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The SARS-CoV-2 pandemic has brought significant light to the urgent need for rapid, precise, and low-
cost diagnosis tools. The scientific community has responded as quickly, overflowing the literature with
papers describing interesting biosensors for aiding in the diagnosis of COVID-19."2 However, almost none
of them, mainly the electrochemical ones have reached the market or never will, with only a few traditional
formats used in the daily combat of the virus, including ELISA (enzyme-linked immunosorbent assay),
lateral flow assays, and, mainly, PCR (polymerase chain reaction).

The drawbacks of PCR and the need for improved analytical tools

Although PCR-based methods are currently the gold standard for detecting viruses worldwide, these
still present various drawbacks. Usually, the commercial detection of viruses (such as SARS-CoV-2) uses
the combination of standard PCR (or RT-PCR) and gel electrophoresis due to its sensitivity, reliability,
and low price (if compared to other PCR-based methods such as real-time PCR). This approach relies,
mainly, on the use of a standard thermal cycler and an electrophoresis tank by a specialized worker.
While electrophoresis tanks can be quite affordable, with some of them costing a few hundred dollars,?
even simple thermal cyclers cost around 5,000 USD* — significantly enhancing the investment required for
testing. Furthermore, the complete analysis of a sample is slow and can take up to six hours to complete,
which prevents an effective sanitary barrier at borders and crowded events, for example. The samples
need to be transported to the lab, as no reliable portable PCR and gel electrophoresis equipment are
available. The results commonly take from two to five days to be generated — an extremely long delay
when considering that these can seriously influence the health of a patient and the spread of the virus.
Last, standard PCR does not provide quantitative information — which is vital in some cases to aid in
diagnosing the severity of an infection.
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Techniques derived from PCR (such as gPCR, for example), on the other hand, can provide quantitative
and more rapid results, but are also more expensive and still require sample transportation. Equipment for
performing gPCR ranges from 15,000 USD to 90,000 USD* and the use of specific reaction kits containing
fluorescent markers also corresponds to a significant increase in analysis costs.

Other commercially available methods for the detection of viruses, ELISA and lateral flow assays, also
present significant drawbacks. While ELISAis time demanding (6 h) and requires specialized professionals
and equipment to be adequately performed, some lateral flow assays present results with low precision,®®
being useful for massive triages in the case of COVID-19, for example.

Although presenting such limitations, PCR-based techniques are still the gold standard for the detection
of viruses. This is probably due to its sensitive and well-established features, being widespread along
with many medical and research centers around the globe. Furthermore, the development of PCR-based
diagnosis kits in urgent scenarios, such as the one imposed by SARS-CoV-2, is straightforward and allows
rapid responses from health organizations and governments. The technique can also provide low limits
of detection (LOD), with a gold standard RT-PCR assay for COVID-19 presenting a LOD of ~100 copies
of viral RNA per mL of transport media, for example. It is important to mention, however, that the LOD
of currently approved assays for COVID-19 varies over 10,000-fold, which will generate immense false-
negative rates.’

How can biosensors improve the diagnosis of viral diseases?

Biosensors present interesting properties to overcome some of the drawbacks presented by PCR.
Although thousands of papers have been published in the last years based on the detection of several
diseases, almost all the material published has focused on the formation of human resources and not
on the market (Table |). There are few discussions in the electrochemical meetings and a tremendous
demand to produce new selling and profitable devices for the environment, food, medical, and forensic
analyses. In this context, portable potentiostats are commonly available on the market at prices that range
from a few thousand dollars (2,000 — 3,000 USD) for full desktop equipment® to a few hundred dollars
for equipment devoted to a single analysis. There is also significant research interest in the development
of portable, miniaturized, and low-cost potentiostat, as highlighted by some articles published in recent
years.*"" Colorimetric biosensors, in turn, can rely on responses readable with the naked eye or using
widespread smartphones. The use of smartphones can also contribute to compiling results and acquiring
additional information such as patient location and data. Therefore, if compared to PCR-based techniques,
instrumentation costs are decreased while its portability allows point-of-care analysis, significantly
increasing the accessibility to tests in remote areas. Analysis time is also greatly diminished as results can
be obtained in only a few minutes. Both of these features are of extreme importance when considering
healthcare applications that commonly require quick or real-time responses. Furthermore, immunosensors
do not require previous sample preparation even when using complex biological fluids, decreasing analysis
costs and making it even more rapid. Last, biosensors can be easy to use, usually requiring lower previous
preparation from the operator if compared to traditional techniques (Figure 1).

Table I. Examples of recent (2021-2024) publications of electrochemical biosensors for the detection of viruses and
their characteristics

Virus Description Detection Validation Reference
range

Herpes simplex Electrodes were modified with 1 to 10° HSV-2 Tested in 14

virus type 2 human cellular receptor nectin-1 and (PFU/mL) biological

(HSV-2) electrochemical impedance spectroscopy matrix

(EIS) was applied for the determinations

(continues on the next page)
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Table I. Examples of recent (2021-2024) publications of electrochemical biosensors for the detection of viruses and
their characteristics (continuation)

Virus Description Detection Validation Reference
range
SARS-CoV-2 Gold electrodes were modified with 1to 108 Tested in 15
nanochannels based on polystyrene (PS) particles/mL biological
containing bioreceptors. The blockage of matrix

the nanochannels with viruses hampers the
diffusion of a redox probe.

Hepatitis C virus Electrodes were modified with fragments of 0.1 to 5 yg/mL Tested in 16
(HCV) the cell receptor CD81 to determine HCV of hepatitis C synthetic
E2 envelope protein virus-mimetic plasma
particles
Enterovirus 71 Determination based on the aggregation 10“ to 10 EV71 Tested in 17
(EVT1) of AgNPs promoted by the incorporation of (PFU/mL) biological
EV71 matrix
SARS-CoV-2 Inkjet-printed nanostructured gold 10" to0 10° Tested in 18
electrodes promote the multiplexed mol/L of buffer
detection of SARS-CoV-2 ORF1ab and N ORF1ab and
genes with the use of an also inkjet-printed N genes
battery-free near-field communication (NFC)
potentiostat
Sample \
collection \
Sample -
a sample collection
,-\0 - '0,«» transpor?ation

DNA/RNA
Extraction |

| PCR

Electrophoresis

{‘“’ In situ analysis

Results
interpretation

Results
interpretation

Results
dispatched to
patient

Results
dispatched
to patient

Figure 1. Steps typically involved in a molecular method (e.g., PCR) (left) and the simplicity
of a biosensor (right) analysis of biological samples. Created with BioRender.com.

Biosensors can also be readily developed in urgent scenarios, as proven with COVID-19. Numerous
examples of electrochemical, colorimetric, and mass-sensitive devices for aiding in the diagnosis of the
disease were described in the literature only a few months after the start of the pandemic event."'213
Devices are commonly validated in biological samples, providing precise results in a rapid, cheap, and
simple manner. So, a relevant question is, why are most of these devices still out of the consumers’ reach?
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Why are biosensors still out of the market?

Despite their advantages, electrochemical biosensors are rarely seen in the market except for particular
examples such as the glucometer and a few lateral flow assays. In our opinion, diverse aspects contribute
to the existing barrier between publication and commercialization.

1) The biorecognition layer, commonly composed of biomolecules such as antibodies, genetic material,
and enzymes, may present stability issues regarding storage, temperature, and chemical conditions.
The organization and structural integrity of such elements are essential for the adequate functioning
of the devices, which is still a challenge to the field. This aspect mainly influences the shelflife of
biosensors, hampering its commerciality.

2) To improve the analytical performance of devices, many of them use complex constructs or high-cost
materials, such as nanoparticles, rare elements, or liquid crystals. While the complex constructs might
bring a significant challenge for batch manufacturing, increased prices might favor the use of traditional
techniques such as immunoassays.

3) Forindustries to be interested in the fabrication of biosensors, different barriers to market entrance must
be transcended and the final product must be profitable. For example, a clear market demand must
exist and regulatory agencies must approve the use of the device. Furthermore, the manufacturing
must be adequate for low-cost batch production and the adaptation of the machinery or new processes
should present cost-efficacy and availability.

4) The validation studies and the development of prototypes should be more discussed for the scientific
community and should be a link between the industries and the academy around the world. Among
other parameters, the accuracy of the developed tests, for example, needs to be carefully assessed in
different scenarios, being compared to well-established, validated techniques to ensure that customers
will get precise results.

5) Last, although biosensors present an adequate performance under controlled environments, they
commonly present limitations when applied to raw biological samples. The reasons for that are diverse,
including the presence of interfering species, biofouling, the formation of complexes, or the nature of
the analyte itself. Therefore, the direct application of samples is still a problem.?

Recent advancements, however, present great potential to address these challenges. The use of 3-D
printed electrodes, for example, might decrease the cost of electrode production while increasing the
accessibility of devices, especially in low-resource settings.” Using new assembles and labels, in turn,
presents the potential to increase the stability, sensitivity, and reliability of biosensors. To improve the
biorecognition layer stability, the use of innovative receptors such as biomimetic enzymes, molecularly
imprinted membranes, and DNA origami can be of great value,?*-?2 while the development of flexible devices
can improve the range of their application — including wearables, for example.?® Last, the combination
of artificial intelligence for data analysis and the Internet of Things is crucial for the automation of the
procedure and can improve the analytical techniques beyond human potential.?+2°

It must be clear for analytical chemists that, for achieving these new grounds, innovation and
entrepreneurship are essential, stimulating the creation of startups, spin-offs and collaborations with
existing companies.?® Therefore, biosensors are beyond the publication hype and are an inspiration for
the future, moving constantly closer to being accessible to the population, being, undoubtedly, not meant
to be limited to journal pages.?
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