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a b s t r a c t

The outbreak of COVID-19 has drawn great attention around the world. SARS-CoV-2 is a highly infectious

virus with occult transmission by many mutations and a long incubation period. In particular, the emer-

gence of asymptomatic infections has made the epidemic even more severe. Therefore, early diagnosis

and timely management of suspected cases are essential measures to control the spread of the virus.

Developing simple, portable, and accurate diagnostic techniques for SARS-CoV-2 is the key to epidemic

prevention. The advantages of point-of-care testing technology make it play an increasingly important

role in viral detection and screening. This review summarizes the point-of-care testing platforms devel-

oped by nucleic acid detection, immunological detection, and nanomaterial-based biosensors detection.

Furthermore, this paper provides a prospect for designing future highly accurate, cheap, and convenient

SARS-CoV-2 diagnostic technology.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

COVID-19 is an infectious disease caused by severe acute res-

piratory syndrome coronavirus (SARS-CoV-2). Its high transmission

rate and the high proportion of asymptomatic infection have posed

a significant threat to human health and life [1–5]. In the ab-

sence of specific therapeutic drugs, it is crucial to strengthen clin-

ical screening and quarantine with early accurate technology to

reduce the risk of disease transmission. The SARS-CoV-2 diagnos-

tic techniques are classified into three categories currently: Molec-

ular techniques for detecting viral RNA sequences, antigens or

host antibodies techniques for detecting the presence of the virus,

and Imaging techniques for detecting changes in the lung [6–13].

Among the current developing approaches, reverse transcription-

polymerase chain reaction (RT-PCR) has always been considered

the gold standard for detecting SARS-CoV-2. RT-PCR techniques

have several advantages, such as high sensitivity and specificity at

the early stages of infection. However, this method requires well-

trained operators, expensive equipment, time-consuming steps,

and standard laboratory conditions; these factors severely limit

rapid and large-scale testing in under-equipped hospitals [14,15].
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The immunological detection method is an auxiliary method for

the rapid diagnosis of SARS-CoV-2 as it can test results effi-

ciently and operate conveniently. Nevertheless, human antibodies

are formed 2 to 3 weeks after virus infection, false-positive results

may occur in patients previously infected with SARS-CoV-2 [16–

21]. The abovementioned aspects make it unsuitable for detecting

suspected cases promptly and quickly in controlling epidemic sit-

uations. Therefore, a specific and convenient method for diagnos-

ing SARS-CoV-2 is urgently needed to protect public safety [22–

25]. Thus, the real-time detection strategy by point-of-care testing

(POCT) platforms is an excellent supplement for early diagnosis.

POCT platforms implement at the sample collection site and use

portable analytical instruments with matching reagents that meet

the detection needs of fever clinics, community hospitals, customs,

and airports.

Here, we summarize recent POCT achievements of SARS-CoV-

2 and introduce the nucleic acid detection technology platform,

immunological detection platform, and nanomaterial-based biosen-

sors detection platforms. At the same time, the application scopes,

the advantages, and the limitations of each detection method are

clarified. In addition, we put forward prospects for developing

a more convenient, efficient, and sensitive POCT technology; we

hope to provide a reference for epidemic prevention and clinical

diagnosis for future work.

https://doi.org/10.1016/j.cclet.2023.108688
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2. Overview of rapid diagnosis by POCT platforms

2.1. Advantages of POCT diagnosis

POCT is a real-time strategy representing an accurate, efficient

sample collection testing site. Numerous definitions of POCT diag-

nosis indicate a similar thing, "sample-in answer-out", which ob-

tain test results quickly so that the patient can be diagnosed at

the earliest. The diagnostic platform plays a vital role in the early

implementation of isolation, contact tracing, and control measures

that limit the spread followed. Traditional diagnostic platforms

PCR-based detections are time-consuming and with significant de-

mand for intensive equipment.

POCT diagnosis is low cost, portable, repeatable, and conducive

to large-scale screening with real-time testing [26]. It is also suit-

able for clinical laboratories and nonlaboratory personnel under

simple training following a few operation steps. The infected per-

son could be found immediately instead of sending the sample to

the central laboratory for a long turnaround time [27]. In addition,

it benefits low-income areas or communities that cannot provide

POCT devices and extended testing [28–31]. The global pandemic

has exposed apparent discrepancies in POCT techniques, and the

significance of the development for preventing pandemics at their

initial stage is highlighted [32–35]. In this review, we summarize

related studies concerning POCT platforms.

2.2. The common techniques for POCT

The number of kits developed using the RT-PCR method to

test the SARS-CoV-2 nucleic acid has a considerable scale. RT-

PCR is a nucleic acid amplification technology wherein the RNA is

translated into its complementary deoxyribonucleic acids (cDNA),

and the specific region of the cDNA is amplified by PCR repeat-

edly multiplied for detection [36,37]. Although the RT-PCR method

is considered the gold standard with high sensitivity for SARS-

CoV-2 detection, it is usually inconvenient to operate, depends on

well-trained laboratory personnel, and has a long turnaround time

[38,39]. The sample amplification period has a barrier in the form

of the necessity for specialized heat cycling equipment, which is

highly costly and complicated. Challenging to realize and equip in

places where resources are scarce [40]. These limitations in the di-

agnostic platforms prompted researchers to develop strategies that

simplify the process and correspond to sensitivity and specificity.

Combined with the current epidemic prevention needs, Isothermal

amplification is the most promising alternative method of RT-PCR,

which amplifies nucleic acids at a constant temperature without

thermal cycling progress and can test SARS-CoV-2 as similar as us-

ing RT-PCR at the same level [41].

At present, kinds of isothermal amplification technologies that

can be implemented in the POCT diagnostic platform, such as loop-

mediated isothermal amplification (LAMP) [42–47], recombinase

polymerase amplification (RPA) [48–52], rolling circle amplifica-

tion (RCA) [53–57], and nicking enzyme-assisted reaction (NEAR)

[58–61] (Fig. 1). Moreover, some electrochemical and visual sen-

sors have been developed leveraging advances in nanotechnology

with improved sensitivity, specificity and cost-effectivity.

3. POCT platforms based on nucleic acid amplification

technologies

3.1. Reverse transcription loop-mediated isothermal amplification

(RT-LAMP)

RT-LAMP is the most widely used isothermal amplification tech-

nique for SARS-CoV-2 nucleic acid detection without a thermal cy-

cler. At the initial stage of RT-LAMP, the RNA genome of SARS-CoV-

2 is reverse-transcribed into cDNA, then designed primers that can

bind to six different regions are used to enhance the sensitivity

of mixed LAMP [42]. Notably, oligos containing a DNA strand can

be regarded as primers for reverse transcriptase. This auto-cycling

program promotes various double-stranded looped DNA structures

and test results caused by the fluorescent response, pH sensitiv-

ity, and turbidity. The detection time of SARS-CoV-2 by RT-LAMP is

shorter than the traditional RT-PCR.

RT-LAMP is carried out at a single temperature between 60 and

65 °C and generates up to 109 copies of DNA within 1 h. LAMP-

based detection technologies have been used in the research of

the POCT platform for SARS-CoV-2 detection [43]. Several studies

have evaluated some experimental parameters for RT-LAMP, such

as limit of detection (LOD), target genes, and primer sequences.

Anders et al. [44] designed a two-color RT-LAMP assay protocol

using a specific primer set for the nucleocapsid (N) gene to test

SARS-CoV-2 viral RNA. Compared to the RT-PCR technology, which

also used a sensitive primer set, the RT-LAMP with high specificity

and sensitivity is more reliable. Lu et al. [45] designed a mismatch-

tolerant amplification technique called visual RT-LAMP assay based

on its N gene. The LOD per 25 μL reaction is up to 118.6 copies

of SARS-CoV-2 RNA, and the procedure is completed within 30

min. Despite many benefits, LAMP techniques have several limi-

tations in optimizing primer design and reaction conditions. Re-

searchers have made efforts to optimize RT-LAMP for develop-

ing sensitive detection of SARS-CoV-2. Gonzalez et al. [46] used a

three-dimensional (3D)-printed incubation chamber to detect and

amplify genetic sequences that encode the protein. This straightfor-

ward method detects and amplifies SARS-CoV-2 nucleic acids from

62 to 2 × 105 DNA copies. These results of RT-LAMP have demon-

strated that it achieved an efficient POCT technology based on nu-

cleic acid amplification detection of SARS-CoV-2. At the same time,

the amplified program needs external equipment to provide a con-

stant temperature, which is unconducive to keep the equipment

portable and miniature. Recently, Abbott Diagnostics made a POCT

approach using nasal swabs for sample collection [47]. The colori-

metric LAMP to detect viral RNA is a speedier diagnostic method

for detecting SARS-CoV-2 in their molecular lysate samples. El-

Tholoth et al. [49] enhanced the sensitivity of a modified two-step

LAMP protocol; with this protocol, a success rate of 100% can be

achieved at 7–10 copies of viral RNA per reaction, while the PCR

method provides a similar success rate at 700 viral RNA copies

needed. This nested structure can achieve higher sensitivity and

better tolerance to inhibitors. However, there are still some short-

comings at this stage. The amplification products need to be puri-

fied during electrophoresis detection, and when the template con-

centration is low, non-specific signals will be generated, affecting

the experimental results. Therefore, developing isothermal amplifi-

cation methods at room temperature in the future is more promis-

ing.

3.2. Recombinase polymerase amplification (RPA)

RPA is another nucleic acid isothermal amplification method

used for SARS-CoV-2 detection. The reaction temperature is lower

than LAMP, and the whole reaction can be realized at room tem-

perature without external heating elements. The process of RPA

mainly depends on three enzymes: recombinase that can bind

single-stranded nucleic acid, single-stranded DNA binding protein

(SSB), and strand replacement DNA polymerase. DNA synthesis

is started through the chain replacement reaction of DNA poly-

merase, and the target region on the template is amplified expo-

nentially [48]. Amplified products are detected by gel electrophore-

sis, tag-specific antibodies, fluorescent signals, and a quencher on

primers.
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Fig. 1. Principle of nucleic acid amplification in point-of-care testing of SARS-CoV-2. Schematic diagram of RT-PCR (A), LAMP-PCR (B), RPA-PCR (C), NEAR-PCR (D), RCA-PCR

(E), and CRISPR (F). Copied with permission [37,48]. Copyright 2022, Wiley.

The substituted DNA single-strand binds to SSB to prevent fur-

ther substitution of stable open double-stranded structure [48].

It can also be combined with an information probe to use side

flow test paper for the detection or add dye for visual detection

and reading, which will be more suitable for POCT detection. The

single-tube RT-RPA method is 100% consistent with RT-PCR. RPA

process can amplify target DNA fragments without heating parts,

and the reaction speed is faster than LAMP.

Behrmann [50] used a suitable set of RT-RPA primer and ex-

onuclease probe internally quench (Exo-IQ) sequences targeting the

SARS-CoV-2 N gene by computational and manual design. The RT-

RPA assay was determined to be 7.74 copies per reaction and no

cross-reactivity to other screened coronaviruses. Compared to RT-

PCR, this developed RT-RPA assay produced 100% diagnostic sensi-

tivity and specificity. It has excellent application prospects in virus

detection as another obvious advantage: designing primers and

probes is relatively simple. Its fluorescence detection reaction sys-

tem only needs one pair of primers and one probe [51].

Wahed et al. [52] used some nucleocapsid gene RNA molecules

to establish an RT-RPA assay for detecting MERS-CoV, and it only

took 3 to 7 min to detect a minimum of 10 copies of RNA

molecules. This method has a fast response and has been used to

amplify different targets from kinds of organisms and virus sam-

ples. Although RPA technology is considered promising to replace

PCR nucleic acid detection, there are still some shortcomings at

this stage. For example, when the template concentration is low,

non-specific signals will be generated, which will affect the exper-

imental results.

3.3. Rolling circle amplification (RCA)

RCA as an isothermal amplification method has been used

widely for nucleic acid testing. The assay amplifies DNA or RNA

primers by using DNA or RNA polymerases and annealing to a cir-

cular DNA template. The RCA amplicon is a concatemer comple-

mentary to the circular template and contains multiple sequence

repeats [53]. RCA could produce amplicons ∼10-fold and perform

by simple water bath or heating block less than 90 min with min-

imal reagents. RCA has the advantages of isothermal reaction, high

amplification efficiency, and easy combination with other technolo-

gies, such as an electrochemical biosensor, which enables quantita-

tive results obtained rapidly either using POCT or conducted in the

laboratory. With the development of RCA technology, researchers

have developed RCA detection technology for miRNA, pathogens,

proteins, and other substances [54].

In addition, RCA is also realized in the construction of DNA

nanostructures, the preparation of drug carriers, and biochemi-

cal analysis. Chaibun [55] reported a new assay that is detectable

based on RCA to detect SARS-CoV-2 with redox-active labels. A to-

tal of 106 samples, including 41 SARS-CoV-2 and 9 samples posi-

tive for other respiratory viruses, were tested by this assay, which

reported a concordance 100% result with RT-PCR. This one-step

sandwich hybridization assay can test as low as 1 copy/μL of N

and spike (S) genes within 2 h. This approach allows testing kits to

be allocated to outbreak areas broadly, as well as remote regions

where laboratory facilities are insufficient, which particularly; is

beneficial for some developing countries [56,57].

3.4. Nicking enzyme amplification reaction (NEAR)

NEAR is driven by reverse transcriptase, nicking enzymes, and

isothermal amplification DNA polymerase [58]. The DNA template

hybridizes with the primer, the following template replaces the ex-

tension product, and the complementary strand of the replacement

product is extended to form a nicking enzyme recognition site [59].

The recognition site cuts a specific short sequence of one strand

of the double-stranded DNA to create a gap. The isothermally am-

plified DNA polymerase extends the nucleotides from the 3′ end
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of the primer to continue synthesizing the short sequence. Finally,

the amplified double-strand of NEAR is obtained. A template of tar-

get DNA is continuously amplified through cycles of cleavage and

extension, and molecular beacons are designed to generate fluores-

cent signals for quantification.

A new assay based on the NEAR technology has been widely

used for commercial POCT detection of SARS-CoV-2 directional am-

plification of the RdRp designed by Abbott’s ID and completed

within 5-13 min. Nguyen et al. [60] demonstrated that the ID NOW

assay provides a reliable alternative to laboratory-based RT-PCR

methods and is performed in the emergency department using dry

swabs. This assay is a user-friendly molecular biology test based

on NEAR; compared with the RT-PCR study, the assay yielded a

sensitivity of 98.0% and a specificity of 97.5% and can achieve ex-

ponential rate amplification [61]. The advantages of this method

are speed and sensitivity, but the disadvantage is that the design

of short sequences has a high possibility of false positives.

3.5. Clustered regularly interspaced short palindromic repeats

(CRISPR)

CRISPR is a powerful gene-editing technology that can be used

to trim, cut, replace, or add to an organism’s DNA sequence. Ac-

tivated Cas enzymes, which can precisely cleave target RNA and

nonspecifically cleave RNA or DNA in the surrounding environ-

ment, can be used to detect nucleic acids [62]. The quantitative

properties of isothermal amplification methods can be achieved

by nonspecific amplification of non-target sequences or primer-

dimers.

Moreover, studies have shown that CRISPR and its related pro-

teins, mainly Cas12a and Cas13, can be used to detect specific

nucleic acids in samples. They bind to RNA or DNA targets, re-

spectively, specified by guide RNA sequences that can bind to flu-

orophore quencher DNA probes to generate signal amplification

[63–69]. CRISPR-based assays have higher specificity and sensitiv-

ity compared with RT-PCR and metagenomic next-generation se-

quencing (mNGS) methods.

Specific high-sensitivity enzymatic reporter unlocking (SHER-

LOCK) via reverse transcribes the viral RNA target into cDNA, and

then isothermal amplification technology amplifies it. Common

SHERLOCK involves two reaction steps, individual liquid sample

treatment and open tube operation. It only requires purified nu-

cleic acid samples and can be completed quickly and accurately

detect SARS-CoV-2 with high sensitivity [70].

Zhang et al. [71] Tested the synthetic SARS-CoV-2 RNA fragment

and found that at a deficient virus RNA level (10–100 copy)/μL),

this technique can still accurately detect the SARS-CoV-2 sequence.

The test results can be intuitively displayed on the test paper, and

the whole process does not require complex equipment and high-

end technicians to confirm whether the patient has SARS-CoV-2

infection on site quickly. Hou et al. used the SHERLOCK method

targeting orf1ab to obtain near single-copy sensitivity and reason-

able specificity [72]. In 52 clinical samples of patients, it is verified

that it has 100% clinical sensitivity, and the turnover time is only

40 min, which proves its diagnostic potential. And one-pot SHER-

LOCK test developed that combines LAMP with a CRISPR-mediated

detection step; it converted the classic two-step SHERLOCK into a

single-step reaction without sample extraction. The detection limit

of 100 copies with commercial lateral flow test strips or fluores-

cent readings has been validated with clinical samples for POCT

[73].

In a way named DNA endonuclease-targeted CRISPR trans re-

porter (DETECTOR). The first stage of this method is isothermal

amplification after viral RNA is transformed into DNA [74,75]. The

cas12 enzyme is then triggered by using specific target sequences

in the amplified DNA, which cuts the single-stranded DNA re-

porter gene to release a fluorescent signal. Ding et al. [76] proposed

the All-In-One Dual CRISPR-Cas12 (AIOD-CRISPR) assay. Its sensi-

tivity can reach 4.6 copies per microliter. When combined with

an isothermal amplification technology, the CRISPR-based method

can produce fast readings and the sensitivity is better than RT-PCR.

there is still a lack of appropriate real-time detection equipment

[77–79].

Guo et al. [80] established a viral nucleic acid detection plat-

form that integrates sample processing, recombinase-assisted am-

plification, and CRISPR detection, with a detection limit of 1 × 104

copies per milliliter. To make the platform more suitable for im-

mediate detection, a Portable blue cassette with color LEDs for vi-

sualization. Of course, CRISPR can also use side flow test paper to

detect signals, but the sensitivity will be reduced. CRISPR/Cas strat-

egy based on RNA combined with isothermal amplification can im-

prove the reliability, which is very suitable for family detection and

shows a broad prospect for developing next-generation molecular

diagnosis technology and applying POCT detection [81,82].

3.6. Expectations on nucleic acid detection POCT platforms

Among different nucleic acid detection technology platforms,

nucleic acid extraction is essential to achieving accurate pathogen

detection [83]. Conventional nucleic acid extraction is divided into

two methods: manual extraction and instrument automated ex-

traction. However, the extracted products are added manually to

the detection system in the actual detection process. When pro-

cessing samples containing highly infectious viruses, the infec-

tion risk of experimental operators will be increased. An inte-

grated automated nucleic acid detection platform came into being

to avoid the problems caused by separate nucleic acid extraction

from samples. This closed automated system integrates sample ex-

traction, nucleic acid detection, and result output. It can avoid er-

rors and problems caused by excessive manual operation and de-

crease cross-contamination risk during sample detection.

The SARS-CoV-2 detection technology based on an integrated

automation platform integrates sample extraction, nucleic acid de-

tection, and result in output into one system, achieving the fully

automatic detection of pathogen nucleic acid in a "sample in-result

out" method. The platform does not require professional experi-

mental operators and a strict laboratory environment. The instru-

ment is portable and has high detection efficiency and good re-

peatability, so it is especially suitable for rapid on-site screening

of pathogens [84]. However, the integrated automation platform is

still in the development stage, the price of instruments and con-

sumables is high, Therefore, there is ample space for development

before clinical promotion.

4. POCT platforms based on other technologies

4.1. The immunological detection platforms

SARS-CoV-2 immunological detection mainly includes antigen

detection and antibody detection. Antibody-based tests take blood,

plasma, or serum samples for testing [85]. Antigen-based assays

can detect the presence of viral antigens and diagnose an active in-

fection. Immunoassays can help clinicians identify different stages

of a patient’s viral infection and are an effective complement to

SARS-CoV-2 nucleic acid detection. According to different detec-

tion techniques, immunological detection classified enzyme-linked

immunosorbent assay (ELISA) [86–88], immunofluorescence chro-

matography (lateral flow immunoassay, LFIA) [89,90], and chemi-

luminescence immunoassay (CLIA) [91–93].

ELISA is always used on the antibody test, exploited spe-

cific binding of antibody and subsequent enzyme reaction, which

generates a colorimetric readout. While traditional ELISAs are
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Fig. 2. Rapid antigen and rapid antibody tests. Analytical workflow of rapid antigen/antibody test for the detection of SARS-CoV-2 viral antigens through lateral flow im-

munoassay. Copied with permission [85]. Copyright 2022, Springer.

laboratory-based and expensive, LFIA can overcome some limita-

tions. To date, LFIA is the most successful paper-based POCT di-

agnostic device depending on the natural wicking property of pa-

per. The foundational principle of LFIA is exploiting the specific

binding between antigens and antibodies. It has the advantages of

fast detection, a cost-effective and straightforward analytical tech-

nique suitable for POCT diagnostics (Fig. 2). LFIA obtained results

readable by the naked eye within minutes. However, they suffer

from quantification limitations and solid-phase effects. In theory,

the SARS-CoV-2 antigen can be detected once an individual is in-

fected [94,95]. When the virus enters the human body, a window

period during the immune response produces antibodies and im-

mune response, and the detection pathway tends to induce "false

negative" results [96]. Thus, the sensitivity of LFIAs is often limited.

Table 1 presents various POCT diagnosis technologies and evaluates

them based on the testing types, samples, detection targets, and

limits. These methods are also summarized for sensitivity, speci-

ficity, and clinical validation.

4.2. Nanomaterial-based biosensors detection platforms

4.2.1. Electrochemical biosensors

Electrochemical detection can be realized using biosensors that

measure electrical signals from antigen-antibody binding. It has

significant advantages over other methods, such as analysis cost,

quantitative detection, high sensitivity and selectivity, and the

potential for portability [97]. Developing new high-performance

biosensors has become a hotspot in scientific research to pre-

vent and detect diseases by combining optical, electrochemical,

mechanical, magnetic, and thermal transport modes [98,99]. Most

biosensors can use antibodies, proteins, enzymes, aptamers, cells,

and nucleic acids as receptor probes [100]. The rapid development

of emerging technologies with the advent of lab-on-a-chip (LOC)

[101], lab-on-disk (LOAD) [102], microfluidic paper-based assays

(μPADs) [103], lateral flow assays (LFA) [104], micro-PCR [105], Pro-

moted the improvement trend of in vitro diagnosis from central-

ized laboratory to POCT detection [106].

Chen et al. constructed the platform for anchoring N gene tar-

geted aptamer the novel label-free method based SPR aptasensor

using thiol-modified niobium carbide MXene quantum dots has

been utilized to detect SARS-CoV-2 [107]. Types of electrochemi-

cal biosensors have been used for the diagnosis of viral infectious

diseases, such as metal nanoparticles (NPs), graphene oxide (GO)

[108], graphene [109], quantum dots (QDs) [110], and Nanoreac-

tors [111]. They can be functionalized with antibodies/nucleic acids

and suited for high-sensitivity SARS-CoV-2 analysis [112]. Samper

et al. report a novel low-cost electrochemical capillary-flow device

to quantify IgG antibodies targeting SARS-CoV-2 down to 5 ng/mL

in low volume (10 μL) with a quantitative electrochemical readout

less than 20 min [113]. Biosensor-based target analysis is consid-

ered a possible option to ease the burden of PCR-based techniques,

which has proven to be a superior platform [114–116].

Currently, advances in electrochemical methods combined with

wireless media for SARS-CoV-2 detection are mainly by large-scale

graphene electrodes [117,118]. At the same time, a series of quan-

titative detection methods based on electrochemistry, fluorescence,

absorbance, and surface plasmon resonance has been proposed on

POCT devices for quantitative readout [119]. Singh et al. success-

fully detected SARS-CoV-2 virus antigen in saliva samples using a

ready-made portable blood glucose meter [120].

4.2.2. Field-effect transistor (FET) biosensors

Another biosensor that does not require sample pretreatment

is the FET biosensor, with high sensitivity, high specificity, and no

labeling. This device can be integrated with microelectronic sys-

tems for POCT detection [121]. The signal transduction capabili-

ties of conventional FET biosensors depend on their channel ma-

terials; the intrinsic electronic properties and biorecognition pro-

cess of channel materials determine their performance. Graphene

is a potential substrate for biosensing applications due to its ex-

cellent electrical conductivity, large surface area, and good han-

dling properties [122,123]. More and more studies have focused on

detecting DNA probe-based graphene field-effect transistor (GFET)

biosensors (Fig. 3). Loan et al. fabricated a GFET sensing device

with probe DNA immobilized on ultrathin graphene flakes grown

using chemical vapor deposition (CVD) [124]. They use a residue-

free gold transfer graphene film instead of a polymethyl methacry-

late (PMMA)-mediated transfer process, with a detection limit as

low as 1 pmol/L obtained, which is five times higher than previ-

ous results. Kang et al. [125] realized a GFET biosensor modified

near the graphene surface ultra-sensitive SARS-CoV-2 antibody de-

tection with a LOD down to 10–16 g/mL level.

GFET biosensors using DNA probes as identification elements

can achieve high-sensitivity detection of trace substances due to

their fast response speed, efficient signal transduction, label-free

detection, convenient operation, and easy integration [126]. Dai et

al. developed a multi-antibody transistor assay for testing sensitive

and highly accurate antigen repertoire. Using multiple antibodies

to capture the SARS-CoV-2 spike S1 protein with different confor-

mations, it binds to the antigen that is as low as 0.34 fmol/L, and

the detection limit in artificial saliva reaches 3.5 × 10−17 g/mL, 4–

5 orders of magnitude lower than existing transistor sensors. Their
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Table 1

Comparison of the POCT diagnosis technologies based on different platforms for the SARS-CoV-2 detection.

Typea Method Sample Extracted

volume

(μL)b

Target LOD Time

(min)

Sensitivity Specificity Clinical

validation

Ref.

1 RT-PCR RNA

(Nasopharyngeal swab)

140 RdRp, N 10 copies/

reaction

30 100% 99% Yes [94]

RT-PCR RNA

(Nasopharyngeal swab)

N.A. RdRp, E, N 5 copies/μL 60 100% 100% Yes [35]

dd-PCR RNA

(Nasopharyngeal swab)

11 ORF1ab 2 copies/

reaction

300 91% 100% Yes [40]

RT-LAMP RNA

(Nasopharyngeal swab)

2 M/N 20 copies/μL 13 100% 100% Yes [42]

RT-LAMP RNA

(Nasopharyngeal swab)

1.8 N, S, RdRp 118.6 copies/

reaction

20 94% 90% Yes [45]

RT-LAMP RNA

(Throat swabs)

20 ORF1a/b,S,

N

20 copies/

reaction

30 100% 100% Yes [43]

RCA RNA (Human blood) 1 N 4.9 copies/μL 61 89.2% 100% Yes [54]

RPA RNA (swabs) 1 RdRp, N, E 6.9 ± 5.3

copies/μL

30 92.6% 98.9% Yes [48]

RPAc RNA

(Nasopharyngeal swab)

6.2 N 7.74 copies/μL 20 100% - Yes [50]

NEAR Synthetic DNA

(Nasopharyngeal swab)

50 RdRp 0.125 copies/μL 5 - - Yes [59,60]

2 Electrochemical

biosensors

RNA

(Nasopharyngeal swab)

80 ORF1ab 0.01-0.02

copies/μL

1 - - Yes [121]

Colorimetric

biosensors

RNA

(Nasopharyngeal/throat

swab)

100 S 10 ng/mL 30 97.5% 90.2% Yes [133]

Plasmonic

nanoparticles

RNA

(Nasopharyngeal swab)

100 N 8.3 copies/

reaction

40 N.A. N.A. Yes [134]

Electrochemical

DPV

RNA

(Nasopharyngeal swab)

200 S, N 1 copy/μL 120 100% 100% Yes [55]

3 Cas12a/RT-RPA RNA

(Nasopharyngeal swab)

5 S, M, N 0.1 copies/μL 60 100% 100% Yes [64,

65]

CRISPR/Cas12ad RNA(Nasopharyngea) 25 N 5 copies/μL 20 100% 100% Yes [76]

Cas13a/RT-RPA RNA (Nasopharyn-

geal/throat

swab)

1.25 S, N 40 copies/

reaction

60 88% 100% Yes [66,

67]

Cas9/RT-RPA RNA

(Nasopharyngeal swab)

25 E, ORF1ab 4 copies/μL 45 97.1% 100% Yes [63]

SHERLOCK RNA (Nasopharyn-

geal/throat

swab)

6.5 S, N,

ORF1ab

42 copies/μL 60 100% 100% Yes [66]

DETECTR RNA

(Nasopharyngeal swab)

120 E, N 10 copies/μL 45 - - Yes [77]

Cellulose-binding

domain

Antibody (Serum) 50 IgM, IgG 5 nmol/L 15 96.2% 93.9% Yes [95]

4 LFIA Antigen (Nasal swabs) 1 N 0.65 ng/mL 20 N.A. N.A. Yes [90]

ELISA Antibody (Serum) 50 IgM, IgG 2 μg/mL 60 N.A. N.A. Yes [86–89]

ELISA Antibody (Serum) 80 IgM, IgG N.A. 180 100% 100% Yes [88]

Chemiluminescence

Antigen (Serum) 100 S 0.1 ng/mL 16 N.A. N.A. Yes [91–93]

N.A.: not available.
a Diagnosis type 1: Nucleic acid amplification platforms; 2: Biosensor platforms; 3: CRISPR platforms; 4: Immunoassay test platforms.
b Volume of the original clinical sample.
c Exo-probe with an Internally linked Quencher Reverse Transcription Recombinase Polymerase Amplification.
d All-In-One Dual CRISPR-Cas12a assay.

work addresses a long-standing problem with antigen pool testing,

making it an invaluable tool for future accurate diagnosis and uni-

versal screening [127]. Guo [128] developed a portable bifunctional

electrical detector based on GFET biosensors with ultra-low lim-

its of detection of ∼0.1 and ∼1 fg/mL in phosphate buffer saline,

respectively, through either nucleic acid hybridization or antigen-

antibody protein interaction for SARS-CoV-2. The diagnostic results

exhibit rapid detection speed and high throughput within 10 min

for nucleic acid detection; their assay provides excellent agreement

with RT-PCR accurately.

Due to the competitive sensing performance with different anti-

gen testing routes, Wei et al. [129] precisely developed a multi-

antibody FET sensor for antigen pool testing. A portable integrated

platform is demonstrated to distinguish SARS-CoV-2 positive cases

among 10-in-1 pooled samples with 1 min and ∼100% same with

PCR results. The pool testing is valuable to identify infected indi-

viduals for diagnosing SARS-CoV-2 from the population as their

lower cost per test and diagnosing capacity improved, as well as

for testing other infectious viruses such as Ebola and Zika by re-

placing multi-antibodies. Although FET is an ideal POCT candidate

for detecting of SARS-CoV-2, Most biosensors are in the laboratory

stage with poor stability in the external environment, so the real-

ization of large-scale commercialization remains a huge challenge.

4.2.3. Colorimetric biosensors

Colorimetry is a straightforward and visually appreciable de-

tection method without complex equipment [130]. Colorimetric

biosensors assays based on gold nanoparticles (AuNPs) are com-

monly used to diagnose various human diseases that exploit the

color change occurring through antigen-antibody interactions in

6
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Fig. 3. (A) Triple-probe TDF dimer GFET sensor for SARS-CoV-2 RNA testing. Copied with permission [129]. Copyright 2022, American Chemical Society. (B) A multi-antibodies

transistor assay is developed for sensitive and highly precise antigen pool testing. Copied with permission [127]. Copyright 2021, American Chemical Society. (C) SARS-CoV-

2 nucleic acid testing. Workflows for SARS-CoV-2 nucleic acid testing by GFETs. Copied with permission [121]. Copyright 2022, Nature. (D) Nucleic acid assay by using a

graphene field-effect transistor with Y-shaped DNA dual probes (Y-dual probes) Copied with permission [122]. Copyright 2021, American Chemical Society.

Fig. 4. Schematic overview of the electrochemical capillary-flow immunoassay. (A) Exploded view. (B) Electrochemical immunoassay and detection mechanism. Copied with

permission [113]. Copyright 2021, American Chemical Society. (C, D) Schematic diagram of the synthesis of Nb2C-SH QDs and construction of the Nb2C-SH QD-based SPR

aptasensor for detecting N-gene of SARS-CoV-2. Copied with permission [107]. Copyright 2021, Springer. (E) An Overview of the proposed point-of-care, aptamer-based

COVID-19 assay. Copied with permission [120]. Copyright 2020, Elsevier.

colloidal suspensions [131–133]. In particular, AuNPs are most fa-

vored for colorimetric analysis because of their unique optical

properties, ease of synthesis, simplicity, and utility of their surface

functionality (Fig. 4). Several portable devices showed promising

results in detecting the viral genome. The advantage of portable

devices is that they can be used to detect SARS-CoV-2 both in

the hospital and outside the hospital quickly. In recent studies, a

smartphone app was used for quantitative colorimetric analysis of

color changes on the paper surface with cytokines.

Pan et al. [134] developed a colorimetric bioassay based on

AuNPs that diagnosed positive cases within 10 min from the iso-

lated RNA. They adopted the biosamples modifying an all-inclusive

7
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Table 2

Commercial point-of-care testing assays from different countries and regions.

Sample Target Detection method Assay time LOD Company

Viral RNA RdRP RT-LAMP 5–13 min 125 GE/mL Abbott Diagnostics Scarborough, Inc.

Antibody IgG/IgM LFIA 10–15 min N.A. Ortho Clinical Diagnostics, Inc.

Antigen S/N/E protein Immunoassays 15 min 1.4 × 102 TCID50/mL BD Veritor

Antibody IgG/IgM LFIA 15 min 1.6 × 102 TCID50/mL JOYSBIO

Antigen S/N/E protein Immunoassays 15 min 20 pg/mL Wantai kit

Viral RNA RNase P (RP) RT-PCR 1–2 day 55 copy/μL Avellino Lab USA, Inc.

Viral RNA E, N, ORF1ab RT-PCR 2 h 1 copy/μL 4 Maccura Biotechnology (USA) LLC

Viral RNA S, N RT-PCR 4 h 10 GE/rxn Thermo Fisher Scientific, Inc.

Viral RNA ORF1ab, ORF8 RT-PCR 50 min 330 copy/mL BioFire Defense, LLC

Viral RNA N2, E RT-PCR 45 min 250 copy/mL Cepheid

Viral RNA ORF1ab RT-PCR 90 min 100 cP/mL BGI Wuhan Biotech Co., Ltd.

Viral RNA ORF1ab, N RT-PCR 90 min 1000 copy/mL Shanghai Bio Germ

Viral RNA N RT-PCR 30 min 100 copy/rxn Mesa Biotech Inc.

Antigen S/N/E protein Immunoassays 55 min 30 TCID50/Swab USTAR

Viral RNA ORF1ab, N RT-PCR 110 min 500 cP/mL Daan Gene Co., Ltd.

Viral RNA ORF1ab, N, E RT-PCR 4 h 1.5 cP/μL Luminex Molecular Diagnostics, Inc.

Viral RNA Pp1ab RT-PCR 75 min 1.28 × 104 eq/mL Quidel Corporation

Viral RNA E RT-PCR 3 h - Roche Molecular Systems, Inc.

Viral RNA ORF1ab, N RT-PCR 90 min 200 cP/mL Sansure BioTech Inc.

Viral RNA ORF1ab, N, E RT-PCR 90 min 1000 cP/mL Shanghai ZJ Biotech Co., Ltd

Viral RNA S, N RT-PCR 4 h 10 GE/rxn Thermo Fisher Scientific, Inc.

Viral RNA ORF1ab, N RT-PCR 90 min - Ustar

Antibody IgG, IgM LFIA 50 min - Autobio Diagnostics Co. Ltd.

Antibody Total Antibodies CLIA 10 min - Siemens Healthcare Diagnostics Inc.

Viral RNA ORF1ab, S RT-PCR 1–1.5 h 500 cP/mL DiaSorin Molecular LLC

N.A.: not available.

RT-PCR: reverse transcription-polymerase chain reaction.

CLIA: chemiluminescence immunoassay.

LFIA: lateral flow immunoassay.

targeting strategy by capping two regions of the SARS-CoV-2 N

gene. Colorimetric biosensors applications on smartphone inter-

faces, microfluidic channels, and bioassay cartridges are promising

solutions for further data interpretation and communication [135].

It is an easy-to-use technology that finds more POCT diagnostic

platforms for COVID-19 control and future pandemics.

Nanotechnology for colorimetric biosensors realized miniatur-

ization of test devices and improved sensitivity without special fa-

cilities and qualified personnel. Such applications can be detected

and sequenced for SARS-CoV-2 mutating pathogens, reducing false-

negative rates, thereby effectively collecting epidemiological data

for future crucial drug and vaccine application strategies [136].

5. Commercially market-oriented SARS-CoV-2 assays

Several biological companies have developed commercialized

nucleic acid POCT detection reagents and supporting instruments.

Table 2 summarizes a series of commercial kits from different

countries and regions, including antigen testing, antibody testing,

and nucleic acids testing, involving target analyses, detection time,

clinical specimens, sensitivity, specificity, and manufacturers. As

the POCT technology rapidly developed with the SARS-CoV-2 de-

tection, this table contents require constant updating at any time

[137–145]. More or less, comparing and selecting the most suitable

test from different commercial kits providing for SARS-CoV-2 de-

tection is essential.

Currently, most of the POCT methods for SARS-CoV-2 detec-

tion are in the conceptual research stage, and there is still a dis-

tance from commercial application. These methods approved for

the market needs to be used on a unique supporting instrument

that realizes the integration of extraction, amplification, and detec-

tion, significantly promoting the development of POCT detection.

And the POCT diagnosis kits urgently need encouraging further in-

depth studies and large-scale clinical validations with an excellent

commercial potential platform.

It is worth noting that an increasing number of commercial

tests for POCT based on RT-PCR assays are developing. In response

to the epidemic of asymptomatic infection with virus mutations,

the POCT diagnostic platform is trying to move in the following di-

rections: (1) Optimizing the currently used portable microanalysis

equipment to maintain efficient detection while reducing costs. (2)

Developing multiplexing multiple targets, which can detect various

targets at the same time to improve detection accuracy and sensi-

tivity. (3) Combining artificial intelligence technology with smart-

phone terminals enhances user-friendliness and facilitates user de-

tection methods.

The above suggestions are listed from the customer and market

demand perspective, which is a great challenge. Some significant

obstacles exist in transforming from an academic research labora-

tory environment to commercialization. Not only are the apparent

gaps at the technical level, but more research results also need the

help of enterprises before they can be transformed into market-

oriented competitive products. Judging from the current research,

more advanced and feasible technologies or tools for epidemic pre-

vention and control and quick-reading detection will appear in the

future.

6. Conclusions and outlooks

Nowadays, from a life sciences perspective, SARS-CoV-2 may

not be the last pandemic we will experience. Knowing how to de-

tect viruses technologically and face the next pandemic confidently

is essential, a lesson we learned from our sufferings from the con-

temporary COVID-19 pandemic. For future available POCT systems,

a more portable, high-throughput diagnostic platform is urgently

needed. The development of epidemic information technology pos-

itively affects vaccination statistics and treatment for clinical fac-

tors.

Open and transparent exchanges of disease progression pre-

vention, control experience, and feasible technology conducive to

coping with future epidemics (Fig. 5). Undoubtedly, information
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Fig. 5. Expecting on development the epidemic information technology for precise

public health surveillance.

technology for virus detection is also critical, while establishing

a global information data management platform is an obstacle. In

theory, statistical databases can help build a worldwide query-able

public health data portal to share social health records.

That means a POCT diagnostic platform with multiple detection

methods complementing each other can cover different stages of

the virus on a large scale, such as screening of suspected cases,

initial infection, disease treatment, and later stages of cure. How-

ever, from the perspective of researchers and the direction of POCT

diagnostic technology, there are some thorny scientific challenges

in current testing technology research. For example, a general ap-

proach to receptors is lacking in meeting the need to identify

a broad range of SARS-CoV-2 variants, and current receptor ap-

proaches vary. At the same time, the improvement of sensitivity in

overcoming the problem of false-negative detection is indispens-

able. For the optimization of sampling and the visual reading of

detection results, there is much room for improvement and op-

timization, making it more convenient for people to monitor the

epidemic prevention and control situation on a large scale.

Current POCT detection research has the advantages of simple

operation, short detection time, and no need for a professional lab-

oratory. It makes up for traditional detection technology’s short-

comings that rely on professional equipment and long detection

cycles. Although significant progress has been made in biosensors

and nucleic acid amplification technologies, the need for epidemic

prevention and control has driven intense research and develop-

ment. The future ideal POCT product needs to have the character-

istics of portable, high-precision, and high-throughput detection; it

needs to be miniaturized, automated, and visualized. This review

summarized recent POCT platforms to provide a reference for epi-

demic prevention and clinical management.
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