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Abstract

:

A fast and highly specific detection of COVID-19 infections is essential in managing the virus dissemination networks. The most relevant technologies developed for SARS-CoV-2 detection, along with their advantages and limitations, will be presented and fully explored. Additionally, some of the newest and emerging COVID-19 diagnosis tools, such as biosensing platforms, will also be introduced. Considering the extreme relevance that all these technologies assume in pandemic control, it is of the utmost relevance to have an intrinsic knowledge of the parameters that need to be taken into consideration before choosing the most adequate test for a particular situation. Moreover, the new variants of the virus and their potential impact on the detection method’s effectiveness will be discussed. In order to better manage the pandemic, it is essential to maintain continuous research into the SARS-CoV-2 genome and updated genomic surveillance at the global level. This will allow for timely detection of new mutations and viral variants, which may affect the performance of COVID-19 detection tests.
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1. Introduction


The SARS-CoV-2 virus is responsible for the pulmonary disease COVID-19. It was first reported in December 2019, in Wuhan, China, but quickly spread around the world, being classified as a pandemic in March 2020. The management of this pandemic relies mostly on vaccination and preventive measures such as social distancing and the use of masks. Even though the number of new infections varies periodically, and we have seen the existence of several “waves” with an average separation of 4 months, it is still of extreme importance to maintain high levels of testing at all times. Due to the fact that COVID-19 is highly contagious and presents non-specific symptomatology, easily mistaken for the common flu, it is important to have readily available specific diagnostic tools. Currently, there are several detection methods available, but due to the worldwide need their availability was limited, especially in the first year of the pandemic. Most of these constraints were linked to the lack of equipment and reagents, defective test kits, and excessive waiting time before results, hence the emergency in developing fast, sensitive, and cost-effective tools [1]. Since it has been proven that early detection has a great impact in decreasing the number of cases, it is imperative to enhance the availability and specificity of tests, as well as diminish the time from sample collection to test result [2]. Most tests are usually performed in individuals who had close contact with positive cases and in individuals who present symptoms such as fever, fatigue, dry cough, and myalgia which is common in COVID-19 patients. However, with the ever-growing number of vaccinated people, the guidelines regarding diagnosis tests are expected to change. The last challenge regarding this pandemic is the rise of new viral variants. As is normal in RNA viruses, SARS-CoV-2 is associated with a relatively high mutational rate, which leads to the occurrence of mutations and recombination events that can lead to the emergence of viral variants associated with negative impacts, either in disease presentation, transmissibility, therapeutics, vaccination effectiveness or diagnostic test performance [3]. These variants usually have high prevalence due to their characteristics and are classified by the World Health Organization (WHO) as variants of concern (VOC) [4,5]. Until now, there have been five different VOCs: Alpha, Beta, Gamma, Delta, and Omicron [6].



Due to the great number of emerging techniques for SARS-CoV-2 detection, it is not feasible to present all the different methodologies described so far. Following, a review of some of the current employed and emerging detection techniques, and their advantages and disadvantages, will be presented. The impact of new variants in the currently available diagnostic tests will also be explored.




2. SARS-CoV-2 Detection Techniques


2.1. Clinically Useful Methods


2.1.1. Antibody Tests


These are serological tests that analyze blood or serum samples to detect specific SARS-CoV-2 antibodies. These tests will inform if one person has been infected with COVID-19 by detecting the presence of either immunoglobulin G (IgG) or immunoglobulin M (IgM) [7]. These antibodies are directed against the Spike (S) and Nucleocapside (N) proteins and have their highest levels 2 weeks after symptoms onset in the case of IgM and 3 weeks after symptom onset for IgG, the latter also providing long-term immunity. The most used techniques to detect SARS-CoV-2 antibodies are the Enzyme-linked Immunosorbent Assays (ELISA) and Lateral Flow Immunoassays (LFIA).



ELISA is an immunological laboratory-based procedure which uses plates coated with viral proteins, usually the N or S protein to detect specific antibodies (Figure 1B). After adding the biological sample, the binding of any antibodies to the viral proteins occurs. In the case of a positive sample, the presence of the antibody–protein complex will be detected by color change or fluorescence after the addition of a marked antibody. In order to obtain a more accurate result, the detection of both IgM and IgG is recommended, as well as a waiting time of at least 14 days after symptom onset [8]. This test is faster than RT-qPCR and requires minimal equipment; however, there is the risk of cross-reactivity to antibodies from other coronaviruses [9]. It also does not allow for early detection since it takes several days for the human immune system to make a detectable antibody response, hence the inconsistency of these tests in the first 15 days after infection [10]. Moreover, this diagnostic is usually based on the detection of only one protein. These limitations make these tests more prone to inaccurate results when considering the high mutation rate of the virus. Although they are indeed limited for diagnosis, these tests are useful for estimating the number of individuals who had been in contact with SARS-CoV-2, regardless of having exhibited symptoms or not [11]. Another type of immunoassay available for the detection of IgG and IgM is the Chemiluminescence Immunoassay (CLIA), which is similar to ELISA as it uses chemiluminescent labels for antibody detection [12].



LFIA also uses N and S proteins to detect a SARS-CoV-2 immune response. After being loaded into the cassette, the sample will flow through the conjugation pad by a capillary effect. In the conjugation pad there are viral antigens and control antibodies, both marked with a reporter molecule which is usually gold nanoparticles. In the case of a positive sample, the antibodies present (IgG or IgM) will bind to the marked antigens. All of the constituents will continue to flow until they reach the test zone, where immobilized anti-human IgG or IgM are placed. When present, the marked antigen–antibody (IgG/IgM) complex will bind and give rise to a colorimetric reaction. The rest of the sample, which includes the control marked antibodies, will continue to flow until the control zone and bind to the anti-control antibodies that are immobilized in that zone, also causing a colorimetric reaction. The biological samples are usually whole blood, serum, or plasma. For more accuracy, both IgG and IgM are recommended to be detected in the same LFIA test. Therefore, these kits will present a three-lined positive result: one for the control, one for IgG and another for IgM [13]. Additionally, when there is only one line in the zone test, an inference can be made in relation to the individual’s infection time. That is, assuming that the control line is positive, the appearance of only the IgM line will indicate a shorter time of infection, while only IgG will mean that the exposure to SARS-CoV-2 was long ago, since the IgM antibodies are no longer present in the bloodstream [14]. Antibody LFIAs are faster, cheaper, portable, and more user-friendly when compared to ELISA; however, the specificity and sensitivity is lower. Nevertheless, the accuracy of antibody LFIA is correlated to time of infection, so its use can be optimized according to the suspected time of infection. In the fourth week after infection, the accuracy of the test is expected to be very high, as the levels of antibodies present in the bloodstream are at their peak. Therefore, these tests are not adequate for control of the population in early stages of infection. Moreover, as with ELISA assays, it usually only tests one SARS-CoV-2 related protein per test, which is highly limiting. The ideal scenario for this type of test is, for example, large epidemiological population studies where the main objective is not to diagnose but to investigate antibody prevalence [15]. However, with the current high levels of vaccinated individuals, the use of these antibody tests is more recommended as a tool to assess immune response to vaccination since it would be difficult to differentiate a positive test due to previous COVID-19 infection from a positive result due to vaccination [16].




2.1.2. Antigen Tests


As in antibody detection, the most used techniques for antigen detection are ELISA and LFIA. When applied for antigen detection, the ELISA test will use SARS-CoV-2 specific antibodies or other affinity ligands, such as aptamers or synthetic peptides. These will recognize and bind to the viral proteins, usually S or N, if present in the sample. The use of the N protein as a target is recommended since it is highly abundant during viral replication and has low cross-reactivity with other coronaviruses (CoVs) [17]. However, these types of tests are limited by the availability of antibodies and epitope preservation [18].



Regarding LFIA, they usually detect viral antigens in a paper-like membrane with immobilized antibodies at two different sites, leading to the appearance of color zones after interaction with the virus [11]. As with the antibody LFIA, these tests have a conjugation pad, but this time it is loaded only with marked SARS-CoV-2 specific antibodies. There is also a test zone with immobilized antibodies, specific to the SARS-CoV-2 antigens that, when present in the sample, will bind after a linkage reaction with marked antibodies in the conjugation pad. A control zone with immobilized secondary antibodies is also present where the excess marked antibodies present in the conjugation pad will bind. The first line gives the test result, while the second serves as a control. These types of colorimetric bioassays rely on the use of gold nanoparticles conjugated with antibodies [19]. Usually, these tests only require a self-performed nasal swab or saliva sample, which is next mixed with a buffer (available in the kit). The technology used in LFIA allows a better manipulation of fluids, which will be reflected by a smaller sample volume and an efficient mixing of the reagents, giving a faster result read-out. These types of tests are very fast (<20 min) and inexpensive, and therefore suitable in the POC context. However, sensitivity and specificity are relatively low. There are reports of 56.2% sensitivity and 99.5% specificity, with a 27.9% percentage of false negatives [20,21]. Nonetheless, these values can vary depending on the specific LFIA used. Another limitation is the fact that these tests are only qualitative, giving a positive or negative type of diagnosis, which does not allow for quantifying patient viral load. Moreover, as in the previously described antibody tests, it also relies on the detection of only one SARS-CoV-2 protein, which can lead to false negatives.



Comparing the two assays, ELISA has a higher specificity and sensitivity. However, the waiting time is considerably higher (1–5 h), the amount of sample needed is larger, and there are several manual steps that require a laboratory setting and technicians, which limit its use as a POC test. These antigen tests are particularly recommended to confirm suspected cases of infection. In the case of a negative result, the individual is then indicated to perform a more sensitive RT-PCR test to confirm the result, since the result was inconsistent with the clinical context [22]. As these tests are prone to generating false negative results, they can give a false sense of security. This can lead to unexpected outbreaks in a given group.




2.1.3. RT-qPCR


Real-time reverse transcription quantitative polymerase chain reaction (RT-qPCR) is the most used detection method for COVID-19, it is considered the “gold diagnostic technique” due to its reliability. Firstly, a biological sample for viral RNA extraction is collect-ed. By recommendation of the U.S. Centers for Disease Control and Prevention (CDC), the samples can be from both the upper respiratory tract (URT) (nasopharyngeal or oropharyngeal swab) or the lower respiratory tract (LRT) [23]. After RNA isolation, the analysis consists of a two-step process: a reverse transcription, which converts viral RNA into cDNA, followed by the amplification of certain viral regions using specific primers and probes while the levels of amplification are measured by a fluorescence signal (Figure 1C).



Primer and probe design are fundamental due to the high mutation rates of SARS-CoV-2; therefore, a relatively conserved target region must be chosen in order to avoid false negatives. The primers and probes recommended by the WHO include the N, E, S, ORF1ab, and RdRP genes [24]. RT-PCR usually targets multiple regions in order to avoid false results due to the possibility of mutations in one region or other unforeseen errors. This is quite important. The RT-PCR result is considered the most robust, precisely because it relies on two/three targets. It also usually targets human RNase P, as an internal control, to ensure that the RNA extraction has been well performed and there were no malfunctions with the equipment/reagents [25].



The critical step in this procedure is RNA isolation since RNA molecules are very prone to degradation. This step must be handled very carefully with optimized protocols and under strict laboratory conditions in order to avoid any contaminations and minimize RNA degradation, thus avoiding false results [26]. Usually, the entire process, from RNA extraction to results, lasts from 4 to 8 h depending on the protocols used and on the number of samples and labels that the platform (Realtime PCR thermocycler) can comport. The limit of detection of RT-qPCR kits varies from 0.3 copies/μL to 100 copies/μL [27], which is one of its major advantages since it allows detection at an early stage of infection with high specificity [28]. However, there is a possibility of false negatives due to technical errors, sample collection and storage, low viral load, and other laboratory conditions. The occurrence of false positives can also happen since this method requires several steps (e.g., sample collection, transport, DNA extraction, PCR reaction), and it is possible for cross-contamination of samples to occur if all security measures are not followed. Even the smallest contamination from a positive sample can originate a false result in a negative one due to the very high sensitivity of this technique [27]. Additionally, the implementation of this diagnosis methodology requires qualified technicians, specific and expensive equipment, general optimization of the methods, and several preparation steps [29]. Therefore, and even though it is the most robust and reliable technique for SARS-CoV-2 detection, it has time, cost, and need for specialized personnel, laboratory settings, and equipment as major limitations for a wide application, particularly in third world countries. In order to maximize the accuracy of this test, it is best to perform it at least 4 days after exposure, to minimize the risk of false negatives due to low viral loads [30].



It is also relevant to highlight that this detection method also provides a quantitative result, known as cycle threshold (Ct), that allows for the inference of the original viral concentration and consequent approximate patient viral load. The Ct value is inversely proportional to the initial concentration of target DNA; therefore, if the Ct value is 40 or higher, it indicates that there was a low concentration of viral target near the assay’s limit of detection. However, the Ct values can be influenced by several variables, such as quality of the sample, quality of the extraction, and primer choice. Therefore, it cannot be used as a direct way to assume a completely realistic and accurate patient viral load [31].



As a complementary approach, aiming to reduce costs and time, the use of multiplex RT-qPCR targeting different viruses, e.g., SARS-CoV-2 and influenza, is also possible. This allows for a more efficient diagnosis, since both COVID-19 and flu mostly share symptomatology [32]. Other PCR based techniques, such as digital PCR (dPCR) [33], and technologies using microfluidic devices, such as the IFC chip and the “lab-on-a-disc”, are also being developed and offer several advantages, such as faster result turn-out, higher sensibility, and shorter processing time, often not needing to proceed with RNA extraction [34,35].



The techniques described in this section are the most commonly used and have proven clinical usefulness. However, the global impact of COVID-19 led to an exceptional common effort and investment from several organizations in order to develop better alternatives for the diagnosis of this disease in terms of sensitivity, reliability, and delivering quick results. Next, some of the developed technologies will be described, even though the majority of them are not yet fully available for the general public. Nevertheless, they still represent potentially useful diagnostic tools.





2.2. Potentially Useful Methods


2.2.1. RT-LAMP


As in RT-PCR, Reverse Transcription Loop-Mediated Isothermal Amplification (RT-LAMP) relies on the amplification of specific cDNA sequences to detect SARS-CoV-2 (Figure 1D). This technique uses four to six primers, and the reaction happens all at the same temperature; therefore, there is no need for a thermocycler or any expensive and bulky equipment. The results can be obtained through gel electrophoresis, UV-light illumination, or through colorimetric readouts based on reaction by-products [36]. The latter is the most used on-field since it allows a visual result within a few minutes. A usual colorimetric RT-LAMP reaction only requires a stable heat source, reverse-transcriptase, DNA polymerase, and a pH indicator to provide the color change. The time reaction is around 40 min from sample collection to result and has high specificity and sensitivity [37]. The samples are usually nasopharyngeal swabs or saliva samples and may not require previous RNA extraction, depending on the method used. The primers usually target regions in the N, S, E or ORF1ab gene; however, only one target can be used in each assay which limits its accuracy and increases the probability of false negative occurrence [38]. A multiplex RT-LAMP assay has also been developed which allows for more accurate detection since it targets two SARS-CoV-2 regions [39]. There are also tests that employ both CRISPR–Cas and RT-LAMP technology at the same time in order to circumvent some of their individual limitations [40,41].




2.2.2. CRISPR–Cas


Currently, there is great interest in CRISPR–Cas based detection methods which rely on the use of guide RNAs and a ribonuclease to detect specific RNA targets. Two examples are Specific High-sensitivity Enzymatic Reporter unlocking (SHERLOCK) and DNA Endonuclease-Targeted CRISPR Trans Reporter (DETECTR), which use Cas13 and Cas12, respectively [42,43]. Both of these methods rely on the detection of specific SARS-CoV-2 sequences by the guide RNA, which then will trigger the cleavage of the reporter molecules by either Cas12 or Cas13 (Figure 1E). This will provoke a consequent detectable fluorescence signal. This assay takes from 30 to 40 min, plus RNA extraction, and the results can be observed either by fluorescence detection or by using a lateral flow strip which is able to capture labeled molecules.



The advantages of these methods are: its speed, bulky equipment or reverse transcriptase reaction is not needed, low cost and easy result interpretation. However, the target sequence choice requires optimization. It also requires specialized personnel for the RNA extraction step and is not as sensitive as RT-PCR. Moreover, the generated results are only qualitative, and each reaction only reports the result for one SARS-CoV-2 target sequence [43].



Even though some of the newly developed technologies have already been tested in clinical samples and approved for commercialization, their use in the general population is not common. This is probably due to the existence of antigen rapid tests and RT-PCR that, even though having some inherent disadvantages, have already been accepted and normalized by the population. Moreover, both these methods can cover different necessities, the antigen tests being fast and cheap making them ideal for point of care and regular use, while RT-PCR provides a more complete and reliable result while being more time consuming and costly. These factors make it difficult and not completely necessary to introduce other diagnostic methods. However, the existence of alternative methods is always benefic, more so because it is possible to improve the conditions of the considered “standard test” which, as seen in the previous section, can be slightly flawed.




2.2.3. Biosensors


A biosensor is a device that combines a biological component to detect an analyte, and a transducer to detect a physicochemical reaction in order to generate a measurable signal. Biosensors are comprised of three components: a bioreceptor, a transducer, and a signal processor. The bioreceptor is a biological element, for example a nucleic acid probe, a viral protein, or an antibody, which will recognize a specific analyte present in the sample (Figure 2). The binding of the analyte to the bioreceptor will cause a type of alteration that will be detected by the transducer. This alteration will be transformed into a measurable signal, and the signal processor will then be responsible for its display on an electronic device [44]. Depending on the type of transducer, biosensors can be mainly classified as electrochemical, thermal, optical, or piezoelectric.



One of the techniques used to enhance sensitivity and lower the limit of detection of biosensors is the addition of nanoparticles. Nanoparticles are particles with a dimension of 1–100 nm which also have special physicochemical properties. They can be synthesized from materials such as gold, silver, carbon, or silica. Depending on the type of material, they can exhibit photoluminescence, magnetic capability, low toxicity, high stability, or good biocompatibility and conductance [45]. Another advantage is the possibility to chemically modify them in order to make conjugates with either nucleic acid probes, viral proteins, antibodies, or other ligands. There are numerous nanoparticle-based biosensors being developed for COVID-19 detection; nevertheless, their advantages are the same: fast, low-cost, portable, user-friendly, and highly sensitive and specific. However, the use of nanoparticles usually appears hand in hand with the need to optimize these systems due to their highly unexplored potential.



Several biosensors have already been developed or adapted to the detection of SARS-CoV-2, although its use is not regular since most of them are still in the process of optimization and/or validation and general commercialization is still limited.



Below, several biosensors with possible different types of bioreceptors targeting either SARS-CoV-2 nucleic acid, viral proteins, or antibodies will be explored (Table 1).



Biosensors Targeting Nucleic Acids


Regarding choice of bioreceptor, nucleic acid probes targeting a specific SARS-CoV-2 sequence are usually the most sensitive and specific. This type of detection relies on hybridization of complementary strands. Nevertheless, the same challenges regarding choice of the target remains, as it must be sufficiently conserved in order to avoid any potential mutations, and therefore false negatives, but still be SARS-CoV-2 specific to avoid cross-reactivity [46].
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Table 1. Potentially useful biosensing methods targeting SARS-CoV-2 nucleic acid (FET—field-effect transistor, PMO—phosphorodiamidate morpholino oligos, CD—carbon dot).
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	Type
	Bioreceptor
	Target
	Sample
	Sensibility
	Time
	Ref.





	Optical

(SPR)
	Oligonucleotides
	RdRP, E, Orf1a
	Synthetic targets
	0.22 pM
	-
	[47]



	FET
	PMO
	RdRP
	Throat swab/Serum
	2.29 fM/3.99 fM
	2 min
	[48]



	Electrochemical
	Oligonucleotides
	RdRP
	-
	0.30 pM
	25 min
	[49]



	Electrochemical
	Oligonucleotides
	N
	Nasopharyngeal swab/Saliva
	6.9 copies/μL
	5 min
	[50]



	Colorimetric
	cDNA/AuNPs
	N
	Oropharyngeal swab
	0.18 ng/μL
	10 min
	[51]



	Electrochemiluminescent
	Thiol-modified oligonucleotide
	ORF1ab
	Spiked human serum
	514 aM
	-
	[52]



	Electrochemical
	Biotinylated probe
	ORF1ab
	Spiked samples
	807 fM
	-
	[53]



	Voltammetric
	cDNA-Au@CD bioconjugates
	RdRP
	Sputum
	0.15 pM
	75 min
	[54]



	Electrochemiluminescent
	Y-DNA probe
	RdRP
	Pharyngeal swab
	59 am
	180 min
	[55]









Biosensors Targeting Viral Proteins


Another used biorecognition element is antibodies which will detect specific viral antigens, such as the S and N proteins. However, this kind of biosensor will only be able to detect actively replicating viruses, as in the case of acute infections. Opposite to antibody application, Molecularly Imprinted Peptides (MIP) can also be designed to detect specific analytes, increasing the biosensor’s specificity [56]. Even though the previously described antigen LFIAs are the only biosensors targeting viral proteins that can be considered clinically useful and are widely used, there are several others with potentially better sensitivity and specificity currently being developed. Some of them are described in Table 2.




Biosensors Targeting Antibodies


Another possibility is the use of viral proteins to detect antibodies. However, these biosensors have the same disadvantages as the commonly used serological tests: they can only detect past infections since the immune response only starts several days after symptoms onset [68]. As mentioned before, they can also be used to study immune response due to the vaccination plan in some countries [16].



Table 1, Table 2 and Table 3 exemplify the vast number of biosensors in development and how the technologies used can vary so greatly. This represents many potential alternatives for the detection of not only SARS-CoV-2 but probably other viruses, because many of the developed systems are easily adaptable. Even though they have many differences in the speed and limits of detection, in general biosensors seem to represent a fast and very sensitive diagnosis tool. However, the novelty and range of materials and technologies used in this area makes it a complex task to compare the available biosensors. Moreover, sometimes it is difficult to compare the sensibility among different biosensors since there is a lack of uniformity in the units used to define detection limits. This also happens in regard to the type of samples in which those values were obtained, which often are not clinical samples but synthetic targets and which are sometimes not even being disclosed.





2.2.4. Sequencing


Sequencing techniques, specifically whole-genome sequencing, are the most complete and comprehensible approaches for the identification of viral RNA. Besides an accurate identification, it also allows the scientific community to keep track of the viruses’ genome evolution by detecting new mutations. Since the beginning of the pandemic, more than 10 million genome sequences have been shared on online platforms worldwide [79]. This global collaboration has allowed scientists to keep track of epidemiological outbreaks and new variants so as to increase vaccine efficiency and implement local preventive measures [80].



However, since sequencing is an expensive and slow approach, it is not recommended for large-scale testing in an emergency situation. Nevertheless, sequencing, in particular next-generation sequencing (NGS), was crucial in the first identification of SARS-CoV-2 and consequent characterization of its molecular structure. This, along with viral culture and electron microscopy, has allowed a deeper understanding of the virus structure and its mechanisms. The employment of these techniques has permitted the development of all the diagnostic methods and therapeutic strategies. This serves to highlight the importance of these unorthodox detection methods, that despite not being suitable for large-scale testing continue to be irreplaceable in the research context [14].



In Table 4, comparison between the advantages and disadvantages of the different SARS-CoV-2 detection tools is summed.






3. Test Selection


The numerous available diagnostic tools are a proof of the work and investment made by several institutions worldwide during this pandemic. However, the many options available also bring indecision and confusion regarding which method is best for each individual situation. Only in Europe, more than 365 tests have been approved and are available for commercialization [14]. The difference in test performance regarding specificity and sensitivity, the equipment needed for each one, the cost, and the information that each result provides are all variables that need to be taken into consideration when choosing the best option. Each test has a more or less specific window of time in which its results have higher accuracy, and sometimes the test chosen is simply not the most adequate for a given situation, which can lead to false results. Symptom presentation, time of infection, and type and quality of the sample are some of the variables that can greatly influence test results and their efficacy. Therefore, the main objective is to be able to perform “the right test, on the right sample, at the right time” [14]. Depending on the type of sample, test performance may vary. SARS-CoV-2 can be detected in samples from the upper respiratory tract (URT) (which includes the most commonly used nasopharyngeal swab, along with oropharyngeal swab, nasal mid-turbinate swab, anterior nares swab, nasopharyngeal/nasal wash and saliva), samples from the lower respiratory tract (LRT)(such as sputum and bronchoalveolar lavage fluid (BALF)), and lastly, samples from serum, urine, and feces. For example, regarding molecular tests, samples from either the URT or LRT are expected to yield better results, especially in the first two weeks after infection, with a peak in the first three days after symptom onset because the virus is actively replicating. Among these samples, BALF and sputum usually have higher viral loads [81]. After this point, the viral load in the respiratory tract is expected to diminish, as is the accuracy of the tests using these samples. In cases of prolonged infection, the best way to obtain a positive result is by analyzing urine and stool, as the presence of the virus has been reported one month after infection in these samples [82]. Regarding serological testing, antibody detection is recommended only at least two weeks after infection. Among the antibodies detected, IgM is expected to start decreasing six weeks after infection, while IgG remains in the organism for a longer period of time [14,83]. Besides choice of adequate sample type, it is also necessary to follow the adequate procedures regarding collection, transport, and storage which are provided by the CDC [84]. Figure 3 illustrates, in a simplified way, the relationship between the type of sample, test, and time after infection and which is the best choice combination to detect a specific analyte, either viral RNA, antigens, or antibodies.




4. New Variants


Although there are multiple options regarding COVID-19 diagnosis, the emergence of new variants can impact the performance of most of them. SARS-CoV-2 genetic variability may compromise some of the available diagnostic methods, especially with the recurrent emergence of new variants with high prevalence, e.g., variants of interest (VOI) and variants of concern (VOC). Regarding molecular tests, the most common event is that a mutation in the primer/probe binding region will no longer be recognized or will reduce amplification efficiency, and thus generate false-negative results. In order to avoid these problems, test manufacturers are recommended to perform routine sequence-alignment analysis to detect the mutations as soon as possible and redesign their assays. This work is facilitated by the large number of available and up-to-date genomes that are deposited daily on online public platforms and may lead to the optimization of some oligonucleotides [85]. Nonetheless, it is necessary to consider the timespan between the new variant emerging, the detection that the region used for the test is no longer adequate, and the removal of the kits from the market and the end-user. This timespan needs to be as short as possible, otherwise a local outbreak may no longer be identified before it becomes widespread. Therefore, the importance of using multiple targets as the probability of several sequences being mutated simultaneously is diminished.



Until now, there have been several reports that mention mutations influencing test performance, the majority of them with low impact worldwide (Table 5). For example, the Alpha, and more recently, the Omicron variant are associated with failure detecting a target within the S gene in the TaqPath RT-PCR assay, due to a deletion [86,87]. Failures in RT-PCR assays that target regions in the E and N gene have also been detected [88,89]. Another reported example consisted of a mutation in the primer used by the China CDC (named N-CHINA-F), present at the 5′ end of the N gene in a region where a substitution of 3 nucleotides (GGG to AAC) took place, being present in some SARS-CoV-2 variants, namely Alpha, Gamma, and Lambda [90]. Another study using 27 different RT-PCR assays found that 7 of them had mismatches in primer/probe binding zones. Even though the presence of a mismatch in the binding region does not necessarily mean that the primer/probe will not bind, it is better to update the assay in order to improve its accuracy and prevent eventual false negatives [91]. The position and number of mismatches both influence primer performance, the most detrimental being mismatches in the 3′ end of the primers [92]. Overall, studies have found that tests targeting the N gene are more prone to failure (Table 5). This is due to a high probability of mismatches in that zone, based on probe/primer and genome sequence information, namely high mutation ratio in this particular region [93].



These reports are particularly upsetting since they report errors on the test that is considered to be the most accurate and reliable for SARS-CoV-2 detection. However, it is necessary to consider that RT-PCR assays use more than one target in order to provide a more accurate result, as opposed to the POC tests that target only one region. A strategy that is also being used to minimize the impact of mutations is the design of degenerate nucleotides in specific SNP positions, but this is not an easy task [91].



Regarding antigen test performance, it can be compromised when the mutations present in the new variants change the viral protein structure, especially the N and S proteins which are the most commonly used targets in antigen testing. Since the S protein is a known hotspot for non-synonymous mutations, it is probable that eventually the accuracy of some commercialized tests will be compromised. Until now, there has been little reported evidence of failures in antigen tests, but this does not mean they did not fail. The Quidel Sofia SARS Antigen FIA test, targeting the N protein, has been reported to have some problems linked to the D399N mutation in the N protein generating false negative results [97]. However, the impact of this mutation is considered to be low since it is only present in less than 0.01% of all genomes present in worldwide databases [97].



Tests using antibodies have similar concerns. Since there are some VOCs that have reported changes in human immune response, the proteins used in LFIA may not recognize the slightly different antibodies produced by the organism. However, until now there have been no reports describing failures in antibody tests due to the existence of mutations.



Lastly, the best way to mitigate the influence of new mutations in all of these tests, besides keeping them regularly updated, is to use multiple targets. Most RT-PCR tests target two viral regions plus one positive control. If one of the targeted regions has a mutation and fails to be detected, the test result would be considered inconclusive and the next step would be to use one of the following strategies: repeat the test with another sample; perform a complementary test; or, as a last resort, sequence the sample.




5. Conclusions


The pandemic caused by SARS-CoV-2 has highlighted the importance of effective detection methods. Although there are several techniques available, COVID-19 diagnosis mostly relies on two techniques: RT-PCR and rapid antigen tests, e.g., LFIA. However, the constant research and development of other technologies, namely biosensors, allows a great range of potential options, not only for SARS-CoV-2 detection, but also for other viruses. Nevertheless, there are parameters that must be considered before choosing the most adequate test for each situation. Presentation of symptoms, infection time, and sample type all influence the outcome of a diagnostic tool. Other factors that can limit test choice are cost, time of response, availability of infrastructure, equipment, and specialized personnel. Moreover, the rise of new viral variants comes as a challenge, as it may affect the effectiveness of currently commercialized diagnostic tests. Hence, there is a necessity to maintain an updated genomic surveillance of the SARS-CoV-2 virus at the global level, as it is the only way to anticipate the possible failure of COVID-19 tests and proceed to the substitution and update of affected tests.







Author Contributions


A.L., M.A.C., P.M.-L. and H.M.R.G. conceived the project and contributed to writing the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by National Funds through FCT—Foundation for Science and Technology under Cdots Biosensing COVID19, nº 041_596518523, by RESEARCH COVID-19 and TEST3_Upscaling SARS-CoV-2, nº NORTE-01-0145-FEDER-072537. Was also funded by FEDER funds through the POCI and by National Funds through FCT under the NORTE-01-0145-FEDER-030858 and by the European Union (FEDER funds through Compete) UID/QUI/50006/2019. H.M.R. Gonçalves work was supported through the project UIDB/50006/2020, funded by FCT/MCTES through the project PTDC/BTM-MAT/30858/2017. M.A. Cardoso acknowledges the Post-doctoral grant (REQUIMTE 2021-55) subsidized by National Funds (FCT/MCTES) through Project PTDC/BAA-DIG/1079/2020.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rezvani Ghomi, E.; Khosravi, F.; Mohseni, M.A.; Nourbakhsh, N.; Haji Mohammad Hoseini, M.; Singh, S.; Hedenqvist, M.S.; Ramakrishna, S. A Collection of the Novel Coronavirus (COVID-19) Detection Assays, Issues, and Challenges. Heliyon 2021, 7, e07247. [Google Scholar] [CrossRef]

	



Nguyen, T.; Bang, D.D.; Wolff, A. 2019 Novel Coronavirus Disease (COVID-19): Paving the Road for Rapid Detection and Point-of-Care Diagnostics. Micromachines 2020, 11, 306. [Google Scholar] [CrossRef]

	



Zella, D.; Giovanetti, M.; Benedetti, F.; Unali, F.; Spoto, S.; Guarino, M.; Angeletti, S.; Ciccozzi, M. The Variants Question: What Is the Problem? J. Med. Virol. 2021, 93, 6479–6485. [Google Scholar] [CrossRef]

	



Parums, D. Editorial: Revised World Health Organization (WHO) Terminology for Variants of Concern and Variants of Interest of SARS-CoV-2. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 2021, 27, e933622. [Google Scholar] [CrossRef]

	



Boehm, E.; Kronig, I.; Neher, R.A.; Eckerle, I.; Vetter, P.; Kaiser, L. Novel SARS-CoV-2 Variants: The Pandemics within the Pandemic. Clin. Microbiol. Infect. 2021, 27, 1109–1117. [Google Scholar] [CrossRef]

	



WHO Tracking SARS-CoV-2 Variants. Available online: https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/ (accessed on 30 June 2021).

	



Ravi, A.; Prabath Singh, V.; Chandran, R.; Venugopal, K.; Haridas, K.; Kavitha, R. COVID-19 Antibody Tests: An Overview. J. Pharm. Bioallied Sci. 2021, 13, 48. [Google Scholar] [CrossRef]

	



CDC. Interim Guidelines for COVID-19 Antibody Testing; Centers for Disease Control and Prevention: Atlanta, GA, USA, 2020; pp. 1–8.

	



Lv, H.; Wu, N.C.; Tsang, O.T.Y.; Yuan, M.; Perera, R.A.P.M.; Leung, W.S.; So, R.T.Y.; Chan, J.M.C.; Yip, G.K.; Chik, T.S.H.; et al. Cross-Reactive Antibody Response between SARS-CoV-2 and SARS-CoV Infections. bioRxiv 2020, 31, 107725. [Google Scholar] [CrossRef]

	



Udugama, B.; Kadhiresan, P.; Kozlowski, H.N.; Malekjahani, A.; Osborne, M.; Li, V.Y.C.; Chen, H.; Mubareka, S.; Gubbay, J.B.; Chan, W.C.W. Diagnosing COVID-19: The Disease and Tools for Detection. ACS Nano 2020, 14, 3822–3835. [Google Scholar] [CrossRef]

	



Katsarou, K.; Bardani, E.; Kallemi, P.; Kalantidis, K. Viral Detection: Past, Present, and Future. BioEssays 2019, 41, 1900049. [Google Scholar] [CrossRef]

	



Zhao, L.; Sun, L.; Chu, X. Chemiluminescence Immunoassay. TrAC—Trends Anal. Chem. 2009, 28, 404–415. [Google Scholar] [CrossRef]

	



Suleman, S.; Shukla, S.K.; Malhotra, N.; Bukkitgar, S.D.; Shetti, N.P.; Pilloton, R.; Narang, J.; Nee Tan, Y.; Aminabhavi, T.M. Point of Care Detection of COVID-19: Advancement in Biosensing and Diagnostic Methods. Chem. Eng. J. 2021, 414, 128759. [Google Scholar] [CrossRef]

	



Falzone, L.; Gattuso, G.; Tsatsakis, A.; Spandidos, D.A.; Libra, M. Current and Innovative Methods for the Diagnosis of COVID-19 Infection (Review). Int. J. Mol. Med. 2021, 47, 1–23. [Google Scholar] [CrossRef]

	



Serrano, M.M.; Rodríguez, D.N.; Palop, N.T.; Arenas, R.O.; Córdoba, M.M.; Mochón, M.D.O.; Cardona, C.G. Comparison of Commercial Lateral Flow Immunoassays and ELISA for SARS-CoV-2 Antibody Detection. J. Clin. Virol. 2020, 129, 104529. [Google Scholar] [CrossRef]

	



Moeller, M.E.; Engsig, F.N.; Bade, M.; Fock, J.; Pah, P.; Soerensen, A.L.; Bang, D.; Donolato, M.; Benfield, T. Rapid Quantitative Point-Of-Care Diagnostic Test for Post COVID-19 Vaccination Antibody Monitoring. Microbiol. Spectr. 2022, 10, e0039622. [Google Scholar] [CrossRef]

	



Mardian, Y.; Kosasih, H.; Karyana, M.; Neal, A.; Lau, C.Y. Review of Current COVID-19 Diagnostics and Opportunities for Further Development. Front. Med. 2021, 8, 615099. [Google Scholar] [CrossRef]

	



Feng, W.; Newbigging, A.M.; Le, C.; Pang, B.; Peng, H.; Cao, Y.; Wu, J.; Abbas, G.; Song, J.; Wang, D.B.; et al. Molecular Diagnosis of COVID-19: Challenges and Research Needs. Anal. Chem. 2020, 92, 10196–10209. [Google Scholar] [CrossRef]

	



Etienne, E.E.; Nunna, B.B.; Talukder, N.; Wang, Y.; Lee, E.S. COVID-19 Biomarkers and Advanced Sensing Technologies for Point-of-Care (POC) Diagnosis. Bioengineering 2021, 8, 98. [Google Scholar] [CrossRef]

	



Cerutti, F.; Burdino, E.; Milia, M.G.; Allice, T.; Gregori, G.; Bruzzone, B.; Ghisetti, V. Urgent Need of Rapid Tests for SARS CoV-2 Antigen Detection: Evaluation of the SD-Biosensor Antigen Test for SARS-CoV-2. J. Clin. Virol. 2020, 132, 104654. [Google Scholar] [CrossRef]

	



Dinnes, J.; Deeks, J.J.; Adriano, A.; Berhane, S.; Davenport, C.; Dittrich, S.; Emperador, D.; Takwoingi, Y.; Cunningham, J.; Beese, S.; et al. Rapid, Point-of-Care Antigen and Molecular-Based Tests for Diagnosis of SARS-CoV-2 Infection. Cochrane Database Syst. Rev. 2020, 8, CD013705. [Google Scholar] [CrossRef]

	



CDC. Interim Guidance for Antigen Testing for SARS-CoV-2. Available online: https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antigen-tests-guidelines.html (accessed on 13 September 2021).

	



Tu, Y.F.; Chien, C.S.; Yarmishyn, A.A.; Lin, Y.Y.; Luo, Y.H.; Lin, Y.T.; Lai, W.Y.; Yang, D.M.; Chou, S.J.; Yang, Y.P.; et al. A Review of Sars-Cov-2 and the Ongoing Clinical Trials. Int. J. Mol. Sci. 2020, 21, 2657. [Google Scholar] [CrossRef]

	



Weissleder, R.; Lee, H.; Ko, J.; Pittet, M.J. COVID-19 Diagnostics in Context. Sci. Transl. Med. 2020, 12, 1931. [Google Scholar] [CrossRef] [PubMed]

	



Corman, V.; Bleicker, T.; Brünink, S.; Drosten, C.; Landt, O.; Koopmans, M.; Zambon Public Health England, M. Diagnostic Detection of 2019-NCoV by Real-Time RT-RCR. Charité Virol. 2020, 13, 1–13. [Google Scholar]

	



Fleige, S.; Pfaffl, M.W. RNA Integrity and the Effect on the Real-Time QRT-PCR Performance. Mol. Aspects Med. 2006, 27, 126–139. [Google Scholar] [CrossRef] [PubMed]

	



Afzal, A. Molecular Diagnostic Technologies for COVID-19: Limitations and Challenges. J. Adv. Res. 2020, 26, 149–159. [Google Scholar] [CrossRef]

	



Cui, X.; Shi, Y.; Zhao, L.; Gu, S.; Wei, C.; Yang, Y.; Wen, S.; Chen, H.; Ge, J. Application of Real-Time Quantitative PCR to Detect Mink Circovirus in Naturally and Experimentally Infected Minks. Front. Microbiol. 2018, 9, 937. [Google Scholar] [CrossRef]

	



Giri, B.; Pandey, S.; Shrestha, R.; Pokharel, K.; Ligler, F.S.; Neupane, B.B. Review of Analytical Performance of COVID-19 Detection Methods. Anal. Bioanal. Chem. 2021, 413, 35–48. [Google Scholar] [CrossRef]

	



Kucirka, L.M.; Lauer, S.A.; Laeyendecker, O.; Boon, D.; Lessler, J. Variation in False-Negative Rate of Reverse Transcriptase Polymerase Chain Reaction-Based SARS-CoV-2 Tests by Time Since Exposure. Ann. Intern. Med. 2020, 173, 262–267. [Google Scholar] [CrossRef]

	



Binnicker, M.J. Challenges and Controversies to Testing for COVID-19. J. Clin. Microbiol. 2020, 58, e01695-20. [Google Scholar] [CrossRef]

	



Safarchi, A.; Fatima, S.; Ayati, Z.; Vafaee, F. An Update on Novel Approaches for Diagnosis and Treatment of SARS-CoV-2 Infection. Cell Biosci. 2021, 11, 164. [Google Scholar] [CrossRef]

	



Heijnen, L.; Elsinga, G.; de Graaf, M.; Molenkamp, R.; Koopmans, M.P.G.; Medema, G. Droplet Digital RT-PCR to Detect SARS-CoV-2 Signature Mutations of Variants of Concern in Wastewater. Sci. Total Environ. 2021, 799, 149456. [Google Scholar] [CrossRef]

	



Fassy, J.; Lacoux, C.; Leroy, S.; Noussair, L.; Hubac, S.; Degoutte, A.; Vassaux, G.; Leclercq, V.; Rouquié, D.; Marquette, C.H.; et al. Versatile and Flexible Microfluidic QPCR Test for High-Throughput SARS-CoV-2 and Cellular Response Detection in Nasopharyngeal Swab Samples. PLoS ONE 2021, 16, e0243333. [Google Scholar] [CrossRef] [PubMed]

	



Xie, X.; Gjorgjieva, T.; Attieh, Z.; Dieng, M.M.; Arnoux, M.; Khair, M.; Moussa, Y.; Al Jallaf, F.; Rahiman, N.; Jackson, C.A.; et al. Microfluidic Nano-Scale QPCR Enables Ultra-Sensitive and Quantitative Detection of SARS-CoV-2. Processes 2020, 8, 1425. [Google Scholar] [CrossRef]

	



Thompson, D.; Lei, Y. Mini Review: Recent Progress in RT-LAMP Enabled COVID-19 Detection. Sens. Actuators Rep. 2020, 2, 100017. [Google Scholar] [CrossRef] [PubMed]

	



Amaral, C.; Antunes, W.; Moe, E.; Duarte, A.G.; Lima, L.M.P.; Santos, C.; Gomes, I.L.; Afonso, G.S.; Vieira, R.; Teles, H.S.S.; et al. A Molecular Test Based on RT-LAMP for Rapid, Sensitive and Inexpensive Colorimetric Detection of SARS-CoV-2 in Clinical Samples. Sci. Rep. 2021, 11, 16430. [Google Scholar] [CrossRef]

	



Lamb, L.E.; Bartolone, S.N.; Ward, E.; Chancellor, M.B. Rapid Detection of Novel Coronavirus/Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) by Reverse Transcription-Loop-Mediated Isothermal Amplification. PLoS ONE 2020, 15, e0234682. [Google Scholar] [CrossRef]

	



Kline, E.C.; Panpradist, N.; Hull, I.T.; Wang, Q.; Oreskovic, A.K.; Han, P.D.; Starita, L.M.; Lutz, B.R. Multiplex Target-Redundant RT-LAMP for Robust Detection of SARS-CoV-2 Using Fluorescent Universal Displacement Probes. medRxiv 2021. [Google Scholar] [CrossRef]

	



Ali, Z.; Aman, R.; Mahas, A.; Rao, G.S.; Tehseen, M.; Marsic, T.; Salunke, R.; Subudhi, A.K.; Hala, S.M.; Hamdan, S.M.; et al. ISCAN: An RT-LAMP-Coupled CRISPR-Cas12 Module for Rapid, Sensitive Detection of SARS-CoV-2. Virus Res. 2020, 288, 198129. [Google Scholar] [CrossRef]

	



Wang, R.; Qian, C.; Pang, Y.; Li, M.; Yang, Y.; Ma, H.; Zhao, M.; Qian, F.; Yu, H.; Liu, Z.; et al. OpvCRISPR: One-Pot Visual RT-LAMP-CRISPR Platform for SARS-Cov-2 Detection. Biosens. Bioelectron. 2021, 172, 112766. [Google Scholar] [CrossRef]

	



Patchsung, M.; Jantarug, K.; Pattama, A.; Aphicho, K.; Suraritdechachai, S.; Meesawat, P.; Sappakhaw, K.; Leelahakorn, N.; Ruenkam, T.; Wongsatit, T.; et al. Clinical Validation of a Cas13-Based Assay for the Detection of SARS-CoV-2 RNA. Nat. Biomed. Eng. 2020, 4, 1140–1149. [Google Scholar] [CrossRef]

	



Broughton, J.P.; Deng, X.; Yu, G.; Fasching, C.L.; Servellita, V.; Singh, J.; Miao, X.; Streithorst, J.A.; Granados, A.; Sotomayor-Gonzalez, A.; et al. CRISPR–Cas12-Based Detection of SARS-CoV-2. Nat. Biotechnol. 2020, 38, 870–874. [Google Scholar] [CrossRef]

	



Misra, R.; Acharya, S.; Sushmitha, N. Nanobiosensor-Based Diagnostic Tools in Viral Infections: Special Emphasis on COVID-19. Rev. Med. Virol. 2021, 32, e2267. [Google Scholar] [CrossRef] [PubMed]

	



Ibrahim, N.; Jamaluddin, N.D.; Tan, L.L.; Mohd Yusof, N.Y. A Review on the Development of Gold and Silver Nanoparticles-Based Biosensor as a Detection Strategy of Emerging and Pathogenic RNA Virus. Sensors 2021, 21, 5114. [Google Scholar] [CrossRef] [PubMed]

	



Du, Y.; Dong, S. Nucleic Acid Biosensors: Recent Advances and Perspectives. Anal. Chem. 2017, 89, 189–215. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, G.; Gai, Z.; Tao, Y.; Schmitt, J.; Kullak-Ublick, G.A.; Wang, J. Dual-Functional Plasmonic Photothermal Biosensors for Highly Accurate Severe Acute Respiratory Syndrome Coronavirus 2 Detection. ACS Nano 2020, 14, 5268–5277. [Google Scholar] [CrossRef]

	



Li, J.; Wu, D.; Yu, Y.; Li, T.; Li, K.; Xiao, M.M.; Li, Y.; Zhang, Z.Y.; Zhang, G.J. Rapid and Unamplified Identification of COVID-19 with Morpholino-Modified Graphene Field-Effect Transistor Nanosensor. Biosens. Bioelectron. 2021, 183, 113206. [Google Scholar] [CrossRef]

	



Farzin, L.; Sadjadi, S.; Sheini, A.; Mohagheghpour, E. A Nanoscale Genosensor for Early Detection of COVID-19 by Voltammetric Determination of RNA-Dependent RNA Polymerase (RdRP) Sequence of SARS-CoV-2 Virus. Microchim. Acta 2021, 188, 121. [Google Scholar] [CrossRef]

	



Alafeef, M.; Dighe, K.; Moitra, P.; Pan, D. Rapid, Ultrasensitive, and Quantitative Detection of SARS-CoV-2 Using Antisense Oligonucleotides Directed Electrochemical Biosensor Chip. ACS Nano 2020, 14, 17028–17045. [Google Scholar] [CrossRef]

	



Moitra, P.; Alafeef, M.; Alafeef, M.; Alafeef, M.; Dighe, K.; Frieman, M.B.; Pan, D.; Pan, D.; Pan, D. Selective Naked-Eye Detection of SARS-CoV-2 Mediated by N Gene Targeted Antisense Oligonucleotide Capped Plasmonic Nanoparticles. ACS Nano 2020, 14, 7617–7627. [Google Scholar] [CrossRef]

	



Gutiérrez-Gálvez, L.; del Caño, R.; Menéndez-Luque, I.; García-Nieto, D.; Rodríguez-Peña, M.; Luna, M.; Pineda, T.; Pariente, F.; García-Mendiola, T.; Lorenzo, E. Electrochemiluminescent Nanostructured DNA Biosensor for SARS-CoV-2 Detection. Talanta 2022, 240, 123203. [Google Scholar] [CrossRef]

	



Cajigas, S.; Alzate, D.; Fernández, M.; Muskus, C.; Orozco, J. Electrochemical Genosensor for the Specific Detection of SARS-CoV-2. Talanta 2022, 245, 123482. [Google Scholar] [CrossRef]

	



Ali Farzin, M.; Abdoos, H.; Saber, R. Graphite Nanocrystals Coated Paper-Based Electrode for Detection of SARS-Cov-2 Gene Using DNA-Functionalized Au@carbon Dot Core-Shell Nanoparticles. Microchem. J. 2022, 179, 107585. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, K.; Fan, Z.; Huang, Y.; Ding, Y.; Xie, M.; Wang, M. Hybridization Chain Reaction Circuit-Based Electrochemiluminescent Biosensor for SARS-Cov-2 RdRp Gene Assay. Talanta 2022, 240, 123207. [Google Scholar] [CrossRef] [PubMed]

	



Cieplak, M.; Kutner, W. Artificial Biosensors: How Can Molecular Imprinting Mimic Biorecognition? Trends Biotechnol. 2016, 34, 922–941. [Google Scholar] [CrossRef]

	



Seo, G.; Lee, G.; Kim, M.J.; Baek, S.H.; Choi, M.; Ku, K.B.; Lee, C.S.; Jun, S.; Park, D.; Kim, H.G.; et al. Rapid Detection of COVID-19 Causative Virus (SARS-CoV-2) in Human Nasopharyngeal Swab Specimens Using Field-Effect Transistor-Based Biosensor. ACS Nano 2020, 14, 5135–5142. [Google Scholar] [CrossRef]

	



de Lima, L.F.; Ferreira, A.L.; Torres, M.D.T.; de Araujo, W.R.; de la Fuente-Nunez, C. Minute-Scale Detection of SARS-CoV-2 Using a Low-Cost Biosensor Composed of Pencil Graphite Electrodes. Proc. Natl. Acad. Sci. USA 2021, 118, e2106724118. [Google Scholar] [CrossRef] [PubMed]

	



Mavrikou, S.; Moschopoulou, G.; Tsekouras, V.; Kintzios, S. Development of a Portable, Ultra-Rapid and Ultra-Sensitive Cell-Based Biosensor for the Direct Detection of the SARS-COV-2 S1 Spike Protein Antigen. Sensors 2020, 20, 3121. [Google Scholar] [CrossRef]

	



McClements, J.; Bar, L.; Singla, P.; Canfarotta, F.; Thomson, A.; Czulak, J.; Johnson, R.E.; Crapnell, R.D.; Banks, C.E.; Payne, B.; et al. Molecularly Imprinted Polymer Nanoparticles Enable Rapid, Reliable, and Robust Point-of-Care Thermal Detection of SARS-CoV-2. ACS Sensors 2022, 7, 1122–1131. [Google Scholar] [CrossRef]

	



Perdomo, S.A.; Ortega, V.; Jaramillo-Botero, A.; Mancilla, N.; Mosquera-Delacruz, J.H.; Valencia, D.P.; Quimbaya, M.; Contreras, J.D.; Velez, G.E.; Loaiza, O.A.; et al. SenSARS: A Low-Cost Portable Electrochemical System for Ultra-Sensitive, near Real-Time, Diagnostics of SARS-CoV-2 Infections. IEEE Trans. Instrum. Meas. 2021, 70, 4007710. [Google Scholar] [CrossRef]

	



Wu, Q.; Wu, W.; Chen, F.; Ren, P. Highly Sensitive and Selective Surface Plasmon Resonance Biosensor for the Detection of SARS-CoV-2 Spike S1 Protein. Analyst 2022, Advance Article. [Google Scholar] [CrossRef]

	



Ahmadivand, A.; Gerislioglu, B.; Ramezani, Z.; Kaushik, A.; Manickam, P.; Ghoreishi, S.A. Functionalized Terahertz Plasmonic Metasensors: Femtomolar-Level Detection of SARS-CoV-2 Spike Proteins. Biosens. Bioelectron. 2021, 177, 112971. [Google Scholar] [CrossRef]

	



Novodchuk, I.; Kayaharman, M.; Prassas, I.; Soosaipillai, A.; Karimi, R.; Goldthorpe, I.A.; Abdel-Rahman, E.; Sanderson, J.; Diamandis, E.P.; Bajcsy, M.; et al. Electronic Field Effect Detection of SARS-CoV-2 N-Protein before the Onset of Symptoms. Biosens. Bioelectron. 2022, 210, 114331. [Google Scholar] [CrossRef] [PubMed]

	



Georgiou, P.G.; Guy, C.S.; Hasan, M.; Ahmad, A.; Richards, S.J.; Baker, A.N.; Thakkar, N.V.; Walker, M.; Pandey, S.; Anderson, N.R.; et al. Plasmonic Detection of SARS-CoV-2 Spike Protein with Polymer-Stabilized Glycosylated Gold Nanorods. ACS Macro Lett. 2022, 11, 317–322. [Google Scholar] [CrossRef] [PubMed]

	



Divagar, M.; Gayathri, R.; Rasool, R.; Shamlee, J.K.; Bhatia, H.; Satija, J.; Sai, V.V.R. Plasmonic Fiberoptic Absorbance Biosensor (P-FAB) for Rapid Detection of SARS-CoV-2 Nucleocapsid Protein. IEEE Sens. J. 2021, 21, 22758–22766. [Google Scholar] [CrossRef] [PubMed]

	



Wu, C.-C.; Chiang, Y.-H.; Chiang, H.-Y. A Label-Free Electrochemical Impedimetric Immunosensor with Biotinylated-Antibody for SARS-CoV-2 Nucleoprotein Detection in Saliva. Biosensors 2022, 12, 265. [Google Scholar] [CrossRef]

	



Kizek, R.; Krejcova, L.; Michalek, P.; Merlos Rodrigo, M.; Heger, Z.; Krizkova, S.; Vaculovicova, M.; Hynek, D.; Adam, V. Nanoscale Virus Biosensors: State of the Art. Nanobiosensors Dis. Diagn. 2015, 4, 47. [Google Scholar] [CrossRef]

	



Djaileb, A.; Charron, B.; Jodaylami, M.H.; Thibault, V.; Coutu, J.; Stevenson, K.; Forest, S.; Live, L.S.; Boudreau, D.; Pelletier, J.N.; et al. A Rapid and Quantitative Serum Test for SARS-CoV-2 Antibodies with Portable Surface Plasmon Resonance Sensing. ChemRxiv 2020, preprint. [Google Scholar] [CrossRef]

	



Liv, L.; Kayabay, H. An Electrochemical Biosensing Platform for the SARS-CoV-2 Spike Antibody Detection Based on the Functionalised SARS-CoV-2 Spike Antigen Modified Electrode. ChemistrySelect 2022, 7, e202200256. [Google Scholar] [CrossRef]

	



Sadique, M.A.; Yadav, S.; Ranjan, P.; Khan, R.; Khan, F.; Kumar, A.; Biswas, D. Highly Sensitive Electrochemical Immunosensor Platforms for Dual Detection of SARS-CoV-2 Antigen and Antibody Based on Gold Nanoparticle Functionalized Graphene Oxide Nanocomposites. ACS Appl. Bio Mater. 2022, 5, 2421–2430. [Google Scholar] [CrossRef]

	



Liv, L. Electrochemical Immunosensor Platform Based on Gold-Clusters, Cysteamine and Glutaraldehyde Modified Electrode for Diagnosing COVID-19. Microchem. J. 2021, 168, 106445. [Google Scholar] [CrossRef]

	



Liustrovaite, V.; Drobysh, M.; Rucinskiene, A.; Baradoke, A.; Ramanaviciene, A.; Plikusiene, I.; Samukaite-Bubniene, U.; Viter, R.; Chen, C.-F.; Ramanavicius, A. Towards an Electrochemical Immunosensor for the Detection of Antibodies against SARS-CoV-2 Spike Protein. J. Electrochem. Soc. 2022, 169, 37523. [Google Scholar] [CrossRef]

	



Zheng, Y.; Song, K.; Cai, K.; Liu, L.; Tang, D.; Long, W.; Zhai, B.; Chen, J.; Tao, Y.; Zhao, Y.; et al. B-Cell-Epitope-Based Fluorescent Quantum Dot Biosensors for SARS-CoV-2 Enable Highly Sensitive COVID-19 Antibody Detection. Viruses 2022, 14, 1031. [Google Scholar] [CrossRef] [PubMed]

	



Ameku, W.A.; Provance, D.W.; Morel, C.M.; De-Simone, S.G. Rapid Detection of Anti-SARS-CoV-2 Antibodies with a Screen-Printed Electrode Modified with a Spike Glycoprotein Epitope. Biosensors 2022, 12, 272. [Google Scholar] [CrossRef]

	



Jiang, M.; Dong, T.; Han, C.; Liu, L.; Zhang, T.; Kang, Q.; Wang, P.; Zhou, F. Regenerable and High-Throughput Surface Plasmon Resonance Assay for Rapid Screening of Anti-SARS-CoV-2 Antibody in Serum Samples. Anal. Chim. Acta 2022, 1208, 339830. [Google Scholar] [CrossRef] [PubMed]

	



Qu, J.H.; Leirs, K.; Maes, W.; Imbrechts, M.; Callewaert, N.; Lagrou, K.; Geukens, N.; Lammertyn, J.; Spasic, D. Innovative FO-SPR Label-Free Strategy for Detecting Anti-RBD Antibodies in COVID-19 Patient Serum and Whole Blood. ACS Sensors 2022, 7, 477–487. [Google Scholar] [CrossRef]

	



Ali, M.A.; Hu, C.; Zhang, F.; Jahan, S.; Yuan, B.; Saleh, M.S.; Gao, S.J.; Panat, R. N Protein-Based Ultrasensitive SARS-CoV-2 Antibody Detection in Seconds via 3D Nanoprinted, Microarchitected Array Electrodes. J. Med. Virol. 2022, 94, 2067–2078. [Google Scholar] [CrossRef]

	



GISAID. GISAID Submission Tracker Global. 2021. Available online: https://www.gisaid.org (accessed on 1 June 2022).

	



Maxmen, A. One Million Coronavirus Sequences: Popular Genome Site Hits Mega Milestone. Nature 2021, 593, 21. [Google Scholar] [CrossRef] [PubMed]

	



Pan, Y.; Zhang, D.; Yang, P.; Poon, L.L.M.; Wang, Q. Viral Load of SARS-CoV-2 in Clinical Samples. Lancet Infect. Dis. 2020, 20, 411–412. [Google Scholar] [CrossRef]

	



Mesoraca, A.; Margiotti, K.; Viola, A.; Cima, A.; Sparacino, D.; Giorlandino, C. Evaluation of SARS-CoV-2 Viral RNA in Fecal Samples. Virol. J. 2020, 17, 86. [Google Scholar] [CrossRef]

	



Bisoffi, Z.; Pomari, E.; Deiana, M.; Piubelli, C.; Ronzoni, N.; Beltrame, A.; Bertoli, G.; Riccardi, N.; Perandin, F.; Formenti, F.; et al. Sensitivity, Specificity and Predictive Values of Molecular and Serological Tests for COVID-19. A Longitudinal Study in Emergency Room. Diagnostics 2020, 10, 669. [Google Scholar] [CrossRef]

	



CDC. Interim Guidelines for Clinical Specimens for COVID-19; Centers for Disease Control and Prevention: Atlanta, GA, USA, 2020; pp. 1–5.

	



FDA. Policy for Evaluating Impact of Viral Mutations on COVID-19 Tests; FDA: Silver Spring, MD, USA, 2021; pp. 1–13.

	



Brown, K.A.; Gubbay, J.; Hopkins, J.; Patel, S.; Buchan, S.A.; Daneman, N.; Goneau, L.W. S-Gene Target Failure as a Marker of Variant B.1.1.7 among SARS-CoV-2 Isolates in the Greater Toronto Area, December 2020 to March 2021. J. Am. Med. Assoc. 2021, 325, 2115–2116. [Google Scholar] [CrossRef]

	



Metzger, C.M.J.A.; Lienhard, R.; Seth-Smith, H.M.B.; Roloff, T.; Wegner, F.; Sieber, J.; Bel, M.; Greub, G.; Egli, A. PCR Performance in the SARS-CoV-2 Omicron Variant of Concern? Swiss Med. Wkly. 2021, 151, w30120. [Google Scholar] [CrossRef]

	



Gand, M.; Vanneste, K.; Thomas, I.; Van Gucht, S.; Capron, A.; Herman, P.; Roosens, N.H.C.; De Keersmaecker, S.C.J. Deepening of in Silico Evaluation of Sars-Cov-2 Detection Rt-Qpcr Assays in the Context of New Variants. Genes 2021, 12, 565. [Google Scholar] [CrossRef]

	



Artesi, M.; Bontems, S.; Göbbels, P.; Franckh, M.; Maes, P.; Boreux, R.; Meex, C.; Melin, P.; Hayette, M.P.; Bours, V.; et al. A Recurrent Mutation at Position 26340 of SARS-CoV-2 Is Associated with Failure of the E Gene Quantitative Reverse Transcription-PCR Utilized in a Commercial Dual-Target Diagnostic Assay. J. Clin. Microbiol. 2020, 58. [Google Scholar] [CrossRef]

	



Vogels, C.B.F.; Brito, A.F.; Wyllie, A.L.; Fauver, J.R.; Ott, I.M.; Kalinich, C.C.; Petrone, M.E.; Casanovas-Massana, A.; Muenker, M.C.; Moore, A.J.; et al. Analytical Sensitivity and Efficiency Comparisons of SARS-CoV-2 RT–QPCR Primer–Probe Sets. Nat. Microbiol. 2020, 5, 1299–1305. [Google Scholar] [CrossRef]

	



Khan, K.A.; Cheung, P. Presence of Mismatches between Diagnostic PCR Assays and Coronavirus SARS-CoV-2 Genome. R. Soc. Open Sci. 2020, 7, 200636. [Google Scholar] [CrossRef]

	



Ayyadevara, S.; Thaden, J.; Reis, R. Discrimination of Primer 3’-Nucleotide Mismatch by Taq DNA Polymerase during Polymerase Chain Reaction. Anal. Biochem. 2000, 284, 11–18. [Google Scholar] [CrossRef]

	



Zimmerman, P.A.; King, C.L.; Ghannoum, M.; Bonomo, R.A.; Procop, G.W. Molecular Diagnosis of SARS-CoV-2: Assessing and Interpreting Nucleic Acid and Antigen Tests. Pathog. Immun. 2021, 6, 135–156. [Google Scholar] [CrossRef]

	



Chan, J.F.W.; Yip, C.C.Y.; To, K.K.W.; Tang, T.H.C.; Wong, S.C.Y.; Leung, K.H.; Fung, A.Y.F.; Ng, A.C.K.; Zou, Z.; Tsoi, H.W.; et al. Improved Molecular Diagnosis of COVID-19 by the Novel, Highly Sensitive and Specific COVID-19-RdRp/Hel Real-Time Reverse Transcription-PCR Assay Validated in Vitro and with Clinical Specimens. J. Clin. Microbiol. 2020, 58, e00310-20. [Google Scholar] [CrossRef]

	



CDC. Real-Time RT-PCR Diagnostic Panel for Emergency Use Only; CDC-006-00019, Revision: 03; Centers for Disease Control and Prevention: Atlanta, GA, USA, 2020.

	



Hasan, M.R.; Sundararaju, S.; Manickam, C.; Mirza, F.; Al-Hail, H.; Lorenz, S.; Tang, P. A Novel Point Mutation in the N Gene of SARS-CoV-2 May Affect the Detection of the Virus by Reverse Transcription-Quantitative PCR. J. Clin. Microbiol. 2021, 59, e03278-20. [Google Scholar] [CrossRef]

	



Bourassa, L.; Perchetti, G.A.; Phung, Q.; Lin, M.J.; Mills, M.G.; Roychoudhury, P.; Harmon, K.G.; Reed, J.C.; Greninger, A.L. A SARS-CoV-2 Nucleocapsid Variant That Affects Antigen Test Performance. J. Clin. Virol. 2021, 141, 104900. [Google Scholar] [CrossRef]








[image: Chemosensors 10 00221 g001 550] 





Figure 1. Schematic representation of the different detection technologies available and the sample under analysis: (A) Rapid Diagnostic Tests, (B) ELISA, (C) PCR, (D) LAMP, (E) CRISPR–Cas. 
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Figure 2. Schematic representation of biosensor design. 
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Figure 3. Scheme displaying the most appropriate options regarding type of sample, diagnostic test, and time after infection in order to detect each analyte: RNA, antigens, or antibodies (IgM and IgG). 
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Table 2. Potentially useful biosensing methods targeting SARS-CoV-2 viral proteins (NeuNAc—N-acetyl neuraminic acid).
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	Type
	Bioreceptor
	Target
	Sample
	Sensibility
	Time
	Ref.





	Field-Transistor Effect (FET)
	Antibodies
	S protein
	Nasopharyngeal swab
	242 copies/mL
	-
	[57]



	Electrochemical
	ACE2
	S protein
	Nasopharyngeal swab/Saliva
	229 fg/mL
	6 min
	[58]



	Electrochemical
	Antibodies
	S protein
	Engineered Vero cells
	1 fg/mL
	3 min
	[59]



	Thermal
	MIP
	S protein
	Nasal/Throat Swab
	<10 fg/mL
	15 min
	[60]



	Electrochemical

impedance
	Antibodies
	S protein
	Nasopharyngeal swab/Saliva
	1fg/mL
	10 min
	[61]



	Surface Plasmon Resonance (SPR)
	AgNP/Antibody nanoconjugate
	S protein
	Serum
	12 fg/mL
	-
	[62]



	Plasmonic biosensor
	AuNP/Antibody nanoconjugate
	S protein
	Solution containing S proteins
	4.2 fmol
	80 min
	[63]



	FET
	Antibodies
	N protein
	Solution containing N proteins
	10 ag/mL
	4 min
	[64]



	Plasmonic
	NeuNAc
	S protein
	Nasal swab
	-
	-
	[65]



	Plasmonic Fiberoptic Absorbance
	Anti-SARS-CoV-2 N-protein IgG1
	N protein
	Solution containing N proteins
	2.5 ng/mL
	10 min
	[66]



	Electrochemical

impedance
	Biotinylated antibody
	N protein
	PBS-diluted saliva
	6 pg/mL
	-
	[67]
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Table 3. Potentially useful biosensing methods targeting SARS-CoV-2 antibodies (SPR—Surface plasmon resonance; GO—graphene oxide).
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	Type
	Bioreceptor
	Target
	Sample
	Sensibility
	Time
	Ref.





	SPR
	N protein
	Antibodies
	Serum
	30 nM
	15 min
	[69]



	Electrochemical
	S protein
	Antibodies
	Antibodies in synthetic media
	9.3 ag/mL
	20 min
	[70]



	Electrochemical
	GO-Au-antigen nanocomposite
	Antibodies
	Nasopharyngeal swab/Serum
	1 fg/mL
	-
	[71]



	Square Wave Voltammetry (SWV)
	S protein + gold clusters
	S protein antibody
	Oropharyngeal swab/saliva
	0.03 fg/mL
	30 min
	[72]



	Electrochemical Impedance
	Recombinant S protein
	Antibodies
	Serum
	1.99 nM
	-
	[73]



	Cyclic Voltammetry
	Recombinant S protein
	Antibodies
	Serum
	2.53 nM
	-
	[73]



	Fluorescent
	B-cell epitopes
	Antibodies
	Serum
	100 pM
	5 min
	[74]



	SWV
	S protein epitope
	IgG
	Serum
	-
	22 min
	[75]



	SPR
	Histidine-tagged S protein
	Antibodies
	Serum
	0.057 μg/mL
	-
	[76]



	SPR
	RBD
	Antibodies
	Serum/Whole Blood
	-
	30 min
	[77]



	Electrochemical
	N protein
	Antibody
	Solution with antibodies
	13 fM
	<1 min
	[78]
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Table 4. Principal advantages and disadvantages of the different types of SARS-CoV-2 detection tools.
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	Test
	Advantages
	Disadvantages





	RT-PCR
	High specificity and sensitivity, detects multiple targets
	Time consuming, high cost, needs a laboratory setting and technicians



	ELISA
	High sensitivity, faster and cheaper than RT-PCR
	Only detects 1 target, risk of cross-reactivity, needs a laboratory setting and technicians



	LFIA
	Very fast, portable, and cheap
	Low specificity and sensitivity



	CRISPR-Based
	Fast, high sensitivity and specificity
	Only detects 1 target, needs a laboratory setting and technicians



	RT-LAMP
	Fast, high specificity and sensitivity, no bulky equipment
	Difficulty in primer design



	Biosensors
	Fast, portable, cheap, high specificity and sensitivity
	Needs optimization



	Sequencing
	Most complete, detects all mutations
	Time consuming and very high cost, needs a laboratory setting and technicians
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Table 5. Mutations associated with failures in COVID-19 diagnostic tests and their prevalence in VOCs and VOIs.






Table 5. Mutations associated with failures in COVID-19 diagnostic tests and their prevalence in VOCs and VOIs.





	Mutation
	Gene
	Assay
	VOC/VOI
	Ref.





	C16289T
	ORF1ab
	Chan-ORF1ab
	-
	[94]



	A22812C
	S
	COVID-19-RdRp/Hel
	Theta
	[88]



	G22813T
	S
	COVID-19-RdRp/Hel
	Iota
	[88]



	ΔH69/V70
	S
	ThermoFisher TaqPath COVID-19
	Alpha, Omicron
	[86,87]



	C26340T
	E
	Cobas SARS-CoV-2
	-
	[89]



	T28688C
	N
	US-CDC-N-3
	-
	[95]



	C28887T
	N
	China CDC
	Beta, Eta, Mu
	[88]



	C28977T
	N
	China CDC
	Alpha
	[88]



	C29200A
	N
	Cepheid Xpert Xpress SARS-CoV-2
	-
	[96]



	C29311T
	N
	US-CDC-N-1
	Lambda
	[95]
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