obtained to measure multiple cytokines 
in spiked serum samples simultaneously, patient sample 
testing should be carried out to demonstrate its POC testing 
capability.

Identifying and long-term monitoring the virus-specific 
inflammatory markers lead to a better understanding of dis-
ease-related features than solely detecting a viral pathogen; 
hence, the existence of inflammatory biomarkers should be 
carefully identified.[194] Unfortunately, only a few biosensing 
devices were established to understand the aftermath of the 
infection by assessing the relationship between the host and 
particular viral infection-related (pro)inflammatory biomarkers. 
However, these sensors are neither in clinical settings nor 
informative enough. Therefore, a similar effort in developing 
diagnostic tools should be inserted to evolve more informa-
tive combinatory devices that allow diagnosis and immune 
response (Table 3).

Adv. Mater. 2022, 2201085

Table 3.  Biosensors for the detection of immune response-related biomarkers upon viral infection (Au: gold, ZIKV: Zika virus, DENV: flavivirus 
dengue, NC: nitrocellulose, SPCEs: screen-printed carbon electrodes, LNPs: lanthanide-doped polystyrene nanoparticles, mIU: milli-international 
unit, PBA: 1-Pyrenebutyric acid, IL-6: interleukin-6, PCT: procalcitonin, CRP: C-reactive protein, NRs: nanorods, GO: graphene oxide, Abs: antibodies, 
M-HIgG: mouse anti-human IgG antibody, RIgG: rabbit IgG, 3-ADMS: 3-aminopropyl diethoxymethylsilane, EDC:1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride, NHS: N-hydroxy-succinimide).

Disease Sample type Transducer Sensor/elec-
trode material

Surface 
modification

Receptor Target Sensitivity Turnaround  
time

Refs.

SARS-CoV-2 Fingerstick 
blood

Serum of venous 
blood

Plasma of 
venous blood

Optical NC membrane AuNP  
conjugates

SARS-CoV-2  
spike protein

Anti-SARS-CoV-2 
IgG/IgM

88.66% along  
with a specificity  

of 90.63%

15 min [25]

ZIKV Serum
Saliva

Electrochemical SPCEs Carbon support 
material

ΔNS1 Protein
EDIII Protein

Anti- ZIKV
IgG/IgM

17 fg mL−1

53 fg mL−1

1.5 h [174]

SARS-CoV-2 Serum Optical NC membrane LNPs M-HIgG (RIgG) Anti-SARS-CoV-2 
IgG

N/A 10 min [175]

Hepatitis-B Serum Electrochemical SPCEs AuNPs HBsAg captured 
on the surface of 
magnetic beads

Anti-Hepatitis 
B IgG

3 mIU mL−1 6 min [177]

Inflammation Serum Optical Si Oxidized 
glutathione

3-ADMS
EDC/NHS

Antibodies IL-6
PCT
CRP

1.05 pg mL−1

10.64 pg mL−1

29.4 pg mL−1

<1.5 h [190]

Inflammation Serum Optical Glass/PDMS AuNPs Antibodies Cytokines 5–20 pg mL−1 40 min [192]

Inflammation Spiked cytokines 
in mouse serum

Electrochemical GO Oxidation Antibodies Cytokines 5 pg mL−1 40 min [193]

Figure 10.  Pencil-like immunosensor. It utilizes an antibody-coated probe 
to subsequently detect multiple inflammatory biomarkers using a sand-
wich assay. All images within this figure are adapted with permission from 
Biorender.com with a paid academic subscription.
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3.4. Multiplexed Biosensors for the Detection of Various  
Biomolecule Classes

Most of the biosensing platforms discussed so far have included 
single-analyte biosensors for the diagnosis of viral infections. 
Even the featured multianalyte biosensors are only capable of 
measuring different analytes of a single biomolecule class, but 
what is scarcely observed are multiplexed biosensors that can 
gauge different biomolecule classes simultaneously (such as 
surface proteins of pathogens, viral nucleic acids, inflammatory 
biomarkers, and/or IgG/IgM antibodies). Although more infre-
quent, there are some emerging efforts to remedy this (Table 4).

As previously mentioned, recently, a graphene electrode-
based portable RapidPlex biosensor enabled the detection of 
multiple COVID-19 biomarkers (N protein for diagnosis, SARS-
CoV-2-specific IgG and IgM antibody isotypes for screening the 
immune response, and inflammatory biomarker C-reactive pro-
tein for disease severity) in saliva and blood samples by parallel 
measurements along with superior sensitivity and selectivity.[107]

Similarly, in an exciting application of the current optofluidic 
systems discussed thus far, liquid-core and solid-core ARROWs 
were intersected for planar fluorescence excitation and detec-
tion of Zika virus NS1 protein or a specific section of the Zika 
genome.[195] This study first introduced optofluidic wavelength 
division multiplexing using MMI photonic platform. Along 
the waveguide, there is constructive interference that occurs at 
well-defined lengths, which create different images of fluores-
cently captured Zika virus molecules. Under pressure-driven 
flow, the targets are excited and detected with orthogonally 
aligned liquid-core ARROW and MMI coupled to a collection 
solid-core waveguide. Fluorescent signals from either nucleic 
acid or NS1 protein isolation and detection were quantified with 
distinct peak profiles. Although these studies were performed 
with the commercially available target nucleic acid and target 
recombinant NS1 protein, this technique yields excellent inno-
vation and promise for dual detection of viral nucleic acids and 
direct detection of viral antigens from a single sample. Given 
that this technology utilized standard streptavidin-coated micro-

spheres for target nucleic acid and protein capture, further 
studies should be executed to assess the platform’s sensitivity 
in the presence of clinical samples where there is a more tre-
mendous potential for cross-reactivity or nonspecific binding.

For furthering the simultaneous aspiration detection of 
nucleic acids and antigen proteins, studies include techniques 
such as ARROW, MMI, and fluorescent probe detection of viral 
nucleic acid and antigens unified with different forms of liquid-
core, collection, solid-core waveguides for simultaneous multi-
plexed detection of SARS-CoV-2 RNA and N protein from the 
same spiked nasopharyngeal swab sample.[196] Building upon 
the previous technology,[94,150,195] nucleic acid capture probes 
were utilized for SARS-CoV-2 RNA trapping, and detection 
with a nucleic acid staining dye SARS-CoV-2 N protein was 
detected at a single molecule level employing a reporter-based 
Cy-5 DNA probe. Quantification of RNA or single protein was 
evaluated with continuous-wavelength-transform analysis, 
which considers fluorescent trace events as peaks or counts 
over time. Although these experiments express a LOD within 
the attomolar range for nucleic acids and a LOD of 0.7 ng mL−1 
for antigens, these experiments were carried out only with 
clinically relevant concentrations of RNA and N protein spiked 
nasopharyngeal samples. It would be interesting to observe the 
sensitivity of the multiplexed, simultaneous detection of RNA 
and antigen with clinical samples (Figure 11). Therefore, more 
platforms that allow combinatorial detection of target ana-
lytes should be developed to evaluate a particular disease from 
diverse perspectives.

4. Conclusion and Future Perspectives

Indirect virus detection, for example using commercial PCR-
based devices, is still the current gold standard in clinical settings  
since it provides a very high sensitivity and selectivity. How-
ever, this approach requires an extensive sample preparation, 
including lysis, purification, and reverse transcription, in order 
to obtain the genetic material to be analyzed, and bulky and 
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Table 4.  Multiplexed biosensors for the detection of various biomolecule classes upon viral infection (SARS-CoV-2: severe acute respiratory syndrome 
coronavirus 2, PBA: 1-pyrenebutyric acid, NP: nucleocapsid protein, CRP: C-reactive protein, IgG: immunoglobulin G antibody, IgM: immunoglobulin 
M antibody, S1: spike protein; ZIKV: Zika virus, PBS: phosphate buffered saline, MMI: multimode interference, ARROW: assay antiresonant reflecting 
optical waveguides, NS1: nucleocapsid protein, N: nucleocapsid).

Disease Sample Type Transducer Sensor/elec-
trode material

Surface  
modification

Receptor Target Sensitivity Turnaround  
time

Refs.

SARS-CoV-2 Fingerstick 
blood
Saliva

Electrochemical Graphene PBA linker Anti-SARS-CoV-2 Ab
Anti-CRP Ab

SARS-CoV-2 S1 
protein

SARS-CoV-2 NP
CRP

IgG and IgM

N/A 1–10 min [107]

Zika virus PBS Optical MMI ARROW 
chip

Streptavidin-coated 
microspheres

Complementary ZIKV 
target nucleic acid

Anti-ZIKV-NS1 
antibody

ZIKV target  
nucleic acid

ZIKV-NS1 protein

N/A 2–3 h [195]

SARS-CoV-2 Nasopharyngeal 
swabs

Optical ARROW chip Streptavidin-coated 
magnetic beads

Complementary 
SARS-CoV-2 N gene 

sequence
Anti-SARS-CoV-2 N 

antigen

N gene
SARS-CoV-2 N 

antigen

2.1 × 10−3 PFU mL−1

0.7 ng mL−1

2 h [196]
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expensive instruments as well as skilled personnel. Due to the  
multiple thermocycling steps needed, it is highly challenging 
to adapt PCR-based methods into biosensing technologies. 
Only a few promising examples currently exist.[126] In order to 
overcome these issues, several isothermal amplification strate-
gies such as RPA or LAMP were combined with biosensors, 
where we saw during this pandemic for first time their suc-
cessful implementation as commercially available products, 
even for at-home use: Lucira COVID-19 All-In-One Test Kit[197] 
and Cue COVID-19.[198] A very promising approach for indi-
rect virus detection is provided by the CRISPR/Cas technology, 

enabling a single-step and target amplification-free detection. 
However, these approaches are not matured yet for a commer-
cialized use.

On the other hand, biosensing approaches (such as LFAs, 
other optical and electrochemical biosensors) for the direct 
virus detection offer fast sample-to-result time (generally within 
15 min), but have low sensitivity and reliability, especially at 
early disease stages when the viral load is low. Therefore, there 
is still a great and urgent demand for investigating on different 
research areas highly sensitive but also easy-to-use and low-cost 
approaches. Besides, the specificity of these type of biosensors is 
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Figure 11.  Dual-target analysis of SARS-CoV-2 RNA (N gene) and N protein antigen. A) Cartoon layout of the single-molecule optofluidic chip design 
which features the ARROW biosensor chip and direction of flow of fluids and light (dashed lines). The inset describes a top-down optical image of 
the ARROW biosensor (scale: 200 µm) B) Assay steps for dual-target analysis. Top: i) SARS-CoV-2 RNA targets spiked in nasopharyngeal swabs bind 
complementary to the nucleic acid probe functionalized magnetic bead. ii) Washing of excess magnetic beads and unbound non-specific molecules 
with thermal release of captured RNAs. iii) Captured target RNAs are detected when tagged with fluorescent nucleic acid staining dye. Bottom:  
i) SARS-CoV-2 antigens are spiked into nasopharyngeal swabs and tagged with a diarylcyclooctyne moiety (DBCO) by click chemistry to form a  
DBCO–antibody–antigen complex. ii) Target antigens are then tagged with fluorescently labeled template DNA reporter probes and washing of excess 
magnetic beads and unbound non-specific molecules are washed off. iii) DNA reported probes have photocleavable azide and captured probes are 
cleaved off the beads with UV exposure and eluted for detection. A,B) Reproduced with permsission.[196] Copyright 2021, AIP Publishing. This article is 
distributed under a Creative Commons Attribution (CC BY) license.
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limited compared to indirect approach since the biorecognition  
elements used (i.e., antibodies) are specific to the surface pro-
teins. Therefore, their use for detecting virus mutations could 
be highly problematic (depending on where the mutation 
occurs) and should be continuously evaluated. To address this 
issue, artificial bioreceptors like aptamers or MIPs could be 
employed either to target the whole virus structure or could  
be easily and rapidly adapted to the new variants.

The third class of biosensors deals with the body’s immune 
response upon a viral infection (for example, targeting serolog-
ical or inflammation biomarkers) and thus, are mainly used as 
complementary diagnostic tools along with to the first two bio-
sensor classes.[199] While the detection of antibodies indicates 
a response to viral infections (IgM) or the immunity against 
a virus (IgG), the quantification of proinflammatory cytokines 
and chemokines can be used to monitor the immune response 
and predict the disease pattern.

Considering the factors that inhibited the efficient manage-
ment of the current COVID-19 pandemic, we have thoroughly 
evaluated the paucity of the clinical diagnostic methods applied 
to detect viral infections. To overcome this deficit in the clinical 
settings and beyond while providing better disease manage-
ment for such pandemic situations, biosensors own superior 
features over traditional assays or methods: i) low costs, ii) short 
turnaround times, iii) high analytical performance (i.e., sensi-
tivity and selectivity), iv) adaptability for multiplexing, paralleli-
zation, and v) POC testing. Thus, biosensing technologies are 
emerging as a feasible alternative for detecting viral infections.

However, while biosensors successfully address some of the 
significant bottlenecks of conventional assay systems, many are 
not reached the technology readiness level required for possible 
commercialization. Especially in terms of their scalability via 
mass production to provide the considerable number of tests 
needed in a pandemic, it is still one of the major issues. Other 
problems restricting the speed up the implementation and 
commercialization of biosensors for viral infectious disease 
management can be summarized as follows: i) resource-inten-
sive and expensive development and production of biorecogni-
tion elements used to construct biosensors that can be replaced 
by synthetic biology made receptors, ii) the requirement of mul-
tiple sample collection, pre-treatment and (target and/or signal) 
amplification procedures performed using distinct devices or by 
manual handling instead of an fully integrated and automated 
all-in-one systems, iii) the need for laborious instrumentation 
or portable but costly equipment only enabling (semi)profes-
sional usage, iv) critical biosafety issues arising from active 
viral compound detection, v) sufficient data interpretation and 
readability that can be solved by integration of smart devices 
(such as tablets, smartphones) that would simplify sophisti-
cated soft- and hardware for signal readout and analysis as well 
as enable data transmission[13,67,68] via Internet-of-Things (IoT) 
integration.[69,71] Further advancements could be achieved with 
decentralization, enhancing data security by eliminating third 
parties (i.e., centralized laboratories and institutions). Many 
biosensing platforms developed are still allowing single ana-
lyte detection but are not eligible for multiplexing. However, 
for proper disease management, it is crucial to measure the 
presence of a viral pathogen and (semi)continuously monitor 
the immune response-related biomarkers. Only with such an 
approach would it be possible to get the whole picture.

Another important issue is the monitoring of the viral load 
in order to understand how the infection of a patient is pro-
gressing. Herein, optofluidic biosensors are highly promising 
examples for clinical and POC diagnostics. They allow for 
testing low-level viral loads (aM–fM levels) in less than an hour 
and are capable of miniaturization and multiplexing. Thus, in 
future, optofluidic biosensors could be used for effective diag-
nostics of viral infectious diseases even at the pre-symptomatic 
stage.[94,151,199]

The emerging wearable (bio)sensors, in addition to their 
POC counterparts, will also play an essential role shortly.[200] 
During the current pandemic, we have already experienced the 
early applications of wearable devices like smartwatches and 
facemasks to detect asymptomatic and presymptomatic cases 
of COVID-19. Significantly, the great potential and feasibility of 
facemasks integrated with biosensors have been recently intro-
duced for wearable COVID-19 detection when combined with 
synthetic biology. Using an origami-based sample collection 
and preparation unit, including an isothermal target and subse-
quent CRISPR-powered signal amplification, it was possible to 
detect SARS-CoV-2 viral RNA fragments on a conventional LFA 
within 90 minutes.[201] Hence, the extension of such unique 
wearable platforms, including the electrochemical ones,[202] 
for the noninvasive (and preferably multiplexed) detection 
and monitoring of other infectious diseases and/or immune 
response-related biomarkers (such as inflammation markers) 
would be a viable option for the management of such pandemic 
situations and hold the future of biosensing research.

The quantification and screening of whole viruses, virus-
specific or host immune response biomarkers enable differen-
tiative diagnosis, immune surveillance, allowing better disease 
management. Moreover, with the help of synthetic biology-
powered biorecognition and signal enhancement, advanced 
materials and sensing approaches, the biosensing technology 
holds the promise of becoming a powerful tool for decentral-
ized and democratized POC testing of pathogens with high 
analytical performance, especially supporting the diagnosis of 
viral infections when in low-resource settings.
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