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Abstract: Since the outbreak of coronavirus disease-19 (COVID-19), cold-chain food contamination
caused by the pathogenic severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has at-
tracted huge concern. Cold-chain foods provide a congenial environment for SARS-CoV-2 survival,
which presents a potential risk for public health. Strengthening the SARS-CoV-2 supervision of
cold-chain foods has become the top priority in many countries. Methodologically, the potential
safety risks and precaution measures of SARS-CoV-2 contamination on cold-chain food are analyzed.
To ensure the safety of cold-chain foods, the advances in SARS-CoV-2 detection strategies are sum-
marized based on technical principles and target biomarkers. In particular, the techniques suitable
for SARS-CoV-2 detection in a cold-chain environment are discussed. Although many quarantine
techniques are available, the field-based quarantine technique on cold-chain food with characteristics
of real-time, sensitive, specific, portable, and large-scale application is urgently needed.

Keywords: food safety; SARS-CoV-2; precaution; quarantine; cold-chain foods

1. Introduction

To date, more than five hundred million people have been confirmed cases of COVID-19,
which has caused over six million deaths [1]. COVID-19 caused by SARS-CoV-2 has led to
a severe threat to public health and safety. At present, SARS-CoV-2 is mainly transmitted
via respiratory aerosols, droplets, and close contact with SARS-CoV-2-infected patients,
which can be effectively prevented through protective measures [2,3]. Unfortunately, many
challenging problems in dealing with the spread of COVID-19 are emerging, e.g., a crop
of the more transmissible form of SARS-CoV-2 variants, spreading of the asymptomatic
carrier, and exposure to latent polluted objects. As the levels of willingness to accept
the SARS-CoV-2 vaccine are insufficient to achieve community immunity and no specific
drug treatment is available for the epidemic till now [4,5], many countries have adopted a
policy of closure and continuous testing of a potentially infected person and contaminable
objects [6].

Cold-chain foods can act as the potential carrier of COVID-19. Workers with the
COVID-19 symptom may contaminate the food that is being processed [7]. Even worse,
SARS-CoV-2 remains highly stable on fish, meat, poultry, pigskin, and other foods under
cold storage (4 ◦C) and in freezing conditions (−80 ◦C) that can survive on cold-chain
food for more than 21 days. This caused a huge risk of long-distance transmission through
contaminated cold-chain foods [8]. Although it is unclear whether the viral load on the cold-
chain foods is sufficient to cause an infection, the transmission risk caused by contaminated
foods to humans exists [9]. Among the cases of SARS-CoV-2 contamination on cold-chain
food, one of the most representative outbreaks was in Qingdao, China, in September
2020 [10,11]. After testing positive for nucleic acid, the stevedores at Qingdao Port were
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diagnosed with asymptomatic SARS-CoV-2 infection. Both patients began unloading
frozen cod in bulk on 19 September 2020. However, neither two cases have a contact
history with COVID-19 or lived abroad. Notably, the virus identified in the stevedores
was highly homologous to the disease virus on the packaging of the frozen cod [12].
This finding suggests that it is possible to spread the SARS-CoV-2 through contact with
contaminated cold-chain foods. Moreover, SARS-CoV-2 has been successively isolated
from cold-chain food in nine provinces of China [12,13]. Countries at a low infected level
or stable epidemic situation should pay more attention to the risk of imported cases to
avoid another major outbreak. Therefore, it is urgent to understand the characteristics of
SARS-CoV-2 transmission via cold-chain routes [14]. Strengthening the inspection and
quarantine of cold-chain foods should be one of the top priorities for COVID-19 prevention.

2. Safety Precautions in Cold-Chain Links

A complete cold-chain is an uninterrupted process of cold production, storage, and
distribution activities, along with associated equipment and logistics to keep a low ideal
temperature range to ensure the quality of the transported goods [15]. However, the low
temperature provides an ideal opportunity for long-distance transmission of SARS-CoV-2.
Cold-chain food samples that contain a high viral concentration or prolonged exposure to
contaminated food cause a risk of SARS-CoV-2 transmission from food products to persons.
As such, the potential safety risks and precaution measures during the cold-chain links
including the acquisition of raw materials, the processing, and treatment of raw materials,
the packaging of processed food, the transportation of processed food, the sales of products,
and the final consumers’ preservation should be sequentially analyzed (Figure 1) [16].
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Figure 1. The possible solutions for the potential SARS-CoV-2 contaminated risks during the six links
in the cold-chain.

2.1. Acquisition of Food Raw Materials

SARS-CoV-2 contamination may originate from the acquisition of raw materials of
agricultural and sideline products. Most of the people involved in this link are grass-
roots producers, who have insufficient safeguard procedures and understanding of the
huge risks brought by SARS-CoV-2. Once the producer is infected, they cannot diagnose
themselves during the latent period and insist on productive activities as usual. Indeed, a
more obvious danger is that the producers do not seek proper hospital treatment in time
after symptoms of COVID-19. During this period, the sick producers may contaminate
the food raw materials easily [17]. Several reasons, such as poor financial situation and
individual consciousness, cause this dilemma. In addition, a lack of producer materials may
also cause the transmission risk in the production activity. For example, using untreated
excreta of pit latrines as fertilizer is a common phenomenon in rural agriculture, which
may cause a sustainable source of infection when dealing with COVID-19 [18].
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2.2. Processing of Food Raw Materials

For the workers in the industry, observing the personal hygiene principles, such as be-
ing equipped with strict protective measures, and identification of suspicion in production
lines, are important measures since a large number of raw materials may contain contami-
nated agricultural production and then cause transmission risk by improper processing
activities. Food sanitizing with light (e.g., ultraviolet), surface sanitizing with chemical
disinfector (e.g., medicinal alcohol), and providing a harsh environment for SARS-CoV-2
survival (e.g., heat treatment) in food production lines play a positive role in preventing
diseases [19]. For food enterprises, it is beneficial to strengthen the implementation of
enterprise health and management during the COVID-19 pandemic. It is crucial to prevent
cross-infection among infected workers, contaminated food, and contaminated machines as
aerosols carrying the virus can affect workers in poorly ventilated and dense environments.
Several food operations technologies, such as avoidance of acquisition of any raw food that
has a potential source of SARS-CoV-2 and encouragement of food production that enriches
with vitamin D, C, B3, K, amino acid L-tryptophan, and nicotinamide adenine dinucleotide
(NAD+), should be advocated [20].

2.3. Food Packaging

In this link, packaging materials have an important role in disease prevention. SARS-
CoV-2 and other CoVs have remarkably short persistence on low porosity materials
(e.g., copper and latex) as compared to high porous fabrics surfaces like stainless steel,
plastics, and glass. In general, SARS-CoV-2 can survive for 3–4 days on a plastic surface
and retain its infectivity [21]. Viral particles decayed after 7 days on the plastic surface at
room temperature at 65% relative humidity (RH), and the viability of the SARS coronavirus
was significantly affected by temperature and RH [22,23]. In another study, SARS-CoV-
2 persisted for shorter periods on copper, copper-nickel, and brass than that on plastic
(e.g., coronaviruses survive on copper for 8 h) [24]. Therefore, the selection of appropriate
materials for cold-chain food packaging can effectively reduce the probability of virus infec-
tion. In addition, food packaging sanitizing is of great importance in this cold-chain link.

2.4. Food Transportation

Food transportation is one of the largest cross-regional links in cold-chain procedures.
Once the food contamination comes into being, various species of viruses from different
regions flow everywhere, which easily causes infection and even an outbreak of epidemic.
In this link, strengthening the SARS-CoV-2 test on cold-chain foods is one of the most
effective measures [25]. Thus, choosing the appropriate detection strategies of SARS-CoV-2
based on technical principles can effectively increase diagnosis rates and control the risk of
infection. For this purpose, the strategy of SARS-CoV-2 detection on cold-chain food with
characteristics, e.g., real-time, sensitive, specific, and large-scale application, is urgently
needed [26,27]. Continuous testing for cold-chain food samples, especially foods that come
from countries with high counts of infected cases, is an important technological approach
that ensures food security. In addition, banning the cold-chain food imports after packaging
tests positive for COVID-19 is a way to cut off the transmission.

2.5. Sales of Food

For food sales, this link involves the widest range of people. Whether salespeople
or consumers, anyone who comes into contact with contaminated cold-chain food has
a probability of becoming a patient through close contact. The Brazilian Association
of Supermarkets launched a pamphlet with strategies to decrease the risk of infection,
emphasizing the need for sanitization of parking meters, supermarket carts, and baskets,
and points of intense and repetitive contact such as door handles, doorknobs, and handrails,
payment terminals, and elevators [28]. The pamphlet also emphasizes the need for public
dispensers of hand sanitizer at the entrance to food markets, and soap and paper towels in
the restrooms. These measures are worthwhile acting as a reference in severely affected
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countries or regions. At the same time, the impact of the COVID-19 pandemic on food sales
cannot be ignored. To minimize the sharp drop in food sales, relevant departments should
provide partial economic support [29].

2.6. Consumption

After people consume in public places, it is not clear whether the product is contami-
nated or not. No evidence showed that the SARS-CoV-2 infected consumers via food or
food packaging. However, taking good care of personal protection is necessary, e.g., both
the consumers and the cold-chain food should be effectively disinfected. The number of
SARS-CoV-2 decreased dramatically by about seven logs after heat treatment of 70 ◦C for
5 min [30]. Here, the commonly used food cooking temperature and the methods are as
follows: for beef, pork, veal, and lamb, cook at at least 160 ◦F; for turkey and chicken, cook
at 165 ◦F; steaks, roasts, and chops, cook at at least 145 ◦F for 3 min; all poultry (breasts,
whole bird, legs, thighs, wings, ground poultry, giblets, and stuffing) should be cooked at
165 ◦F; fresh pork, including fresh and ham, usually needs to be cooked at 145 ◦F; eggs
should be cooked until yolk and white are firm; clams, oysters, and mussels should be
cooked until their shells open during cooking [31].

3. Characteristics for the Cold-Chain Food Quarantine

Detection of SARS-CoV-2 on cold-chain foods plays an important role in the identifica-
tion of pathogens at an early stage [32]. For the detection of SARS-CoV-2 contamination on
cold-chain foods, different kinds of methods are available, as mentioned in Section 4 [33,34].
However, these methods are mostly used for quarantine in patients, and many methods
cannot be directly applied for the SARS-CoV-2 tests on cold-chain food (Figure 2). Here,
to analyze what would the ideal quarantine method look like, the characteristics of the
SARS-CoV-2 test on cold-chain food are discussed.

Before the detection of SARS-CoV-2 on cold-chain foods, the sample pretreatment is
an essential part and is different in nucleic acid assays and immunoassays. Pesticides and
other chemicals may leave residues in chilled fresh fruits and vegetables, and animal meat
such as frozen fish may be parasitized by other pathogenic microorganisms [35]. These
organic reagents and pathogenic microorganisms, including some viruses and bacteria,
may affect the enzyme activity and the accuracy of test results. For sample pretreatment,
ultra-filtration and extraction is the most frequently used method in water samples in
nucleic acid assays. Elution and flocculation techniques can be applied to obtain the virus
from food matrices in the pretreatment of fruits, vegetables, and their products [36]. Elution
and concentration method were also used for the treatment of different meat products [37].
Additional details on sample pretreatment can be referred to the comprehensive review of
ref. [38].

To avoid affecting the sale of food, it is better to ensure the integrity of the food being
tested [39]. Thus, tap water that melted in ice for cold-chain transportation, soaking liquid
from packaging bags of frozen food, and extracts from the surface of fresh seafood can
be selected as the media related to the detection of cold-chain food. In addition, swab
specimens on the surface of the food are also feasible for the detection of SARS-CoV-2,
which will not affect the integrity of the food [40]. However, the above sampling method
is not feasible for animal products infected with the virus before death. Besides, the
virus is unevenly distributed on imported cold-chain foods and packaging, and the virus
concentration usually stays at a trace level [41]. Local sampling may lead to false-negative
results. A pooled testing strategy for identifying SARS-CoV-2 can be used as it can handle
a large number of food samples. Pooled testing benefits from faster results, lower costs
of testing, and fewer test kits which can greatly reduce test costs [42]. Therefore, it is
particularly important to adopt a comprehensive sampling and evaluation method.
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Figure 2. The advanced quarantine methods for SARS-CoV-2. For SARS-CoV-2 quarantine, many
test techniques including nucleic acid and immunological methods are available. Nucleic acid tests
include whole-genome sequencing and specific gene detection (A). Immunological tests include anti-
gen tests (B), antibody immunological tests (C), and cytokine storm diagnoses (D). RT-PCR (Reverse
transcription-polymerase chain reaction), LAMP (Loop-mediated isothermal amplification), CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats), LFIA(Lateral-flow immunochromato-
graphic assay), FET (Field-effect transistor), ELISA (Enzyme linked immunosorbent assay), xMAP
(Multi-analyte profiling), SERS(Surface-enhanced raman scattering).

Whether chilled or frozen, cold-chain foods are in a low-temperature environment.
Therefore, the testing temperature is also under consideration. The most ideal state is to
directly perform real-time detection on-site at low temperatures. In this way, the damage to
cold-chain food is minimal and the quarantine speed of food can be accelerated. However,
the current quarantine techniques require the presence of enzyme reagents (e.g., poly-
merases, Cas12a) [43]. The working temperature of the enzyme reagent is contradictory
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to the cold-chain conditions. Besides, enzyme-dependent nucleic acid detection involves
harsh storage and reaction conditions of the enzyme. The enzyme-dependent inspection
cycle is usually long, which forms an obvious contradiction with the short shelf life of im-
ported cold-chain food [44]. It is necessary to contemplate whether methods using enzyme
reagents are suitable for on-site screening of cold-chain foods. Thus, the development of a
microthermal, non-enzyme, and spontaneous detection reagent may be the future direction
of the SARS-CoV-2 test on cold-chain foods [45].

At last, the epidemic prevention in the normalization stage should be to maximize
rapid detection and avoid the delay in the delivery time of cold-chain food. Thus, it is better
to make a field-based test for SARS-CoV-2 diagnosis on cold-chain food at the customs. In
this way, the detection method that required large-scale equipment cannot work on the
spot [13]. A point-of-care test (POCT) could be one way to solve this problem because the
detection time is shortened and the instrument is portable. For instance, microfluidic chips
that integrate various small-scale laboratory functions on a single chip may be the most
suitable technique for the rapid detection of SARS-CoV-2 on cold-chain food among the
SARS-CoV-2 quarantine technologies, which shows promise of being commercialized for
rapid quarantine of SARS-CoV-2 in the cold-chain environment [46,47].

4. Potential Cold-Chain Food Quarantine Techniques

Effective control of infectious diseases relies on individual protection as mentioned
in Section 2, as significant as reasonable quarantine methods. Unlike traditional food
testing methods, the detection of SARS-CoV-2 on cold-chain foods puts forward higher
requirements regarding sampling method, detecting conditions, testing periodic time, anti-
interference capability, and portability of equipment [48]. Here, according to the different
pathogen markers, e.g., nucleic acid, antigen, antibody, and cytokine storm assay, we list
two categories of COVID-19 testing methods, as well as the advance of SARS-CoV-2 test
methods (Table 1). Whether the existing detection methods can be applied to test suspicious
cold-chain foods will be dialectically discussed.

4.1. Nucleic Acid Test

SARS-CoV-2 is a positive-sense RNA virus, and the feature gene can be used as target
analytes [49]. Nucleic acid detection technology is the most direct and essential pathogenic
evidence for food contamination (Figure 2A). It has the advantages of early diagnosis,
high sensitivity, and good specificity, and is the gold standard for SARS-CoV-2 detection
(e.g., RT-PCR) [50].
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Table 1. The advance of SARS-CoV-2 test techniques.

Methods Category Subcategory LOD Specificity Sensitivity Cost Time Description References

Nucleic acid
test

RT-PCR 1–10 copies 97.06–99.69% 91.06–99.96% USD 25–200 4-6 h

The gold standard for
SARS-CoV-2 diagnosis is

suitable for the large-scale test
but needs specialized

laboratory equipment and
trained technicians

[51,52]

Whole-
genome

sequencing
ND ND 98.33–99.83% USD 2000 48-72 h

The first complete genomic
sequences of SARS-CoV-2 were

obtained through
metatranscriptomics

approaches

[53,54]

Isothermal
amplification
technology

Transcriptional
colorimetric

loop-mediated
isothermal

amplification

100 copies/µL 100% 85% ND 21 h
Effectively reduce the false

positive rate and improve the
detection efficiency

[55]

Proofreading
enzyme-mediated

isothermal
amplification

100 copies

Effectively
distinguish

SARS-CoV-2
from

SARS-CoV

Effectively
detect as few
as 100 copies

of gene N
RNA in 1 h

ND 50 min
Show similar analytical
performance with the
conventional RT-PCR

[56]

Emulsion
loop-mediated

isothermal
amplification

10, 103, and
105 copies/µL

ND ND ND 5–10 min

Limit of detection of 1 copy per
microliter sample and portable

device using a miniature
spectrometer or a smartphone

[57]

Recombinase
polymerase

amplification
(RPA)

Combined RPA with
rkDNA-graphene

oxide probing system
6.0 aM ND ND ND 1.6 h

Exhibit high selectivity and
sensitivity for the diagnosis of

COVID-19
[58]

Recombinase
polymerase

amplification

7.659
copies/µL 100% 98% USD 4.3 5–20 min High specificity [59,60]
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Table 1. Cont.

Methods Category Subcategory LOD Specificity Sensitivity Cost Time Description References

Isothermal
RPA-lateral flow

detection

0.25–2.5
copies/µL 100% 94% ND 5 min

The detection limit of RPA-LF
for SARS-CoV-2 was 35.4

nucleocapsid (N) gene
copies/L; the sensitivity was
similar to that of qualitative

real-time PCR

[61]

Hybrid
capture

immunofluo-
rescence

assay

Hybrid capture
immunofluorescence

assay

500 copies per
mL 99% 100% ND 45 min

The detection sensitivity is
consistent with similar
products on the market;

however, this technique can
only give qualitative results

[62]

Entropy-driven
amplified electro-

chemiluminescence
2.67 fM ND ND ND 10–20 h High selectivity and stability [63]

CRISPR-based
test

Cas12a 10 copies per
µL reaction 100% 95% USD 6 40–60 min

Enables rapid, ultrasensitive
(few copies), and highly

specific nucleic acid detections
[43]

Cas13a 10–100 copies
per µL 100% 96% USD 3.5 40–57 min Rapid, sensitive, and with low

instrument requirement [64]

Pyrococcus furiosus
Argonaute coupled

with modified ligase
chain reaction

10 aM ND ND Cheaper
than CRISPR ~70 min

High sensitivity, high
specificity, and multiplexing
detection; without the use of

RNA as guidance

[65]

Antigen im-
munological

test

Quantum dot
immunochromato-

graphic
assay

4.9 pg/mL 100% 75 pg/mL USD 1.5 3 min

One single test that can cover
hs-CRP and routine-range CRP
with a detection range from 1

to 200 µg mL−1

[66]

QuickNavi™-
COVID-19 Ag

immunochromato-
graphic

test

ND 100% 86.7%

Cheaper
than nucleic
acid amplifi-

cation
tests

5 min

The overall sensitivity was
86.7%, and the positive

detection rate in patients with
CT < 30 was comparable to that

of RT-PCR

[67]



Foods 2022, 11, 1540 9 of 20

Table 1. Cont.

Methods Category Subcategory LOD Specificity Sensitivity Cost Time Description References

Magnetic graphene
quantum dots

248 Particles
mL−1

Related to
SARS-CoV-2

antigen
protein

No response
to MERS-CoV USD 1.25 2 min

Sensitive detection without
sample pretreatment in one

step with a LOD of
248 Particles mL−1

[68]

Binax-CoV2
1.6 × 104–4.3
× 104 viral

RNA copies
99.9% 93.3% USD 5 15 min

The sensitivity of Binax-CoV2
was 93.3% and the specificity

was 99.9%
[69]

SERS biosensor 80 copies
mL−1

Related to the
sensing

environment

Suffers from
non-specific

binding

More
expensive

than ELISA
5 min

The low detection limit (LOD)
can be reduced to 80 parts

mL−1
[70]

Interdigitated
microelectrode chip

2.29 ×
10−6 ng/mL

4.27 ×
10−4 ng/mL 234:1 USD 1 20 s

The linear range is 10−5–10−1

ng/mL; the strategy is
real-time, sensitive, selective,
and large-scale in cold-chain

food quarantine

[25]

Serum
antibody im-
munological

test

Split luciferase
antibody biosensors ND > 99% > 98% ∼15 ¢ 5 min

The sensitivity to detect anti-S
protein antibodies was 89%

and anti-N protein antibodies
were 98%, and the specificity of

both was more than 99%

[71]

Colloidal gold
immunochromatogra-

phy
assay

20.00 IU/mL 96.2% 71.1% ND 10–15 min

The IgM/IgG test assay
demonstrated high sensitivity

of 71.1% and specificity of
96.2% in 150 suspect COVID-19

cases

[72]

Chemiluminescence
immunoassay

0.5–1.5
AU/mL 97.5% 78.65% ND 1 h

The antibody detection rate has
high sensitivity, high precision,

quantitative detection, and
easy automation

[73]

Upconverting
phosphor

immunochromatogra-
phy

assay

ND 99.75% 89.15% ND 10 min
High sensitivity, no

interference from the
background, and good stability

[74]
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Table 1. Cont.

Methods Category Subcategory LOD Specificity Sensitivity Cost Time Description References

Surface plasmon
resonance biosensors

(SPRS)
0.22 pM ND ND ND ND

The SPR biosensor is feasible in
the concentration range of 2 to

1000 ng/mL
[75]

DNA-assisted
nanopore sensing

50 ng/mL
(IgM) 10

ng/mL(IgG)
ND ND USD 8 ND

High sensitivity and specificity
compared to laboratory

techniques
[76]

Colorimetric-
fluorescent

dual-mode lateral
flow immunoassay

biosensor

10
ng/mL(IgM)

5 ng/mL(IgG)
100% ND ND ND

The combined detection
sensitivity and specificity of

this assay for IgM/IgG is 100%,
and it has great potential for
rapid and accurate detection

[76]

The lateral flow
immunoassay method ND 90.63% 88.66% ND 15 min

The limits of detection for IgM
and IgG were 10 ng/mL and

5 ng/mL, respectively
[77]

Luciferase
immunosorbent assay

(LISA)
0.4–75 pg / µl 100% 71% ND ~60 min

LISA had a sensitivity of 71%
in COVID-19 patients and a

specificity of 100% in healthy
blood donors in the second

week after onset

[78]

Enzyme-linked
immunosorbent

assays

0.095 (IgM)
0.083 (IgG) ND 98% ND 80–120 min High sensitivity and specificity [79]

Immunological
test

Enzyme-linked
immunosorbent

assays
ND

88.2–99.2%
(IgM)

75.6–98.3%
(IgG)

78.2% (IgG)
96.6%(IgM) ND 1.5 h

ELISA was used to detect IgG
antibodies in confirmed

patients with COVID-19, and
the sensitivity to detect IgM

antibodies was low

[80]

Enzyme-linked
immunosorbent
assays (ELISA)

ND 93–100% 65–85% ND 4 h

The detection precision is
similar to ELISA, but the

detection range is wider and
the sensitivity is higher

[81]

Note that ND is not defined in the literature. LOD: limit of detection. RT-PCR(Reverse transcription-polymerase chain reaction). CRISPR(Clustered Regularly Interspaced Short
Palindromic Repeats), SERS(Surface-enhanced raman scattering). aM: 10−18 mol/mL. fM: 10−15 mol/mL. IU: international unit. AU: arbitrary unit.
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4.1.1. PCR-Based Techniques

Among the nucleic acid detection methods, RT-PCR can effectively amplify trace viral
genes in nucleic acid mixtures and has the characteristics of fast detection speed, high
sensitivity, and strong specificity [82]. RT-PCR uses sequence-specific primers to identify
tiny RNA targets. The recognized RNA is then transcribed by reverse transcriptase to
cDNA, which is then used as a template for DNA replication through PCR. However,
the measurement is an enzyme-dependent multi-step technique, and the operation is
complicated. The turnaround time takes a few hours which cannot meet the requirements
of rapid testing of cold-chain food [83]. The test facilities and instruments are not portable,
and the collected samples need to be transported to the laboratory for testing. The samples
may produce false-negative results due to improper collection or processing. Improper
operation or insufficient laboratory conditions may cause false positives due to aerosol
contamination [84–86]. One-step nested RT-PCR is a flexible and easy method to test
SARS-CoV-2. If the coronavirus mutates in one key amplified nucleotide, at least one pair
can still be amplified [87]. The detection cost is lower than RT-PCR, but nested PCR is
not feasible as a detection method for cold-chain food, because it is time-consuming and
has a high risk of cross-contamination. In contrast, repetitive digital PCR is less interfered
with by background wild DNA molecules, so it can reduce the impact of non-target DNA
during cold-chain detection [88]. Digital PCR has obvious advantages when the viral load
of cold-chain food samples is low or the sample nucleic acid is degraded. However, the
cost of digital PCR detection is relatively high and the instrument is not portable [89]. It
also involves the usage and storage of enzyme reagents, which will increase the cost and
technological hurdles of detection. The digital PCR operation process has the disadvantage
of being easily contaminated. To avoid false-positive results, it is necessary to establish
strict internal quality control specifications for the laboratory and strictly regulate the
testing operation process [90,91].

4.1.2. RT-LAMP

Reverse transcription loop-mediated isothermal amplification (RT-LAMP) is a nu-
cleic acid amplification assay, which is characterized by multiple specific primers for the
target gene at a constant temperature of 60–65 ◦C under the DNA polymerase. About
109-1010 times of nucleic acid amplification can be achieved in 15–60 min. RT-LAMP has
the characteristics of simple operation, strong specificity (2 to 5 orders of magnitude higher
than traditional PCR methods), and easy product detection [92]. The RT-LAMP results can
be judged by visually observing the generation of white turbidity or green fluorescence. It is
simple, quick, and does not require gel electrophoresis like PCR. As a point-of-care testing
(POCT)-type nucleic acid detection method, LAMP requires less professional equipment,
such as a thermal cycler, and the price of the instrument is lower than qRT-PCR, which
can well meet the real-time requirements of SARS-CoV-2 detection on cold-chain food [93].
The detection sensitivity of RT-LAMP can reach 10 copies, and it has high specificity [94].
RT-LAMP is highly suitable for detecting > 60 copies/10 µL in sample. However, the test
involves the use of enzymes (e.g., recombinase) that the storage of enzyme reagent needs,
resulting in extra cost. When the test is performed for a long time, non-specific amplifica-
tion may produce false-positive results if cold-chain food sampling < 10 copies/10 µL [95].
Based on RT-LAMP, a portable and scalable laser-engraved microwell array chip for multi-
plex amplification of viral RNA samples has been developed, which is a promising device
for SARS-CoV-2 detection on cold-chain food.

4.1.3. CRISPR-Based System

CRISPR-Cas is a nonspecific RNA system that can be activated by the amplified
product RNA, cleavages the reporter RNA, and releases a fluorescent dye from the quencher.
The CRISPR-based system has attracted growing enthusiasm due to its pathogen diagnosis
ability [96]. It can realize the on-site test of SARS-CoV-2 on cold-chain food using simple
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equipment. The test time varies from 40 to 70 min when excluding the time for RNA
extraction [97,98]. Combined with RT-LAMP technology, the CRISPR-Cas system can
achieve an LoD of 10 copies/µL. Most CRISPR-based SARS-CoV-2 detection methods
use the Cas12 enzyme to specifically recognize the virus sequence [99]. In addition, the
all-in-one dual CRISPR-Cas12a analysis system does not need a pre-amplification step and
it improves the sensitivity of the assay by using double CRISPR RNA. It can detect 1.2 DNA
targets and 4.6 RNA targets in 40 min. The system can be developed as a one-step test
platform without the need for cDNA preparation which has the potential for SARS-CoV-2
detection on cold-chain food [100].

4.1.4. Microfluidic Biochip

Microfluidic chips integrate various small-scale laboratory functions on a single chip
to complete the steps in traditional laboratories [101]. It uses a small number of reagents
and samples to obtain accurate test results in a short time, and is especially suitable for the
rapid detection of SARS-CoV-2 on cold-chain food. Recently, paper-based microfluidics,
centrifugal chips, wearable microfluidic devices, and digital nucleic acid detection chips
have been proposed for pathogen testing and disease screening [102]. For instance, the
IDNOW® instrument proposed by Abbott™ in the United States can detect a positive
sample. The product has received an emergency use authorization (EUA) from the U.S.
Food and Drug Administration (FDA). The instrument weighs only 3 kg and is portable
and suitable for POCT [103,104].

4.1.5. Whole-Genome Sequencing

Whole-genome sequencing (WGS) is an effective tool to comprehensive understand
SARS-CoV-2. The assay belongs to high-throughput sequencing, or next-generation se-
quencing, which is a culture-free, unbiased, direct extraction of DNA or RNA from clinical
samples [52,53]. However, the operation steps of WGS are relatively complex and the
operation technology requirements are high. The RNA can be extracted using the kit and
whole-genome sequencing performed on an instrument (e.g., Illumina iSeq 100). Pecu-
liarly, metagenomics is a high-sensitivity pan-pathogen assay for the discovery of novel
pathogens and infectious disease diagnosis, which is applied in the simultaneous and rapid
detection of SARS-CoV-2 [105]. Because the whole gene sequencing requires a professional
operator, complex sample pretreatment, and long-term periods, other methods are usually
combined to generate test reports.

4.2. Immunological Methods

SARS-CoV-2 has a wide mammalian host range, including minks, cows, white-tailed
deer, dogs, domestic cats, swine, lions, etc. [106–109]. Some of these animals may serve as
viral carriers once they are made into food-related products [110]. Immunological tests can
directly detect the antigen biomarker of SARS-CoV-2 and can be used to determine whether
food (e.g., animal products) is infected or contaminated by the virus. The immunological
methods that mainly include antigen tests, serology tests, and cytokine storm diagnoses
can be used for SARS-CoV-2 detection for these animal foods. For plant foods, that cannot
undergo an immune response to produce antibodies, serum antibody immunological
testing and cytokine storm diagnosis cannot be applied to the detection of cold-chain food
unless the plant food is contaminated with the body fluids of an infected person [111]. In
the following sections, we will describe each of the above methods in detail.

4.2.1. Antigen Immunological Test

Antigen tests are the main immunological method for food quarantine. The structural
proteins, such as the spike glycoprotein (S), envelope protein (E), membrane protein (M),
and nucleocapsid protein (N) of SARS-CoV-2 are the primary antigens used for the im-
munological test. Among the antigen immunological test methods (Figure 2B), ELISA
is a highly sensitive immunological experimental technique that combines an antigen,
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antibody-specific reaction, and high-efficiency enzyme catalysis on the substrate. This
detection method has high sensitivity and low difficulty in carrier standardization, but
the detection steps are more cumbersome and easier to contaminate [112]. ELISA kits can
test multiple samples in a single run; however, they lack point-of-care applicability and
the non-specific binding of antibodies or antigens to the plate may lead to false positive
results [113]. In addition to ELISA, the detection of trace S-protein (S1 subunit) for real-time
SARS-CoV-2 detection is currently a known method that can be well applied to cold-chain
foods. The S-protein particles can be attracted to the surface of the sensor and captured
by the antibody within 20 s, which meets the real-time detection requirements on-site.
The linear range is wide and covers the possible range of the concentration of S-protein
on the food surface. The developed ultra-low LOD strategy has shown great advantages
in the detection of virus markers with low concentrations of cold-chain foods [25]. The
single sensor device can act as a disposable chip and its cost is estimated to be 1 US dollar.
The operations of the device are relatively simple and can be operated by non-technical
personnel [114]. Thus, the S-protein detection platform meets the requirements of rapid
response, lower detection limit, high specificity, friendly operation, and low cost, which
provides a promising solution for SARS-CoV-2 detection on cold-chain food [115].

Besides, the biosensor equipped with a chemical or biological receptor (e.g., anti-
body) can specifically interact with the target analyte showing a quantitative signal of the
recognition process [116]. Compared with traditional laboratory methods, biosensors can
provide a cheap, sensitive, rapid, miniaturized, and portable platform for SARS-CoV-2
detection which is promising for the on-site detection of cold-chain food contamination.
Several studies have proved biosensor technology is convenient in SARS-CoV-2 S protein
detection based on a bioelectrical identification assay [117]. The biosensor can detect S
protein within 3 min with a LOD of about 1 fg/mL, and no cross-reaction with SARS-CoV-2
nucleocapsid protein was found. The portable readout system of the ready-made biosensor
platform can be controlled by a smartphone or a tablet computer [118]. The high sensitivity,
rapidness, and simplicity of biosensors make it a great advantage in the detection of viruses
on cold-chain food. It can be easily controlled and has strong practical applicability to
test contaminations on cold-chain food in factories or customs. However, some biosensors
involve the use of enzyme reagents, and the biosensor technology is still in the development
stage [119].

4.2.2. Serum Antibody Immunological Test

Once the body is infected, the living organisms will produce specific antibodies, such
as anti-SARS-CoV-2 IgM and IgG. Though animal food is frozen or transported in the cold-
chain, the antibodies from an earlier infection can be preserved. The safety risk of infected
COVID-19 is relatively low by eating cold-chain animal food and has not been studied to
date. However, these serum antibodies can be used as the immunological target, especially
in cold-chain animal food with a low viral load. Compared with nucleic acid testing, blood
samples for antibody serology testing are easier to obtain, which greatly reduces the risk
of infection of medical staff during specimen collection and testing, and makes it easier
for primary laboratories to carry out screening work. For instance (Figure 2C), luciferase
immunosorbent assay (LISA) is an easily and rapidly developed semi-quantitative method
and is appropriate for detecting specific antibodies from cold-chain animal food [78].
Compared with enzyme-linked immunosorbent assays, DNA-assisted nanopore sensing
assay can reliably quantify SARS-CoV-2 antibodies with high accuracy, wide dynamic
range, and the potential for automated detection on cold-chain food [76]. Though modified
with probe DNA to label IgG or IgM antibodies, the nanopore sensor can quantify the
probe DNAs when thermal dehybridization of gold nanoparticles (AuNPs) probe DNAs
was performed. In addition, surface plasmon resonance (SPR) biosensors assay adopts the
optical detection method. Indirect aggregation can be used for virus detection by modifying
targeted molecules on the virus surface. If you do not consider the portability of the SPR
device, it may be the most promising technique for cold-chain food quarantine [75].



Foods 2022, 11, 1540 14 of 20

4.2.3. Cytokine Storm Assay

No research so far has proposed cytokine storm detection on cold-chain foods or
food packaging. However, living organisms infected with SARS-CoV-2 may experience
high levels of release of inflammatory cytokines, such as interleukin-2 (IL-2), interleukin-6
(IL-6), interleukin-7 (IL-7), interleukin-10 (IL-10), granulocyte colony-stimulating factor
(G-CSF), interferon-inducible protein-10 (IP-10), macrophage chemoattractant protein-1
(MCP-1), macrophage inflammatory protein 1α (MIP-1α), and tumor necrosis factor-alpha
(TNFα) [120]. Thus, the immunogenic cytokine storm can act as the detective target
of SARS-CoV-2 in cold-chain animal food (Figure 2D). For instance, the SARS-CoV-2
antigens were used to determine the functional T-cell responses by using an enzyme-linked
immunosorbent spot (ELISpot) interferon-γ release assay. The assay has high diagnostic
sensitivity to determine the protective immunity after COVID-19 [121]. Using Luminex
technology, the expression levels of cytokines IL-2, interferon γ (IFN-γ), TNF-α, IL-4, IL-6,
IL-10, and interleukin-17A (IL-17A) in serum were detected by the technique to reflect
the disease condition. This method is comparable to ELISA in precision but has a wider
detection range, higher sensitivity, and much lower specimen dosage than ELISA [122].

5. Discussion and Conclusions

At present, countries have adopted different epidemic prevention policies, some
through closed management of patients to prevent more people from getting sick, while
actively vaccinating; others plan to coexist with SARS-CoV-2. This imbalance will be
challenging for countries that persist in lockdown policies. Of course, human-to-human
transmission is still the main mode of transmission, but the characteristics of food cold-
chain transmission are already beginning to show. Taking active measures to prevent the
spread of COVID-19 over long distances will be a necessity. Therefore, this paper predicts
the development trend of the COVID-19 pandemic based on probability and critically
analyzes the existing detection methods.

Firstly, SARS-CoV-2 is highly stable on fish, meat, poultry, pigskin, and other foods
under cold storage (4 ◦C). It can stay on the packaging of cold-chain products or their
surface for a longer time, and transportation of these products can lead to viral spreading.
This caused a huge risk of long-distance transmission through contaminated cold-chain
foods. Secondly, China has reported a few infections, especially asymptomatic infections,
caused by imported cold-chain products in Tianjin, Qingdao, Dalian, Beijing, etc. Live
coronavirus has been detected and isolated in the package of imported frozen cod. Notably,
the virus identified in the stevedores is highly homologous to the disease virus on the
packaging of frozen cod. COVID-19 is likely to have spread from the environment to
humans via cold-chain logistics from contaminated imported food. These findings signal
that the virus can be carried over long distances across borders with contaminated cold-
chain foods. Despite the partial uncertainties for cold-chain transmission, SARS-CoV-2 can
survive in the cold-chain, and eliminating these contaminated cold-chain foods through
effective quarantine measures may therefore be sensible. More research on the frequency
of SARS-CoV-2 contamination on food packaging, the association between detection and
infectious virus, and SARS-CoV-2 viability and infectivity in conditions that simulate those
found in cold-chain logistics is warranted.

In summary, although no evidence suggests that SARS-CoV-2 causes foodborne illness,
the COVID-19 pandemic causes a severe threat to food safety and public health. In the
post-pandemic era, the imported cases in the supply chain still have the opportunity to
cause the local outbreaks of the COVID-19 epidemic. Considerable attention should be
paid to the cross-border spread of COVID-19 caused by cold-chain foods. Monitoring
experience would be useful in terms of preventing the emergence of various foodborne
infections. Systematic research that focuses on the formation, transmission, and solution of
cold-chain food contamination is still rare. Every link in the farm-to-table process is worthy
of attention. The disinfection of raw materials and packaging is necessary for this period
of fighting against COVID-19. Food safety education and strict hygiene conditions are
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required for the staff involved in the process. For foods from countries with looser controls
for cold-chain foods (poultry, seafood, cubed meats, etc.), the most critical aspect of import
control is virus detection at customs. At present, the mainstream food detection method
is RT-PCR, but it cannot meet the requirements of real-time, sensitive, specific, portable,
on-site detection, and large-scale application of food virus detection. Although the impact
of food contact on the SARS-CoV-2 transmission is relatively low and many test methods
will likely never be implemented in practice, there is still a great necessity in the real supply
chain to stop the spread of the virus through efficient screening measures.

Author Contributions: All of the authors contributed significantly to the research. Conceptualization,
T.Y.; software, W.L.; validation, J.H. and S.Z.; writing—original draft preparation, J.K.; writing—
review and editing, Y.X. and Z.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (NO. K3050220109),
and the Fundamental Research Funds for the Central Universities (NO. Z1090220301 and Z109022064).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We acknowledge the funding by the National Natural Science Foundation
of China (NO. K3050220109), and the Fundamental Research Funds for the Central Universities
(NO. Z1090220301 and Z109022064).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Health Organization. WHO Coronavirus (COVID-19) Dashboard. Available online: https://covid19.who.int/ (accessed

on 20 February 2022).
2. Rossi, G.A.; Sacco, O.; Mancino, E.; Cristiani, L.; Midulla, F. Differences and similarities between SARS-CoV and SARS-CoV-2:

Spike receptor-binding domain recognition and host cell infection with support of cellular serine proteases. Infection 2020, 48,
665–669. [CrossRef] [PubMed]

3. Aboubakr, H.A.; Sharafeldin, T.A.; Goyal, S.M. Stability of SARS-CoV-2 and other coronaviruses in the environment and on
common touch surfaces and the influence of climatic conditions: A review. Transbound. Emerg. Dis. 2021, 68, 296–312. [CrossRef]
[PubMed]

4. Amanat, F.; Krammer, F. SARS-CoV-2 vaccines: Status report. Immunity 2020, 52, 583–589. [CrossRef] [PubMed]
5. Lazarus, J.V.; Ratzan, S.C.; Palayew, A.; Gostin, L.O.; Larson, H.J.; Rabin, K.; Kimball, S.; El-Mohandes, A. A global survey of

potential acceptance of a COVID-19 vaccine. Nat. Med. 2021, 27, 225–228. [CrossRef] [PubMed]
6. Dhama, K.; Sharun, K.; Tiwari, R.; Dadar, M.; Malik, Y.S.; Singh, K.P.; Chaicumpa, W. COVID-19, an emerging coronavirus

infection: Advances and prospects in designing and developing vaccines, immunotherapeutics, and therapeutics. Hum. Vacc.
Immunother. 2020, 16, 1232–1238. [CrossRef]

7. Waltenburg, M.A.; Victoroff, T.; Rose, C.E.; Butterfield, M.; Jervis, R.H.; Fedak, K.M.; Gabel, J.A.; Feldpausch, A.; Dunne, E.M.;
Austin, C.; et al. Update: COVID-19 among workers in meat and poultry processing facilities—United States, April–May 2020.
Morb. Mortal. Wkly. Rep. 2020, 69, 887. [CrossRef]

8. Fisher, D.; Reilly, A.; Zheng, A.K.E.; Cook, A.R.; Anderson, D. Seeding of outbreaks of COVID-19 by contaminated fresh and
frozen food. bioRxiv 2020, 17, 255166.

9. Desai, A.N.; Aronoff, D.M. Food Safety and COVID-19. JAMA 2020, 323, 1982. [CrossRef]
10. Li, Z.; Liu, F.; Cui, J.; Peng, Z.; Chang, Z.; Lai, S.; Chen, Q.; Wang, L.; Gao, G.; Feng, Z. Comprehensive large-scale nucleic

acid–testing strategies support China’s sustained containment of COVID-19. Nat. Med. 2021, 27, 740–742. [CrossRef]
11. Ma, H.; Wang, Z.; Zhao, X.; Han, J.; Zhang, Y.; Wang, H.; Chen, C.; Wang, J.; Jiang, F.; Lei, J.; et al. Long Distance Transmission of

SARS-CoV-2 from Contaminated Cold Chain Products to Humans-Qingdao City, Shandong Province, China, September 2020.
China CDC Wkly. 2021, 3, 637–644. [CrossRef]

12. Tebas, P.; Yang, S.P.; Boyer, J.D.; Reuschel, E.L.; Patel, A.; Christensen-Quick, A.; Andrade, V.M.; Morrow, M.P.; Kraynyak, K.;
Agnes, J.; et al. Safety and immunogenicity of INO-4800 DNA vaccine against SARS-CoV-2: A preliminary report of an open-label,
Phase 1 clinical trial. eClinicalMedicine 2021, 31, 100689. [CrossRef]

13. Pang, X.; Ren, L.; Wu, S.; Ma, W.; Yang, J.; Di, L.; Li, J.; Xiao, Y.; Kang, L.; Du, S.; et al. Cold-chain food contamination as the
possible origin of COVID-19 resurgence in Beijing. Natl. Sci. Rev. 2020, 7, 1861–1864. [CrossRef]

https://covid19.who.int/
http://doi.org/10.1007/s15010-020-01486-5
http://www.ncbi.nlm.nih.gov/pubmed/32737833
http://doi.org/10.1111/tbed.13707
http://www.ncbi.nlm.nih.gov/pubmed/32603505
http://doi.org/10.1016/j.immuni.2020.03.007
http://www.ncbi.nlm.nih.gov/pubmed/32259480
http://doi.org/10.1038/s41591-020-1124-9
http://www.ncbi.nlm.nih.gov/pubmed/33082575
http://doi.org/10.1080/21645515.2020.1735227
http://doi.org/10.15585/mmwr.mm6927e2
http://doi.org/10.1001/jama.2020.5877
http://doi.org/10.1038/s41591-021-01308-7
http://doi.org/10.46234/ccdcw2021.164
http://doi.org/10.1016/j.eclinm.2020.100689
http://doi.org/10.1093/nsr/nwaa264


Foods 2022, 11, 1540 16 of 20

14. Lu, L.-C.; Quintela, I.; Lin, C.-H.; Lin, T.-C.; Lin, C.-H.; Wu, V.C.H.; Lin, C.-S. A review of epidemic investigation on cold-chain
food-mediated SARS-CoV-2 transmission and food safety consideration during COVID-19 pandemic. J. Food Saf. 2021, 41, e12932.
[CrossRef]

15. Mercier, S.; Villeneuve, S.; Mondor, M.; Uysal, I. Time–Temperature Management Along the Food Cold Chain: A Review of
Recent Developments. Compr. Rev. Food Sci. Food Saf. 2017, 16, 647–667. [CrossRef]

16. Oliva, F.; Revetria, R. A system dynamic model to support cold chain management in food supply chain. In Proceedings of the
WSEAS International Conference on Mathematics and Computers in Science and Engineering, Heraklion, Greece, 22–24 July 2008.

17. Ferioli, M.; Cisternino, C.; Leo, V.; Pisani, L.; Palange, P.; Nava, S. Protecting healthcare workers from SARS-CoV-2 infection:
Practical indications. Eur. Respir. Rev. 2020, 29, 200068. [CrossRef]

18. Liu, L.; Hu, J.; Hou, Y.; Tao, Z.; Chen, Z.; Chen, K. Pit latrines may be a potential risk in rural China and low-income countries
when dealing with COVID-19. Sci. Total Environ. 2021, 761, 143283.

19. Shahbaz, M.; Bilal, M.; Moiz, A.; Zubair, S.; Iqbal, H. Food safety and COVID-19: Precautionary measures to limit the spread of
coronavirus at food service and retail sector. J. Pure Appl. Microbiol. 2020, 14, 749–756. [CrossRef]

20. Goli, M. Review of novel human β-coronavirus (2019-nCoV or SARS-CoV-2) from the food industry perspective—Appropriate
approaches to food production technology. Food Sci. Nutr. 2020, 8, 5228–5237.

21. Lee, A.C.Y.; Zhang, A.J.; Chan, J.F.W.; Li, C.; Fan, Z.; Liu, F.; Chen, Y.; Liang, R.; Sridhar, S.; Cai, J.-P.; et al. Oral SARS-CoV-2
inoculation establishes subclinical respiratory infection with virus shedding in golden Syrian hamsters. Cell Rep. Med. 2020,
1, 100121. [CrossRef]

22. Azuma, K.; Yanagi, U.; Kagi, N.; Kim, H.; Ogata, M.; Hayashi, M. Environmental factors involved in SARS-CoV-2 transmission:
Effect and role of indoor environmental quality in the strategy for COVID-19 infection control. Environ. Health Prev. Med. 2020,
25, 66. [CrossRef]

23. Chan, K.-H.; Peiris, J.M.; Lam, S.; Poon, L.; Yuen, K.; Seto, W.H. The effects of temperature and relative humidity on the viability
of the SARS coronavirus. Adv. Virol. 2011, 2021, 734690. [CrossRef] [PubMed]

24. Van Doremalen, N.; Bushmaker, T.; Morris, D.H.; Holbrook, M.G.; Gamble, A.; Williamson, B.N.; Tamin, A.; Harcourt, J.L.;
Thornburg, N.J.; Gerber, S.I.; et al. Aerosol and surface stability of SARS-CoV-2 as compared with SARS-CoV-1. N. Engl. J. Med.
2020, 382, 1564–1567. [CrossRef] [PubMed]

25. Zhang, J.; Fang, X.; Mao, Y.; Qi, H.; Wu, J.; Liu, X.; You, F.; Zhao, W.; Chen, Y.; Zheng, L. Real-time, selective, and low-cost
detection of trace level SARS-CoV-2 spike-protein for cold-chain food quarantine. Npj Sci. Food 2021, 5, 12. [CrossRef] [PubMed]

26. Qi, H.; Zhang, J.; Wu, J.; Fang, X.; You, F.; Zhao, W.; Liu, X.; Chen, Y.; Zheng, L. Real-time Sensing of Trace Biomarkers from
Viruses with a Microfluidic Immunosensor: A Case Study of SARS-CoV-2 Detection in Cold-chain Food. ChemRxiv 2020, 1, 12.
[CrossRef]

27. Ravi, N.; Cortade, D.L.; Ng, E.; Wang, S.X. Diagnostics for SARS-CoV-2 detection: A comprehensive review of the FDA-EUA
COVID-19 testing landscape. Biosens. Bioelectron. 2020, 165, 112454. [CrossRef]

28. Oliveira, T.C.; Abranches, M.V.; Lana, R.M. (In) Segurança alimentar no contexto da pandemia por SARS-CoV-2. Cad. Saude
Publica 2020, 36, e00055220. [CrossRef]

29. Baležentis, T.; Morkūnas, M.; Žičkienė, A.; Volkov, A.; Ribašauskienė, E.; Štreimikienė, D. Policies for Rapid Mitigation of
the Crisis’ Effects on Agricultural Supply Chains: A Multi-Criteria Decision Support System with Monte Carlo Simulation.
Sustainability 2021, 13–21, 11899. [CrossRef]

30. Chin, A.W.H.; Chu, J.T.S.; Perera, M.R.A.; Hui, K.P.Y.; Yen, H.L.; Chan, M.C.W.; Peiris, M.; Poon, L.L.M. Stability of SARS-CoV-2
in different environmental conditions. Lancet Microbe 2020, 1, e10. [CrossRef]

31. Safe Minimum Cooking Temperatures Chart. Available online: https://www.foodsafety.gov/food-safety-charts/safe-minimum-
cooking-temperature (accessed on 20 February 2022).

32. Zhang, N.; Wang, L.; Deng, X.; Liang, R.; Su, M.; He, C.; Hu, L.; Su, Y.; Ren, J.; Yu, F.; et al. Recent advances in the detection of
respiratory virus infection in humans. J. Med. Virol. 2020, 92, 408–417. [CrossRef]

33. Hokajärvi, A.M.; Rytkönen, A.; Tiwari, A.; Kauppinen, A.; Oikarinen, S.; Lehto, K.M.; Kankaanpää, A.; Gunnar, T.; Al-Hello, H.;
Blomqvist, S.; et al. The detection and stability of the SARS-CoV-2 RNA biomarkers in wastewater influent in Helsinki, Finland.
Sci. Total Environ. 2021, 770, 145274. [CrossRef]

34. Yekta, R.; Vahid-Dastjerdi, L.; Norouzbeigi, S.; Mortazavian, A.M. Food products as potential carriers of SARS-CoV-2. Food Control
2021, 123, 107754. [CrossRef]

35. Venugopal, V.; Doke, S.N.; Thomas, P. Radiation processing to improve the quality of fishery products. Crit. Rev. Food Sci. 1999,
39, 391–440. [CrossRef]

36. Yang, Z.; Mammel, M.; Papafragkou, E.; Hida, K.; Elkins, C.A.; Kulka, M. Application of next generation sequencing toward
sensitive detection of enteric viruses isolated from celery samples as an example of produce. Int. J. Food Microbiol. 2017, 261,
73–81. [CrossRef]

37. Zhang, L.; Xue, L.; Gao, J.; Cai, W.; Jiang, Y.; Zuo, Y.; Liao, Y.; Qin, Z.; Wu, H.; Cheng, T.; et al. Development of a high-efficient
concentrated pretreatment method for noroviruses detection in independent oysters: An extension of the ISO/TS 15216-2:2013
standard method. Food Control 2020, 111, 107032. [CrossRef]

38. Zhang, W.; He, H.; Zhu, L.; Liu, G.; Wu, L. Food Safety in Post-COVID-19 Pandemic: Challenges and Countermeasures. Biosensors
2021, 11, 71. [CrossRef]

http://doi.org/10.1111/jfs.12932
http://doi.org/10.1111/1541-4337.12269
http://doi.org/10.1183/16000617.0068-2020
http://doi.org/10.22207/JPAM.14.SPL1.12
http://doi.org/10.1016/j.xcrm.2020.100121
http://doi.org/10.1186/s12199-020-00904-2
http://doi.org/10.1155/2011/734690
http://www.ncbi.nlm.nih.gov/pubmed/22312351
http://doi.org/10.1056/NEJMc2004973
http://www.ncbi.nlm.nih.gov/pubmed/32182409
http://doi.org/10.1038/s41538-021-00094-3
http://www.ncbi.nlm.nih.gov/pubmed/34075052
http://doi.org/10.26434/chemrxiv.13166774.v3
http://doi.org/10.1016/j.bios.2020.112454
http://doi.org/10.1590/0102-311x00055220
http://doi.org/10.3390/su132111899
http://doi.org/10.1016/S2666-5247(20)30003-3
https://www.foodsafety.gov/food-safety-charts/safe-minimum-cooking-temperature
https://www.foodsafety.gov/food-safety-charts/safe-minimum-cooking-temperature
http://doi.org/10.1002/jmv.25674
http://doi.org/10.1016/j.scitotenv.2021.145274
http://doi.org/10.1016/j.foodcont.2020.107754
http://doi.org/10.1080/10408699991279222
http://doi.org/10.1016/j.ijfoodmicro.2017.07.021
http://doi.org/10.1016/j.foodcont.2019.107032
http://doi.org/10.3390/bios11030071


Foods 2022, 11, 1540 17 of 20

39. Rizou, M.; Galanakis, I.M.; Aldawoud, T.M.S.; Galanakis, C.M. Safety of foods, food supply chain and environment within the
COVID-19 pandemic. Trends Food Sci. Technol. 2020, 102, 293–299. [CrossRef]

40. Wyllie, A.L.; Fournier, J.; Casanovas-Massana, A.; Campbell, M.; Tokuyama, M.; Vijayakumar, P.; Warren, J.L.; Geng, B.;
Muenker, M.C.; Moore, A.J.; et al. Saliva or Nasopharyngeal Swab Specimens for Detection of SARS-CoV-2. N. Engl. J. Med. 2020,
383, 1283–1286. [CrossRef]

41. Liu, P.; Yang, M.; Zhao, X.; Guo, Y.; Wang, L.; Zhang, J.; Lei, W.; Han, W.; Jiang, F.; Liu, W.J.; et al. Cold-chain transportation in the
frozen food industry may have caused a recurrence of COVID-19 cases in destination: Successful isolation of SARS-CoV-2 virus
from the imported frozen cod package surface. Biosaf. Health 2020, 2, 199–201. [CrossRef]

42. Mutesa, L.; Ndishimye, P.; Butera, Y.; Souopgui, J.; Uwineza, A.; Rutayisire, R.; Ndoricimpaye, E.L.; Musoni, E.; Rujeni, N.;
Nyatanyi, T.; et al. A pooled testing strategy for identifying SARS-CoV-2 at low prevalence. Nature 2021, 589, 276–280. [CrossRef]

43. Esbin, M.N.; Whitney, O.N.; Chong, S.; Maurer, A.; Darzacq, X.; Tjian, R. Overcoming the bottleneck to widespread testing:
A rapid review of nucleic acid testing approaches for COVID-19 detection. RNA 2020, 26, 771–783. [CrossRef]

44. Fu, Z.; Zhao, S.; Zhang, X.; Polovka, M.; Wang, X. Quality Characteristics Analysis and Remaining Shelf Life Prediction of Fresh
Tibetan Tricholoma matsutake under Modified Atmosphere Packaging in Cold Chain. Foods 2019, 8, 136. [CrossRef] [PubMed]

45. Sarkhosh-Inanlou, R.; Shafiei-Irannejad, V.; Azizi, S.; Jouyban, A.; Ezzati-Nazhad Dolatabadi, J.; Mobed, A.; Adel, B.; Soleymani, J.;
Hamblin, M.R. Applications of scaffold-based advanced materials in biomedical sensing. TrAC Trends Anal. Chem. 2021,
143, 116342. [CrossRef] [PubMed]

46. Lin, Q.; Wen, D.; Wu, J.; Liu, L.; Wu, W.; Fang, X.; Kong, J. Microfluidic Immunoassays for Sensitive and Simultaneous Detection
of IgG/IgM/Antigen of SARS-CoV-2 within 15 min. Anal. Chem. 2020, 92, 9454–9458. [CrossRef] [PubMed]

47. Tayyab, M.; Sami, M.A.; Raji, H.; Mushnoori, S.; Javanmard, M. Potential Microfluidic Devices for COVID-19 Antibody Detection
at Point-of-Care (POC): A Review. IEEE Sens. J. 2021, 21, 4007–4017. [CrossRef]

48. Chi, Y.; Zheng, S.; Liu, C.; Wang, Q. Transmission of SARS-CoV-2 on cold-chain food overpacks: A new challenge. J. Glob. Health
2021, 11, 03071. [CrossRef]

49. Wu, F.; Zhao, S.; Yu, B.; Chen, Y.-M.; Wang, W.; Song, Z.-G.; Hu, Y.; Tao, Z.-W.; Tian, J.-H.; Pei, Y.-Y.; et al. A new coronavirus
associated with human respiratory disease in China. Nature 2020, 579, 265–269. [CrossRef]

50. Rahbari, R.; Moradi, N.; Abdi, M. rRT-PCR for SARS-CoV-2: Analytical considerations. Clin. Chim. Acta 2021, 516, 1–7. [CrossRef]
51. Böger, B.; Fachi, M.M.; Vilhena, R.O.; Cobre, A.F.; Tonin, F.S.; Pontarolo, R. Systematic review with meta-analysis of the accuracy

of diagnostic tests for COVID-19. Am. J. Infect. Control 2021, 49, 21–29. [CrossRef]
52. Chaimayo, C.; Kaewnaphan, B.; Tanlieng, N.; Athipanyasilp, N.; Sirijatuphat, R.; Chayakulkeeree, M.; Angkasekwinai, N.;

Sutthent, R.; Puangpunngam, N.; Tharmviboonsri, T.; et al. Rapid SARS-CoV-2 antigen detection assay in comparison with
real-time RT-PCR assay for laboratory diagnosis of COVID-19 in Thailand. Virol. J. 2022, 17, 177. [CrossRef]

53. Greninger, A.L.; Zerr, D.M.; Qin, X.; Adler, A.L.; Sampoleo, R.; Kuypers, J.M.; Englund, J.A.; Jerome, K.R. Rapid Metagenomic
Next-Generation Sequencing during an Investigation of Hospital-Acquired Human Parainfluenza Virus 3 Infections. J. Clin.
Microbiol. 2017, 55, 177–182. [CrossRef]

54. Chiara, M.; D’Erchia, A.M.; Gissi, C.; Manzari, C.; Parisi, A.; Resta, N.; Zambelli, F.; Picardi, E.; Pavesi, G.; Horner, D.S.; et al. Next
generation sequencing of SARS-CoV-2 genomes: Challenges, applications and opportunities. Brief. Bioinform. 2021, 22, 616–630.
[CrossRef]

55. Ji, C.; Xue, S.; Yu, M.; Liu, J.; Zhang, Q.; Zuo, F.; Zheng, Q.; Zhao, L.; Zhang, H.; Cao, J.; et al. Rapid Detection of SARS-CoV-2
Virus Using Dual Reverse Transcriptional Colorimetric Loop-Mediated Isothermal Amplification. ACS Omega 2021, 6, 8837–8849.
[CrossRef]

56. Ding, S.; Chen, G.; Wei, Y.; Dong, J.; Du, F.; Cui, X.; Huang, X.; Tang, Z. Sequence-specific and multiplex detection of COVID-19
virus (SARS-CoV-2) using proofreading enzyme-mediated probe cleavage coupled with isothermal amplification. Biosens.
Bioelectron. 2021, 178, 113041. [CrossRef]

57. Day, A.S.; Ulep, T.H.; Safavinia, B.; Hertenstein, T.; Budiman, E.; Dieckhaus, L.; Yoon, J.Y. Emulsion-based isothermal nucleic acid
amplification for rapid SARS-CoV-2 detection via angle-dependent light scatter analysis. Biosens. Bioelectron. 2021, 179, 113099.
[CrossRef]

58. Choi, M.H.; Lee, J.; Seo, Y.J. Combined recombinase polymerase amplification/rkDNA-graphene oxide probing system for
detection of SARS-CoV-2. Anal. Chim. Acta 2021, 1158, 338390. [CrossRef]

59. Daher, R.K.; Stewart, G.; Boissinot, M.; Bergeron, M.G. Recombinase Polymerase Amplification for Diagnostic Applications. Clin.
Chem. 2016, 62, 947–958. [CrossRef]

60. Cherkaoui, D.; Huang, D.; Miller, B.S.; Turbé, V.; McKendry, R.A. Harnessing recombinase polymerase amplification for rapid
multi-gene detection of SARS-CoV-2 in resource-limited settings. Biosens. Bioelectron. 2021, 189, 113328. [CrossRef]

61. Shelite, T.R.; Uscanga-Palomeque, A.C.; Castellanos, A.; Melby, P.C.; Travi, B.L. Isothermal recombinase polymerase amplification-
lateral flow detection of SARS-CoV-2, the etiological agent of COVID-19. J. Virol. Methods 2021, 296, 114227. [CrossRef]

62. Wang, D.; He, S.; Wang, X.; Yan, Y.; Liu, J.; Wu, S.; Liu, S.; Lei, Y.; Chen, M.; Li, L.; et al. Rapid lateral flow immunoassay for the
fluorescence detection of SARS-CoV-2 RNA. Nat. Biomed. Eng. 2020, 4, 1150–1158. [CrossRef]

63. Fan, Z.; Yao, B.; Ding, Y.; Zhao, J.; Xie, M.; Zhang, K. Entropy-driven amplified electrochemiluminescence biosensor for RdRp
gene of SARS-CoV-2 detection with self-assembled DNA tetrahedron scaffolds. Biosens. Bioelectron. 2021, 178, 113015. [CrossRef]

http://doi.org/10.1016/j.tifs.2020.06.008
http://doi.org/10.1056/NEJMc2016359
http://doi.org/10.1016/j.bsheal.2020.11.003
http://doi.org/10.1038/s41586-020-2885-5
http://doi.org/10.1261/rna.076232.120
http://doi.org/10.3390/foods8040136
http://www.ncbi.nlm.nih.gov/pubmed/31013609
http://doi.org/10.1016/j.trac.2021.116342
http://www.ncbi.nlm.nih.gov/pubmed/34602681
http://doi.org/10.1021/acs.analchem.0c01635
http://www.ncbi.nlm.nih.gov/pubmed/32615038
http://doi.org/10.1109/JSEN.2020.3034892
http://doi.org/10.7189/jogh.11.03071
http://doi.org/10.1038/s41586-020-2008-3
http://doi.org/10.1016/j.cca.2021.01.011
http://doi.org/10.1016/j.ajic.2020.07.011
http://doi.org/10.1186/s12985-020-01452-5
http://doi.org/10.1128/JCM.01881-16
http://doi.org/10.1093/bib/bbaa297
http://doi.org/10.1021/acsomega.0c05781
http://doi.org/10.1016/j.bios.2021.113041
http://doi.org/10.1016/j.bios.2021.113099
http://doi.org/10.1016/j.aca.2021.338390
http://doi.org/10.1373/clinchem.2015.245829
http://doi.org/10.1016/j.bios.2021.113328
http://doi.org/10.1016/j.jviromet.2021.114227
http://doi.org/10.1038/s41551-020-00655-z
http://doi.org/10.1016/j.bios.2021.113015


Foods 2022, 11, 1540 18 of 20

64. Hou, T.; Zeng, W.; Yang, M.; Chen, W.; Ren, L.; Ai, J.; Wu, J.; Liao, Y.; Gou, X.; Li, Y.; et al. Development and evaluation of a rapid
CRISPR-based diagnostic for COVID-19. PLoS Pathog. 2020, 16, e1008705. [CrossRef] [PubMed]

65. Wang, L.; He, R.; Lv, B.; Yu, X.; Liu, Y.; Yang, J.; Li, W.; Wang, Y.; Zhang, H.; Yan, G.; et al. Pyrococcus furiosus Argonaute coupled
with modified ligase chain reaction for detection of SARS-CoV-2 and HPV. Talanta 2021, 227, 122154. [CrossRef] [PubMed]

66. Zhang, Q.; Li, J.; Li, Y.; Tan, G.; Sun, M.; Shan, Y.; Zhang, Y.; Wang, X.; Song, K.; Shi, R.; et al. SARS-CoV-2 detection using
quantum dot fluorescence immunochromatography combined with isothermal amplification and CRISPR/Cas13a. Biosens.
Bioelectron. 2022, 202, 113978. [CrossRef] [PubMed]

67. Takeuchi, Y.; Akashi, Y.; Kato, D.; Kuwahara, M.; Muramatsu, S.; Ueda, A.; Notake, S.; Nakamura, K.; Ishikawa, H.; Suzuki, H.
The evaluation of a newly developed antigen test (QuickNavi™-COVID19 Ag) for SARS-CoV-2: A prospective observational
study in Japan. J. Infect. Chemother. 2021, 27, 890–894. [CrossRef]

68. Li, Y.; Ma, P.; Tao, Q.; Krause, H.J.; Yang, S.; Ding, G.; Dong, H.; Xie, X. Magnetic graphene quantum dots facilitate closed-tube
one-step detection of SARS-CoV-2 with ultra-low field NMR relaxometry. Sens. Actuators B Chem. 2021, 337, 129786. [CrossRef]

69. 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. 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. [CrossRef]

70. Yadav, S.; Sadique, M.A.; Ranjan, P.; Kumar, N.; Singhal, A.; Srivastava, A.K.; Khan, R. SERS based lateral flow immunoassay for
point-of-care detection of SARS-CoV-2 in clinical samples. ACS Appl. Bio Mater. 2021, 4, 2974–2995. [CrossRef]

71. Elledge, S.K.; Zhou, X.X.; Byrnes, J.R.; Martinko, A.J.; Lui, I.; Pance, K.; Lim, S.A.; Glasgow, J.E.; Glasgow, A.A.; Turcios, K.; et al.
Engineering luminescent biosensors for point-of-care SARS-CoV-2 antibody detection. Nat. Biotechnol. 2020, 39, 928–935.
[CrossRef]

72. Wang, Q.; Du, Q.; Guo, B.; Mu, D.; Lu, X.; Ma, Q.; Guo, Y.; Fang, L.; Zhang, B.; Zhang, G. A method to prevent SARS-CoV-2
IgM false positives in gold immunochromatography and enzyme-linked immunosorbent assays. J. Clin. Microbiol. 2020, 58,
e00375–e00420. [CrossRef]

73. Padoan, A.; Cosma, C.; Sciacovelli, L.; Faggian, D.; Plebani, M. Analytical performances of a chemiluminescence immunoassay
for SARS-CoV-2 IgM/IgG and antibody kinetics. Clin. Chem. Lab. Med. 2020, 58, 1081–1088. [CrossRef]

74. Niedbala, R.S.; Feindt, H.; Kardos, K.; Vail, T.; Burton, J.; Bielska, B.; Li, S.; Milunic, D.; Bourdelle, P.; Vallejo, R. Detection of
analytes by immunoassay using up-converting phosphor technology. Anal. Biochem. 2001, 293, 22–30. [CrossRef]

75. 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. [CrossRef]

76. Zhang, Z.; Wang, X.; Wei, X.; Zheng, S.W.; Lenhart, B.J.; Xu, P.; Li, J.; Pan, J.; Albrecht, H.; Liu, C. Multiplex quantitative detection
of SARS-CoV-2 specific IgG and IgM antibodies based on DNA-assisted nanopore sensing. Biosens. Bioelectron. 2021, 181, 113134.
[CrossRef]

77. Bayin, Q.; Huang, L.; Ren, C.; Fu, Y.; Ma, X.; Guo, J. Anti-SARS-CoV-2 IgG and IgM detection with a GMR based LFIA system.
Talanta 2021, 227, 122207. [CrossRef]

78. Yao, Z.; Drecun, L.; Aboualizadeh, F.; Kim, S.J.; Li, Z.; Wood, H.; Valcourt, E.J.; Manguiat, K.; Plenderleith, S.; Yip, L.; et al.
A homogeneous split-luciferase assay for rapid and sensitive detection of anti-SARS CoV-2 antibodies. Nat. Commun. 2021,
12, 1086. [CrossRef]

79. Bundschuh, C.; Egger, M.; Wiesinger, K.; Gabriel, C.; Clodi, M.; Mueller, T.; Dieplinger, B. Evaluation of the EDI enzyme linked
immunosorbent assays for the detection of SARS-CoV-2 IgM and IgG antibodies in human plasma. Clin. Chim. Acta 2020, 509,
79–82. [CrossRef]

80. Al-Jighefee, H.T.; Yassine, H.M.; Nasrallah, G.K. Evaluation of antibody response in symptomatic and asymptomatic COVID-19
patients and diagnostic assessment of new IgM/IgG ELISA kits. Pathogens 2021, 10, 161. [CrossRef]

81. Skalnikova, H.K.; Kepkova, K.V.; Vodicka, P. Luminex xMAP Assay to Quantify Cytokines in Cancer Patient Serum. In Immune
Mediators in Cancer; Springer: Berlin/Heidelberg, Germany, 2020. [CrossRef]

82. Torretta, S.; Zuccotti, G.; Cristofaro, V.; Ettori, J.; Solimeno, L.; Battilocchi, L.; D’Onghia, A.; Bonsembiante, A.; Pignataro, L.;
Marchisio, P.; et al. Diagnosis of SARS-CoV-2 by RT-PCR Using Different Sample Sources: Review of the Literature. Ear Nose
Throat J. 2021, 100, 131s–138s. [CrossRef]

83. Sule, W.F.; Oluwayelu, D.O. Real-time RT-PCR for COVID-19 diagnosis: Challenges and prospects. Pan Afr. Med. J. 2020, 35, 121.
[CrossRef]

84. Tahamtan, A.; Ardebili, A. Real-time RT-PCR in COVID-19 detection: Issues affecting the results. Expert Rev. Mol. Diagn. 2020, 20,
453–454. [CrossRef]

85. Nagura-Ikeda, M.; Imai, K.; Tabata, S.; Miyoshi, K.; Murahara, N.; Mizuno, T.; Horiuchi, M.; Kato, K.; Imoto, Y.; Iwata, M.; et al.
Clinical Evaluation of Self-Collected Saliva by Quantitative Reverse Transcription-PCR (RT-qPCR), Direct RT-qPCR, Reverse
Transcription-Loop-Mediated Isothermal Amplification, and a Rapid Antigen Test to Diagnose COVID-19. J. Clin. Microbiol. 2020,
58, e01438–e01520. [CrossRef] [PubMed]

86. Yelin, I.; Aharony, N.; Tamar, E.S.; Argoetti, A.; Messer, E.; Berenbaum, D.; Shafran, E.; Kuzli, A.; Gandali, N.; Shkedi, O.; et al.
Evaluation of COVID-19 RT-qPCR Test in Multi sample Pools. Clin. Infect. Dis. 2020, 71, 2073–2078. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.ppat.1008705
http://www.ncbi.nlm.nih.gov/pubmed/32853291
http://doi.org/10.1016/j.talanta.2021.122154
http://www.ncbi.nlm.nih.gov/pubmed/33714462
http://doi.org/10.1016/j.bios.2022.113978
http://www.ncbi.nlm.nih.gov/pubmed/35086029
http://doi.org/10.1016/j.jiac.2021.02.029
http://doi.org/10.1016/j.snb.2021.129786
http://doi.org/10.1021/acsnano.0c02823
http://doi.org/10.1021/acsabm.1c00102
http://doi.org/10.1038/s41587-021-00878-8
http://doi.org/10.1128/JCM.00375-20
http://doi.org/10.1515/cclm-2020-0443
http://doi.org/10.1006/abio.2001.5105
http://doi.org/10.1021/acsnano.0c02439
http://doi.org/10.1016/j.bios.2021.113134
http://doi.org/10.1016/j.talanta.2021.122207
http://doi.org/10.1038/s41467-021-22102-6
http://doi.org/10.1016/j.cca.2020.05.047
http://doi.org/10.3390/pathogens10020161
http://doi.org/10.1007/978-1-0716-0247-8_6
http://doi.org/10.1177/0145561320953231
http://doi.org/10.11604/pamj.supp.2020.35.2.24258
http://doi.org/10.1080/14737159.2020.1757437
http://doi.org/10.1128/JCM.01438-20
http://www.ncbi.nlm.nih.gov/pubmed/32636214
http://doi.org/10.1093/cid/ciaa531
http://www.ncbi.nlm.nih.gov/pubmed/32358960


Foods 2022, 11, 1540 19 of 20

87. Meza-Robles, C.; Barajas-Saucedo, C.E.; Tiburcio-Jimenez, D.; Mokay-Ramírez, K.A.; Melnikov, V.; Rodriguez-Sanchez, I.P.;
Martinez-Fierro, M.L.; Garza-Veloz, I.; Zaizar-Fregoso, S.A.; Guzman-Esquivel, J.; et al. One-step nested RT-PCR for COVID-19
detection: A flexible, locally developed test for SARS-CoV2 nucleic acid detection. J. Infect. Dev. Ctries. 2020, 14, 679–684.
[CrossRef] [PubMed]

88. Hindson, C.M.; Chevillet, J.R.; Briggs, H.A.; Gallichotte, E.N.; Ruf, I.K.; Hindson, B.J.; Vessella, R.L.; Tewari, M. Absolute
quantification by droplet digital PCR versus analog real-time PCR. Nat. Methods 2013, 10, 1003–1005. [CrossRef]

89. Anderson, E.M.; Maldarelli, F. Quantification of HIV DNA Using Droplet Digital PCR Techniques. Curr. Protoc. Microbiol. 2018,
51, e62. [CrossRef]

90. Yin, J.; Hu, J.; Sun, J.; Wang, B.; Mu, Y. A fast nucleic acid extraction system for point-of-care and integration of digital PCR.
Analyst 2019, 144, 7032–7040. [CrossRef]

91. Carraturo, F.; Del Giudice, C.; Morelli, M.; Cerullo, V.; Libralato, G.; Galdiero, E.; Guida, M. Persistence of SARS-CoV-2 in the
environment and COVID-19 transmission risk from environmental matrices and surfaces. Environ. Pollut. 2020, 265, 115010.
[CrossRef]

92. Rödel, J.; Egerer, R.; Suleyman, A.; Sommer-Schmid, B.; Baier, M.; Henke, A.; Edel, B.; Löffler, B. Use of the variplex™ SARS-CoV-2
RT-LAMP as a rapid molecular assay to complement RT-PCR for COVID-19 diagnosis. J. Clin. Virol. 2020, 132, 104616. [CrossRef]

93. Schermer, B.; Fabretti, F.; Damagnez, M.; Di Cristanziano, V.; Heger, E.; Arjune, S.; Tanner, N.A.; Imhof, T.; Koch, M.;
Ladha, A.; et al. Rapid SARS-CoV-2 testing in primary material based on a novel multiplex RT-LAMP assay. PLoS ONE 2020,
15, e0238612. [CrossRef]

94. Huang, W.E.; Lim, B.; Hsu, C.C.; Xiong, D.; Wu, W.; Yu, Y.; Jia, H.; Wang, Y.; Zeng, Y.; Ji, M.; et al. RT-LAMP for rapid diagnosis of
coronavirus SARS-CoV-2. Microb. Biotechnol. 2020, 13, 950–961. [CrossRef]

95. Rabe, B.A.; Cepko, C. SARS-CoV-2 detection using isothermal amplification and a rapid, inexpensive protocol for sample
inactivation and purification. Proc. Natl. Acad. Sci. USA 2020, 117, 24450–24458. [CrossRef]

96. Xiang, X.; Qian, K.; Zhang, Z.; Lin, F.; Xie, Y.; Liu, Y.; Yang, Z. CRISPR-cas systems based molecular diagnostic tool for infectious
diseases and emerging 2019 novel coronavirus (COVID-19) pneumonia. J. Drug Target. 2020, 28, 727–731. [CrossRef]

97. 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. [CrossRef]

98. 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.
[CrossRef]

99. Palaz, F.; Kalkan, A.K.; Tozluyurt, A.; Ozsoz, M. CRISPR-based tools: Alternative methods for the diagnosis of COVID-19. Clin.
Biochem. 2021, 89, 1–13. [CrossRef]

100. Ding, X.; Yin, K.; Li, Z.; Lalla, R.V.; Ballesteros, E.; Sfeir, M.M.; Liu, C. Ultrasensitive and visual detection of SARS-CoV-2 using
all-in-one dual CRISPR-Cas12a assay. Nat. Commun. 2020, 11, 4711. [CrossRef]

101. Lepej, S.Z.; Poljak, M. Portable molecular diagnostic instruments in microbiology: Current status. Clin. Microbiol. Infect. 2020, 26,
411–420. [CrossRef]

102. Batule, B.S.; Seok, Y.; Kim, M.G. Paper-based nucleic acid testing system for simple and early diagnosis of mosquito-borne RNA
viruses from human serum. Biosens. Bioelectron. 2020, 151, 111998. [CrossRef]

103. Mitchell, S.L.; George, K.S. Evaluation of the COVID19 ID NOW EUA assay. J. Clin. Virol. 2020, 128, 104429. [CrossRef]
104. Zhuang, J.; Yin, J.; Lv, S.; Wang, B.; Mu, Y. Advanced “lab-on-a-chip” to detect viruses-Current challenges and future perspectives.

Biosens. Bioelectron. 2020, 163, 112291. [CrossRef]
105. Van Tan, L.; Hong, N.T.T.; Ngoc, N.M.; Thanh, T.T.; Lam, V.T.; Nguyet, L.A.; Nhu, L.N.T.; Ny, N.T.H.; Minh, N.N.Q.;

Man, D.N.H.; et al. SARS-CoV-2 and co-infections detection in nasopharyngeal throat swabs of COVID-19 patients by metage-
nomics. J. Infect. 2020, 81, e175–e177. [CrossRef] [PubMed]

106. Chandler, J.C.; Bevins, S.N.; Ellis, J.W.; Linder, T.J.; Tell, R.M.; Jenkins-Moore, M.; Root, J.J.; Lenoch, J.B.; Robbe-Austerman, S.;
DeLiberto, T.J.; et al. SARS-CoV-2 exposure in wild white-tailed deer (Odocoileus virginianus). bioRxiv 2021, 118, e2114828118.
[CrossRef] [PubMed]

107. Yan, H.; Jiao, H.; Liu, Q.; Zhang, Z.; Xiong, Q.; Wang, B.-J.; Wang, X.; Guo, M.; Wang, L.-F.; Lan, K.; et al. ACE2 receptor usage
reveals variation in susceptibility to SARS-CoV and SARS-CoV-2 infection among bat species. Nat. Ecol. Evol. 2021, 5, 600–608.
[CrossRef] [PubMed]

108. Edwards, C.E.; Yount, B.L.; Graham, R.L.; Leist, S.R.; Hou, Y.J.; Dinnon, K.H.; Sims, A.C.; Swanstrom, J.; Gully, K.;
Scobey, T.D.; et al. Swine acute diarrhea syndrome coronavirus replication in primary human cells reveals potential susceptibility
to infection. Proc. Natl. Acad. Sci. USA 2020, 117, 26915–26925. [CrossRef] [PubMed]

109. Pickering, B.; Smith, G.; Pinette, M.; Embury-Hyatt, C.; Moffat, E.; Marszal, P.; Lewis, C.E. Susceptibility of domestic swine to
experimental infection with SARS-CoV-2. bioRxiv 2020, 27, 104–112. [CrossRef]

110. Santini, J.M.; Edwards, S.J. Host range of SARS-CoV-2 and implications for public health. Lancet Microbe 2020, 1, e141–e142.
[CrossRef]

111. Wu, J.L.; Tseng, W.P.; Lin, C.H.; Lee, T.F.; Chung, M.Y.; Huang, C.H.; Chen, S.Y.; Hsueh, P.R.; Chen, S.C. Four point-of-care lateral
flow immunoassays for diagnosis of COVID-19 and for assessing dynamics of antibody responses to SARS-CoV-2. J. Infect. 2020,
81, 435–442. [CrossRef]

http://doi.org/10.3855/jidc.12726
http://www.ncbi.nlm.nih.gov/pubmed/32794453
http://doi.org/10.1038/nmeth.2633
http://doi.org/10.1002/cpmc.62
http://doi.org/10.1039/C9AN01067J
http://doi.org/10.1016/j.envpol.2020.115010
http://doi.org/10.1016/j.jcv.2020.104616
http://doi.org/10.1371/journal.pone.0238612
http://doi.org/10.1111/1751-7915.13586
http://doi.org/10.1073/pnas.2011221117
http://doi.org/10.1080/1061186X.2020.1769637
http://doi.org/10.1038/s41587-020-0513-4
http://doi.org/10.1016/j.virusres.2020.198129
http://doi.org/10.1016/j.clinbiochem.2020.12.011
http://doi.org/10.1038/s41467-020-18575-6
http://doi.org/10.1016/j.cmi.2019.09.017
http://doi.org/10.1016/j.bios.2019.111998
http://doi.org/10.1016/j.jcv.2020.104429
http://doi.org/10.1016/j.bios.2020.112291
http://doi.org/10.1016/j.jinf.2020.06.033
http://www.ncbi.nlm.nih.gov/pubmed/32562797
http://doi.org/10.1073/pnas.2114828118
http://www.ncbi.nlm.nih.gov/pubmed/34732584
http://doi.org/10.1038/s41559-021-01407-1
http://www.ncbi.nlm.nih.gov/pubmed/33649547
http://doi.org/10.1073/pnas.2001046117
http://www.ncbi.nlm.nih.gov/pubmed/33046644
http://doi.org/10.1101/2020.09.10.288548
http://doi.org/10.1016/S2666-5247(20)30069-0
http://doi.org/10.1016/j.jinf.2020.06.023


Foods 2022, 11, 1540 20 of 20

112. Van Elslande, J.; Houben, E.; Depypere, M.; Brackenier, A.; Desmet, S.; André, E.; Van Ranst, M.; Lagrou, K.; Vermeersch, P.
Diagnostic performance of seven rapid IgG/IgM antibody tests and the Euroimmun IgA/IgG ELISA in COVID-19 patients. Clin.
Microbiol. Infect. 2020, 26, 1082–1087. [CrossRef]

113. Roy, V.; Fischinger, S.; Atyeo, C.; Slein, M.; Loos, C.; Balazs, A.; Luedemann, C.; Astudillo, M.G.; Yang, D.; Wesemann, D.R.; et al.
SARS-CoV-2-specific ELISA development. J. Immunol. Methods 2020, 484–485, 112832. [CrossRef]

114. Fang, W.H.; Yang, J.R.; Lin, C.Y.; Hsiao, P.J.; Tu, M.Y.; Chen, C.F.; Tsai, D.J.; Su, W.; Huang, G.S.; Chang, H.; et al. Accuracy
augmentation of body composition measurement by bioelectrical impedance analyzer in elderly population. Medicine 2020,
99, e19103. [CrossRef]

115. Mak, G.C.; Cheng, P.K.; Lau, S.S.; Wong, K.K.; Lau, C.S.; Lam, E.T.; Chan, R.C.; Tsang, D.N.C. Evaluation of rapid antigen test for
detection of SARS-CoV-2 virus. J. Clin. Virol. 2020, 129, 104500. [CrossRef]

116. Goode, J.A.; Rushworth, J.V.; Millner, P.A. Biosensor Regeneration: A Review of Common Techniques and Outcomes. Langmuir
2015, 31, 6267–6276. [CrossRef]

117. Samson, R.; Navale, G.R.; Dharne, M.S. Biosensors: Frontiers in rapid detection of COVID-19. Biotech 2020, 10, 385. [CrossRef]
118. 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. [CrossRef]
119. Xu, L.; Li, D.; Ramadan, S.; Li, Y.; Klein, N. Facile biosensors for rapid detection of COVID-19. Biosens. Bioelectron. 2020,

170, 112673. [CrossRef]
120. Guo, Y.-R.; Cao, Q.-D.; Hong, Z.-S.; Tan, Y.-Y.; Chen, S.-D.; Jin, H.-J.; Tan, K.-S.; Wang, D.-Y.; Yan, Y. The origin, transmission

and clinical therapies on coronavirus disease 2019 (COVID-19) outbreak–an update on the status. Mil. Med. Res. 2020, 7, 11.
[CrossRef]

121. Thijsen, S.; Heron, M.; Gremmels, H.; van der Kieft, R.; Reusken, C.; Kremer, K.; Limonard, G.; Bossink, A. Elevated nucleoprotein-
induced interferon-γ release in COVID-19 patients detected in a SARS-CoV-2 enzyme-linked immunosorbent spot assay. J. Infect.
2020, 81, 452–482. [CrossRef]

122. Mauro, G.; Scavone, C.; Rafaniello, C.; Rossi, F.; Capuano, A. SARS-Cov-2 infection: Response of human immune system and
possible implications for the rapid test and treatment. Int. Immunopharmacol. 2020, 84, 106519. [CrossRef]

http://doi.org/10.1016/j.cmi.2020.05.023
http://doi.org/10.1016/j.jim.2020.112832
http://doi.org/10.1097/MD.0000000000019103
http://doi.org/10.1016/j.jcv.2020.104500
http://doi.org/10.1021/la503533g
http://doi.org/10.1007/s13205-020-02369-0
http://doi.org/10.3390/s20113121
http://doi.org/10.1016/j.bios.2020.112673
http://doi.org/10.1186/s40779-020-00240-0
http://doi.org/10.1016/j.jinf.2020.06.015
http://doi.org/10.1016/j.intimp.2020.106519

	Introduction 
	Safety Precautions in Cold-Chain Links 
	Acquisition of Food Raw Materials 
	Processing of Food Raw Materials 
	Food Packaging 
	Food Transportation 
	Sales of Food 
	Consumption 

	Characteristics for the Cold-Chain Food Quarantine 
	Potential Cold-Chain Food Quarantine Techniques 
	Nucleic Acid Test 
	PCR-Based Techniques 
	RT-LAMP 
	CRISPR-Based System 
	Microfluidic Biochip 
	Whole-Genome Sequencing 

	Immunological Methods 
	Antigen Immunological Test 
	Serum Antibody Immunological Test 
	Cytokine Storm Assay 


	Discussion and Conclusions 
	References

