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Abstract Food-borne pathogens are a severe threat to

human illness and death world-wide. Researchers have

reported more than 250 food-borne diseases. Most of these

are infections caused by a wide variety of bacteria, viruses,

and parasites. It has a significant economic impact also.

Detection of pathogenic microbes is thus essential for food

safety. Such identification techniques could meet the fol-

lowing parameters viz., the accuracy of detection tech-

niques that are quick, efficient, economical, highly

sensitive, specific, and non-labor intensive. The various

available methods for detecting food pathogens are clas-

sified into different groups, each having its advantages and

disadvantages. The conventional methods are usually the

first choice of detection even though they are laborious.

Modern techniques such as biosensors, immunological

assays, and macromolecule-based (nucleic acid) methods

are being developed and refined to overcome traditional

methods’ limitations. Early detection of pathogens and

secure food safety at each stage of food processing to

storage, utilizing improved methodologies are mandatory.

This review summarizes the deadly food pathogens leading

to significant outbreaks and discusses the importance of

early detection methods and advanced detection methods in

comparison.
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Introduction

In the food industry, selecting particular identification

methods and screening of food-borne pathogens must

ensure food safety. In each phase, from crop harvesting to

food packaging and trading, food contamination is highly

desirable. Among all conventional techniques in practice,

there are still methods and strategies required to determine

the minimal quantity of emerging pathogens in food and

meat processing industries. In turn, pathogenic microbes

that emerge into superbugs could pose a threat to human

consumers in upcoming decades, and need significant

concern, especially in food safety management. Food-

borne pathogens are a significant threat to consumers that

contaminate edible products, leading to several diseases

and outbreaks. Though there are quite a lot of food-borne

diseases prevailing globally, a major cause being the Food-

borne zoonoses. The World Health Organization (WHO)

supporting the previous statement, reports that more than

two million people die per year from diarrheal diseases

induced mostly by consuming infected food (Westrell et al.

2009). Patients are reported with severe nausea, vomiting,

diarrhea, and abdominal cramps to mortal diseased condi-

tions (Abebe et al. 2020). Improper food product handling

and storage can affect one country’s public health and

economic sectors through restricted export and food trad-

ing worldwide (Kangethe et al. 2019). Various techniques

& Shobana Sugumar

shobanasrmist@gmail.com

1 Department of Microbiology, Valliammal College for

Women, Chennai, TamilNadu 600102, India

2 Department of Biotechnology, Faculty of Engineering and

Technology, SRM Institute of Science and Technology, SRM

Nagar, Kattankulathur, Kanchipuram, Chennai,

Tamilnadu 603203, India

3 Department of Genetic Engineering, Faculty of Engineering

and Technology, SRM Institute of Science and Technology,

SRM Nagar, Kattankulathur, Kanchipuram, Chennai,

Tamilnadu 603203, India

123

J Food Sci Technol (June 2022) 59(6):2087–2107

https://doi.org/10.1007/s13197-021-05130-4

http://orcid.org/0000-0002-9975-670X
http://crossmark.crossref.org/dialog/?doi=10.1007/s13197-021-05130-4&amp;domain=pdf
https://doi.org/10.1007/s13197-021-05130-4


are applied for the detection of these pathogens. Microbial

and associated contaminant detection methods are classi-

fied into conventional and modern methods based on their

principles, advantages, and disadvantages. The conven-

tional methods involve homogenizing food samples,

enrichment of viable pathogens, identification of targets by

growing on a selective medium which makes this method

quite challenging when applied to food and water-borne

microbial identification. The standard microbiological

detection methods have their inadequacies, such that they

are laborious and time-consuming; whereas, the modern

methods vary from being fast, accurate, sensitive, specific,

and non-labor intensive (Priyanka et al. 2016).

Thus, to overcome these inadequacies, different ways

with high specificity and sensitivity are still targeted

(Adzitey et al. 2012). To estimate micro to nano-sized food

contaminants, multiple technologies are proposed to

improve rapidity, accuracy, time-efficient, and labor-saving

pathogen detection methods to qualify food products

before reaching the consumers’ hands. Those techniques

must also ensure an in-depth analysis of any food pathogen

with reliability, efficiency in providing quick results, and

selection. (Zhang et al. 2020). Measurement of nano-sized

food pathogens and contaminants, Nanotechnology, and

nanomaterials are being used in biosensors such as Quan-

tum dots, Gold nanoparticles, silver nanoparticles, etc. The

other technique is High Throughput Sequencing that can

generate thousands to millions of sequence reads (Sai

Anand et al. 2019). The latest development in identifying

pathogenic bacteria using advanced nanostructures, high

throughput sequencing for detecting food-borne pathogens

(Sekse et al. 2017).

Therefore, the objectives of this review paper are to:

(1) To mention available microbial and associated food

contaminants and details of outbreak, food-borne

pathogen detection methods with their characteristic

properties.

(2) An overview of conventional, modern, and advanced

methods and their comparison benefits on detecting

food-borne pathogens.

Outbreak and pathogens- food contaminants

Food safety management is focused on eliminating food-

borne pathogens or reducing the pathogenic load in food

contents. It is a must to detect pathogens in the early stages

of microbial growth to reduce food-borne outbreaks (Pinu

2016). Antibiotic treatment of animal diseases during

farming started in the 1930s, and such practice to date. This

practice impacts the microbial load of animals that could

gain antibiotic-resistant genes (Allen 2014). It resulted in

new emerging food-borne pathogens in 2000. Such food-

borne pathogens, Campylobacter, Noroviruses, Yersinia

enterocolitica, Salmonella Enteritidis, Listeria monocyto-

genes, Vibrio cholerae O1, V. parahaemolyticus, V. vul-

nificus, VTEC E. coli, Cyclospora, and prions follows the

new transmission mode. After the first report in 1894,

Staphylococcal associated food poisoning, food intoxica-

tion syndrome, a continuous threat to the milk and meat

processing industry (Jakobsen et al. 2011). In 2015, the

European Union (EU) reported 4362 food-borne outbreaks.

Bacterial pathogens mediated those outbreaks. Salmonella

sp. (21.8%) and Campylobacter sp. (8.9%) accounted for

33.7% of all reported outbreaks. Bacterial toxins caused

19.5% in 2014; other factors such as viruses accounted for

9.2%, parasites contributed less than 3% of the total out-

break in 2015 (Fig. 1).

Bacterial foodborne pathogens

Campylobacter

It is a curved gram-negative rod, microaerophilic, cyto-

chrome oxidase-positive unveiling corkscrew motility

(Guerry 2007). It is a commensal in the intestine of many

wild and domestic animals, particularly avian species,

including poultry. Intestinal colonization results in healthy

animals as carriers. There are 17 species and 6 subspecies

belonging to the Campylobacter genus, of which C. jejuni

(subspecies jejuni) and C. coli are most frequently

encountered in human diseases (Guerry 2007). A few other

species reported, such as C. lari, and C. upsaliensis have

also been isolated from diarrhoeal disease patients but are

reported less often. The C. coli flagellum comprises two

strongly homologous flagellins, the major one, FlaA, and

the minor one, FlaB. (Guerry 2007). The flaA gene is

involved in adherence, gastrointestinal tract colonization,

and invasion of the host cells (Jain et al. 2008), conse-

quently arresting the immune response. C.jejuni consists of

polar flagellum composed of O-linked glycosylated flag-

ellin; for the regulation of Campylobacter flagellum, a two-

component system composed of the FlgS sensor and the

FlgR response regulator is vital (Dastia et al. 2010).

Campylobacter spp. produce toxins such as CDT holo-

toxin, which consists of three subunits encoded by the

genes cdtA, cdtB, and cdtC, triggering the arrest of

eukaryotic cells, stopping them from entering mitosis in the

G2/M phase of the cell cycle and thus contributing to cell

death (Yamasaki et al. 2006; Ge et al. 2008; Zilbauer et al.

2008). The disease caused by Campylobacter infection is

Campylobacteriosis. The risk of food-borne pathogens,

including Food-borne illnesses, especially for young chil-

dren, can be severe. Food is generally reported to be the
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primary source of transmission through undercooked meat

and meat products, as well as raw or contaminated milk.

The UK Government has raised the focus of the

‘‘Campylobacter Innovation Strategy’’ from 2010 to 2015

as Campylobacter is considered the most severe cause of

food poisoning and accounted for an estimated 321,000

cases in England and Wales 2008, including more than

15,000 hospitalizations and 76 deaths (Portner et al. 2007).

These microorganisms can develop viable but non-cultur-

able cells under adverse growth conditions (Portner et al.

2007). Under laboratory conditions, Cappelier (1997)

found that Campylobacter strains isolated from soil around

the broiler house may have been transformed into viable

but non-cultivable forms and may have been cultivable

after passing through the intestinal tract of the chickens

(Davies et al. 2020). The Nordic region was highly prone to

Campylobacter outbreaks. Almost 36 outbreaks have

occurred and affected nearly 7000 people in this region

(Davies et al. 2020).In 2017 Campylobacter jejuni cross-

contamination caused an outbreak of infection in Seoul.

Contamination occurred due to chicken served in a par-

ticular region.The outbreak count was calculated to be

20.4% from the overall out surge (Kang et al. 2019).

Another primary disorder caused by Campylobacter is

Guillain-Barré Syndrome and the outbreak associated with

the pathogen occurred in Peru in 2019. The outbreak

related to Campylobacter had a different seasonal pattern

between April and July (Ramos et al. 2021).In 2013 a large

outbreak was reported in Australia due to infection caused

by Campylobacter jejuni from the food (chicken) served.

56 cases were identified in the primary investigation

associated with the outbreak of gastroenteritis caused by

C.jejuni. ST991 sequence type was isolated from the food

sample and identified and related with the out surge

(Moffatt et al. 2016).

E.coli O157:H7

It is a gram-negative, rod-shaped bacterium and releases

shiga toxin, which causes an outbreak. Shiga toxin-pro-

ducing Escherichia coli (STEC) causes 5–10% of Hemo-

lytic Uremic Syndrome (HUS)(Byrne et al. 2020).The

epidemic outbreak caused by this bacterial species is

associated with the toxin that contaminates food products.

Nausea, fever, diarrhea, chills are the primary symptoms

due to the infection caused by E. coli O157: H7. It affects

infants, adults, and older people through infection severity,

toxins produced by the pathogen in an infected host cause

chronic illness (Byrne et al. 2020). In particular, strain

O157:H7 63,000 illnesses and 20 deaths, 2100 hospital-

ization each year (Byrne et al. 2020). Two consecutive

outbreaks were recorded in 1982 associated with fast food

contamination of this strain. During 1993, an outbreak was

recorded with hamburgers contamination that concluded

that beef processing and handling defects in retail and

restaurants. In 2011 around 4000 cases and 50 deaths were

recorded within two months’ duration. Recently in 2015,

5901 cases were reported. Due to pathogenic traits carried

out from enteroaggregative E.Coli and its capacity of Shiga

toxin production shed an unusual impact on affected adults

Fig. 1 Schematic view of

available detection methods
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with HUS (Coulombe et al. 2020). Those patients were

found with neurological symptoms too. The caseation in

Canada regarding E. coli O157: H7 from the year

2008–2018 is based on the contamination of green leafy

vegetables. Groundwater contamination caused by the

release of Shiga toxin was the primary source of identifi-

cation associated with the outbreak due to E. coli O157:

H7. The outbreak caused a severe production loss of the

food products based on these vegetables. The consumption

caused a high level of food-borne illness for the people

who consumed it (Byrne et al. 2020). E. coli O157: H7

outbreak occurred in raw meat produced in England in

2017; an epidemiological investigation is done to identify

the rate of severity caused by the bacterium. Raw meat was

the prime source for the origin of an outbreak in the region,

causing gastrointestinal illness for the population. Raw

milk, cheese, meat from the cross-contaminated source was

the ideal mode of transmission through direct and non-

direct contact in humans (Treacy et al. 2019). Infection can

occur through the Carcass contamination of the slaughter

and processing method. The production of Shiga toxin by

the bacterium in infected humans causes several severe

symptoms such as abdominal pain, vomiting, a uraemic

syndrome associated with acute kidney failure. Pre-harvest

and post-harvest strategies need to be updated to prevent

the upsurge of the bacterium causing an epidemic (Dian-

court et al. 2019).

The California Department of Public Health (CDPH)

and the U.S. Food and Drug Administration (FDA) eval-

uated the list of ingredients of the recalled salads and

identified that romaine lettuce from a farm in California

was a likely vehicle for the outbreak. In 2015, a Shiga

toxin-producing Escherichia coli O157:H7, linked to

commercial chicken salad, caused 19 illnesses in 7 states. 5

illnesses, and two developed hemolytic-uremic syndrome

(HUS), a type of kidney failure. No deaths were reported

there (Mikhail et al. 2018).

Listeria monocytogenes

Listeria monocytogenes is a gram-positive, non-sporing

bacteria species that are highly motile. The food contami-

nant disease caused by L.monocytogenes is known as lis-

teriosis. Water and soil are the two central sources

associated with the transmission of L.monocytogenes and,

followed by favorable and optimum temperature, provide a

suitable environment for transmission and infection out-

breaks. Aerobic atmospheric conditions also play a prime

role in the transmission process. Raw vegetables, dairy

products, and undercooked meat are the target sources for

the surge of infection. The symptoms include severe

muscular pains, a rise in temperature, and diarrhea (Ricci

et al. 2018).

Listeria sp. contamination in the food industry, a silent

threat, could contaminate food products even after many

years. This strain’s infection had a high mortality rate of

20–30%; even it can multiply in cold storages and refrig-

erators (Teixeira et al. 2020). However, these food manu-

facturers and exporters would need expeditious techniques

to detect and put out the result simultaneously. Recent

scientific advancements brought about fast-track tech-

niques that employ nucleic-acid-based or immunological

assays; nevertheless, the power of each strain and the dif-

ferences in their ability to cause disease remains a puzzle

(Jemmi et al.2006). In 2011, an active outbreak of Listeria

monocytogenes was linked to the consumption of con-

taminated whole cantaloupes. The cantaloupes were grown

on a farm in Colorado, but it caused illnesses in 28 states in

total. Even though the cantaloupes were recalled, nearly

150 people became ill, 143 were hospitalized, and 33 died.

A threatening outbreak of listeriosis bubbled up out of

Michigan in late February involving Enoki mushrooms

grown in South Korea. In its latest report on April 8, the

centers for disease control and prevention centers for dis-

ease control and prevention (CDC) reported that 36 con-

firmed cases in 17 states involve 30 hospitalizations and 4

deaths. In 2012, 44 persons were affected by this strain by

consuming contaminated chicken liver from Sweden (Lahti

et al. 2017). In 2015, 270 deaths were reported due to

listeriosis. L.monocytogenes are efficiently killed by pas-

teurization and cooking. Mostly, Ready to Eat (RTE) food

types pose a risk for listeriosis. Campylobacter spp. was

also associated with RTE associated spread.

In 2012, 44 persons were affected by this strain by

consuming contaminated chicken liver from Sweden (Lahti

et al. 2017). A listeriosis outbreak that arose in the United

States in 2015 is closely linked with the contamination of

ice cream from a production line. The investigation process

from the contaminated ice cream samples indicated the

infection infectivity range among the selected samples. The

indication level ranged nearly 99% in the tested samples

(Chen et al. 2016). Further, similar cases emerged in South

Africa in 2017. The listeriosis outbreak was closely linked

and related to the processed meat contamination by L.

monocytogenes. 937 cases were recognized because of the

condition caused by the surge. Epidemiological Investiga-

tion reports figured that low middle-income countries and

regions were highly prone to the listeriosis outbreak (Juno

Thomas.2020).

Staphylococcus aureus

It is a rod-shaped and gram-positive bacterium. Various

strains of Staphylococcus cause illness by affecting the

respiratory tract and the epithelial layer. Consuming pro-

cessed food contaminated by the pathogen could be the
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main reason for the infectious pathogen outbreak (Guidi

et al. 2018). The contamination can happen on account of

improper hygiene and maintenance methods followed in

preparing the food. Due to infection and upsurge of the

virulent pathogen, symptoms are emesis, nausea, and

abdominal cramps after intaking contaminated food within

eight hours. The general and seasonal outbreak of Sta-

phylococcus aureus occurs in Europe and across other

western provinces. An outbreak due to Staphylococcus

aureus occurred in Italy in 2017 (Nasheri et al. 2019). The

upsurge happened due to the intake of contaminated food

by the workers. Staphylococcus food poisoning investiga-

tion took place to understand the internal mechanism of

infection by the pathogen and to identify the mode of

transmission that occurred through it. The effect of illness

analyzed through the food samples collected and recorded

from the restaurant served the workers’ food. The end

report provided after the investigation connected with the

outbreak identified the intense severity of the pathogen

(Guidi et al. 2018).

Clostridium perfringens

It is a spore-forming, gram-positive bacterium which pro-

duces toxins. It causes food poisoning by infecting the host

and by causing an outbreak through it. The investigation

reports summarize that the initial source for the bacterium

is red meat, dairy products, nearly contaminated food, and

the consumption of contaminated food distributions all

over the regions caused an outbreak in England during

2018. The disease caused by the bacteria includes Necrotic

enteritis and enterotoxaemia. Four toxins are produced; by

the pathogen that consists of alpha, beta, epsilon, and iota.

Strains of the bacteria are associated with the classification

and identification of different types of strains in Clostrid-

ium perfringens. The provisional report provided that tox-

ins produced by the Clostridium perfringens were the main

cause for the food-borne illness outbreak (Bhattacharya

et al. 2020). The spores from the contaminated soil could

be the reason for the spread of the bacterium. Raw foods,

non-processed, and optimum temperature maintenance for

storage are the ideal reasons for the transmission of the

bacteria directly and indirectly (Stelzer et al. 2019).

Salmonella

It is a gram-negative bacterium and commonly found in the

intestinal tract of the animal and human beings. There are

2500 serotypes of Salmonella, but only a few, such as

Salmonella typhimurium, Salmonella enteritidis, Sal-

monella subsp. enterica serovar enteritidis, and typhi-

murium, cause food-borne illnesses. The second

predominant food-borne pathogen causes gastroenteritis

bacteria. The primary salmonellosis vehicle is contami-

nated food and water, poultry, eggs, meat, and milk prod-

ucts. These organisms have a more remarkable ability to

multiply in foodstuff and survive in it for several years.

Salmonella typhimurium causes severe diarrhea, food poi-

soning, and it is associated with a significant risk of causing

cardiovascular, bone, and joint infections in humans.

(Afzal et al. 2015).

A Salmonella poona outbreak caused 907 illnesses

which were linked to cucumbers from Mexico. This dra-

matic outbreak affected 40 states, 204 hospitalizations, and

it caused 4 deaths (Laughlin et al. 2019). A Salmonella

outbreak in 2008 related to contaminated peanut butter

caused illnesses in 714 people in 46 states. Nearly 171

people were under hospitalizations, and the infections may

have contributed to 9 deaths (Chang et al. 2013).

Viruses, fungi, parasites and prions-food borne
pathogens

Virus

Some viruses, such as Norovirus, hepatitis E, hepatitis A,

and rotavirus, always threaten food safety next to the

bacterial mediated outbreak. Norovirus comes under the

family Caliciviridae and genus Norovirus (NoV). NoV

virus structure is a positive sense, non-enveloped, and

single-stranded RNA virus and into seven genogroups in

which GI, GII, GIV groups distinctly infect humans. Viral

infection and its spread occur due to direct contact with

highly contaminated surface soil in the agricultural lands;

polluted water is a significant source, specifically SE in

upsurge. Around 50% of the outbreak is related to food-

borne illness caused by Norovirus (Zhou et al. 2019). NoV

outbreak is a prime concern in western countries regarding

sickness caused by this pathogen and its impact on food

production and consumption (Zhou et al. 2019; Nasheri

et al. 2019). North America and European countries were

affected by the NoV epidemic; the predominant spread

occurred from the frozen fruits and vegetables. Nearly 80%

of the NoV outbreak is associated and related to contami-

nated fruits and vegetables. Specifically, the epidemic

origin occurred from the infected raspberries strawberries.

Five thousand cases are recorded due to illness caused by

the contaminated frozen strawberries and 3000 cases from

frozen raspberries. The outbreak has been recorded from

the year 2008–2018 through the GPHIN system. Multiple

infections are identified and recorded in India, China, Japan

recently through the GPHIN method related to NoV

(Meghnath et al. 2019). The hard encoded capsid protein

provides stability to the virus from the external environ-

ment and completely protects the cellular machinery and
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genome (Compaoré et al. 2020). Thus, the pathogen’s

virulence and severity are much higher and significantly

impact food processing industries. Hepatitis E virus (HEV)

is through water or food, especially raw shellfish, by

accidental sewage contamination. It had been reported as

an emerging zoonosis with higher chances of an endemic

outbreak of human infections.

Fungi and molds

Fungi are eukaryotic, non-motile, spore-releasing organ-

isms. Fungi are classified based on their phenotypic char-

acteristics ranging from unicellular to multicellular level,

based on the mode of nutrition, by genotype characteristics

and metabolic activities. Molds are the subtypes of fungi

that are differentiated by the filamentous structure known

as hyphae. Food contamination caused by fungi species is

due to mycotoxins released. The toxin spread by the fungal

species is highly linked with the food-borne outbreak.

Some fungi and molds could cause food contamination,

such as Aspergillus sp and aflatoxins from Aspergillus

flavus, Fusarium, Alternaria, Mucormycetes Candida sp.

The food-borne outbreak occurred in Tanzania in 2016 due

to the intake of food products with a high level of afla-

toxins. 68 cases were reported during the epidemiological

investigation, and the source for the outbreak was con-

taminated maize with a high ratio of aflatoxins. 68 cases

were reported during the epidemiological investigation,

and the source for the outbreak was contaminated maize

with a high ratio of aflatoxins (Kamala et al. 2018). A

similar food-borne outbreak took place in provinces of

rural South-Africa regions. Aflatoxin contamination was

identified in the homegrown maizes, and test samples of

maizes were collected and assessed to determine the ratio

of mycotoxin level. Both aflatoxins and fumonisins ratio

level was higher than the indicated level (Mngqawa et al.

2016). Fruit samples collected from a supermarket in

Washington DC were assessed to recognize the contami-

nation level of fungi and their types. A total of 38 percent

of the samples evaluated contained Candida lambica,

Candida pulcherrima, Rhodotorula spp., present in a

higher number in the salad sample collected (Tournas et al.

2006). In Canada, one pregnant woman was affected by

Candida kefyr through frequent organic dairy products,

leading to bloodstream infection of this strain and trans-

mitted to her premature twin infants through the placenta

(Pineda et al. 2012).

Parasites

Clinically proven food-borne transmission of parasites to

cause human diseases are the other category of food-borne

pathogens. Currently, about 300 parasitic worms and 70

protozoan species are known to infect humans and animals.

Toxoplasma gondii is a protozoan organism that causes a

disease called toxoplasmosis. The disease’s transmission

and outbreak occur through oocysts from the contaminated

soil, water, and food. The bradyzoites specify the food-

borne zoonosis. Oocyst and cyst from the protozoan infect

and contaminate the raw meat, which ideally leads to the

pathogen’s spread and outbreak (Shapiro et al. 2019).

Toxoplasma gondii

Toxoplasma gondii is a protozoan organism that causes a

disease called toxoplasmosis. The transmission and out-

break of the disease occur through oocysts from the con-

taminated soil, water, and food. The bradyzoites specify the

food-borne zoonosis. Oocyst and cyst from the protozoan

infect and contaminate the raw meat, which ideally leads to

the spread and outbreak of the pathogen (Stelzer et al.

2019). Toxoplasma gondii outbreaks are caused due to raw

uncooked foods and fresh foods, including green vegeta-

bles. T.gondii oocyst tends to resist and present from days

to months. Toxoplasma gondii outbreak consists of raw

uncooked foods and fresh foods, including green vegeta-

bles (Shapiro et al. 2019). T.gondii oocyst tends to resist

and present from days to months. The unprocessed prod-

ucts produced in the farms from the contaminated soil and

irrigation water are fundamental reasons for causing

transmission and an outbreak. Polluting seawater con-

tributes to the transmission of the oocysts and gives rise to

a vulnerable threat to the sea fishes and other organisms.

Overall transmission is caused by the contaminated soil,

livestock and poultry products, and seafood as a direct one

or intermediate transference. Fever, appetite-loss are the

symptoms due to protozoan attacks in the infected host

acting halfway and directly. Other factors accountable for

the outbreak involve optimum temperature, environmental

conditions. The severity caused by the pathogen is much

higher when compared with other microbes.

The severity caused by the pathogen is much higher

when compared with other microbes. A Toxoplasmosis

outbreak occurred in brazil in august 2016. The transmis-

sion is associated with the cheese prepared from the con-

taminated raw milk from the farm. Almost 250 people from

the locality tested to identify the severity of the outbreak

caused by Toxoplasma gondii (da Costa et al. 2020a, b).

Acute toxoplasmosis surge occurred among deer hunters

through the intake of undercooked deer meat in the United
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States. Almost ten members were affected by toxoplas-

mosis and identified by the primary epidemiological

investigation. In 2016, a toxoplasmosis outbreak happened

in an institutional restaurant affecting 20 people (Gaulin

et al. 2020). The transmission was associated with raw

vegetables served in the restaurant and affecting the indi-

viduals. From the cases mentioned; the prime reason for

transmission and outbreak of Toxoplasma gondii is due to

the unhygienic storage of raw vegetables and raw meat.

Oocyst transmission causes the illness among the individ-

uals affected by toxoplasmosis (Pinto-Ferreira et al. 2019).

Prion

Prion diseases spread through affected mammal meat

trading and subsequent transmission to humans. They are a

group of chronic fatal neurodegenerative disorders affect-

ing several animals, scrapie in sheep and goats, bovine

spongiform encephalopathy (BSE) or mad cow disease,

chronic wasting disease (CWD) in deer and elk, in cattle,

and variant Creutzfeldt-Jakob disease (vCJD) in humans

(Doherr. 2007). A total of 229 vCJD patients have been

identified in 12 countries since it was first discovered in the

UK in 1996. Only by strict amendment of food control

followed from 1992 to 2000, the number of BSE and vCJD

epidemic cases reduced.

It is essential to devoid such pathogens from food

manufacturing to consumption. For food processing,

packaging, and storage in each stage, microbial pathogens

must be identified and eliminated to ensure food safety.

This review discussed a set of modern methods to assess

micro and nano-level detection of microbial pathogens and

components of food products and available conventional

methods.

Available detection methods

It is essential to identify bacterial pathogens, toxins, and

spore formations in food, which prevents food-borne dis-

ease outbreaks. The detection of microorganisms is based

on the molecular, biochemical, immunological, or genetic

means, enrichment (enumerations, counting of bacterial

growth on plates). Detection methods are primarily used in

food products and environmental monitoring for patho-

genic organisms, indicators, and spoilers. Cultural enrich-

ment methods, which are widely used, consume time and

are deficient for rapid food pathogen detection. The pres-

ence of microorganisms in food and water is essential to be

detected (Law et al. 2015).

Microbial detection methods

Conventional microbial methods tend to be labor-intensive

and time-consuming. Traditional approaches focus on

phenotypic detection through staining, culture, and basic

biochemical studies (Baraketi et al. 2018). Modern meth-

ods are more powerful, rapid, and the novel provides more

sensitive, precise reproducible results. Some current tech-

niques frequently used to detect microorganisms are

Immunological, nucleic acid, biochemical analytical

methods.

Conventional methods

Many conventional approaches are available to detect

pathogens and endotoxin, depending on culturing the

microorganisms on agar plates. A routine microbiological

technique involves homogenizing food samples, enrich-

ment of viable pathogens if a load of pathogens is minimal,

and further identifies the target pathogen by growing it on a

selective medium accompanied by biochemical tests. To

confirm the existence of the target, more subtyping studies

are required to establish precise targets (Sharma and

Mutharasan 2013). Enrichment plays a vital role in reviv-

ing injured cells (due to heat, cold, acid, or osmotic shocks

during food processing), increasing target pathogens, and

minimizing inhibitory compounds in processed food

products (Gracias et al. 2004). Most conventional methods

are labor-intensive and require 2–3 days to produce initial

outcomes, and it takes up to one week to identify a par-

ticular pathogen. The performance ratio of this detection

system is high and cost-effective. The culture of E.coli

O157: H7 on Sorbitol MacConkey agar (SMAC) based on

the concept of sorbitol fermentation is one of the best-

known examples, which demonstrates a high success rate

and also suggests that the method is very cost-effective.

However, the main downside to this technique is the slow

turnaround and false-positive findings due to the produc-

tion of sorbitol fermentation serotypes, not O157 and O157

STEC. The main drawback of the culture-based process is

slow growth in which the spare time lapses to achieve the

final result and is assumed to be lethal. CHROMagar is

more potent than SMAC, while CHROMagar is not sus-

ceptible to all strains (Priyanka et al. 2016). Cefsulodin

Irgasan Novobiocin (CIN) agar is a selective medium

known for the differentiation of bacterial species used to

distinguish between Yersinia enterocolitica and non-Y.

enterocolitica. Y. enterocolitica chromogenic medium is

used where agar has fermented sugar cellobiose, these

chromogenic substrates and selective inhibitors that kill

competitive bacteria. Purple or blue colonies are produced
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on CIN agar, the primary food pathogens that cause

Yersiniosis. In biochemical experiments, the bacteriophage

is used instead of antibodies that have been an essential

biological tool (Denis et al. 2011).

Immunological based methods

Immunoassay is based on an antigen–antibody interaction

in which the specific antibody will bind to its particular

specific antigen. The sensitivity and specificity are deter-

mined by the binding strength of antigen and antibody.

Immunoassay involves the use of monoclonal, polyclonal,

and antibodies. ELISA and lateral flow immunoassays are

mainly used for the detection of immunoassays. ELISA

allows the detection of bacterial toxins and can handle a

large number of samples. This method is helpful in

detecting Shiga toxin in E.coli O157 and non-O157 STEC

(Baraketi et al. 2018). The polyclonal antibody was used as

a conjugate for detection with HPR. Monoclonal antibodies

are better than polyclonal antibodies because they have

monovalence. In monoclonal antibodies, the antibodies

produced are against one specific antigen. Specific growth

conditions raise the analyzed time and complexity as

ELISA is not much possible for toxin pathogens. Lateral

flow assay is of low cost, dependable, precise, sensitive,

and easy to operate, but still requires labeling antibody and

antigen. The membrane strip and the lateral flow provide a

quick and straightforward form of detection assay. The IFI

methodology indicates more false-positive rates than

ELISA and PCR. (Law et al. 2015) (Table 1).

Modern methods

The DNA microarray is commonly used for the identifi-

cation of microbes in food. Magnetic nanoparticles

strengthen oligonucleotide microarray assay was developed

for quick and delicate identification of Escherichia coli

O157: H7, Salmonella enteric in food. Microarray-based

microbial identification is primarily based on the

hybridization of pre-amplified microbial DNA sequences to

mask species-specific oligonucleotide probes. Each probe

contains a specified dye that is fluorescent after

hybridization, denatured to produce a single-stranded

fragment. The fluorescence intensity corresponds to the

concentration of each nucleic acid fragment labeled. This

approach is gaining importance and becoming a useful

gizmo. The detection of food-borne pathogens microarray

is meant to target the Internal Spacer (ITS) sequence. ITS

region of 5 Bacillus spp, B. anthracis, B.cereus, B.

thuringiensis, B.mycoides, and B. weihenstephanensis were

inspected as these have a peak homologous DNA level,

which makes it hard to differentiate. DNA microarray is

one of the best solutions to the present problem. DNA

oligonucleotide microarray allows concurrent identification

of multiple food-borne pathogens. (Priyanka et al. 2016).

PCR (polymerase chain reaction) is one of the most

commonly used molecular methods for microbial detec-

tions of food-borne pathogens. The PCR theory is that the

genes of various microbes can be amplified and further

analyzed. Unique primers advance with every single gene,

such as Salmonella fimA and pathogenic E. coli AFA for

amplification. The size of the amplified product was 120 bp

relative to the DNA marker. Identification uses agarose gel

electrophoresis, fluorescent probes, unique shading, even-

tual staining with ethidium bromide, and molecular beacon.

The multiplex PCR assay is developed to detect and rec-

ognize indicator microbial organisms of bacteria like

Escherichia coli, Staphylococcus aureus, and Salmonella

in a single reaction. These indicator bacteria are deter-

mined for the sensitivity and specificity of each primer.

This process provides the exact observation of nucleic acid

detection with a low concentration of starting amount

(Wang et al. 2015).

Microbial spore detection

Spores are often produced in Bacillus and Clostridium

species. Identification and enumeration of spores produced

by the pathogens allow the recognition of potentially

problematic species, whether from a consistency, quantity,

hygiene, or pathogenic perspective. Protein-based, DNA-

Table 1 Different immunological assays to detect the food-borne pathogens

Pathogens Methods Food matrix References

Listeria, Salmonella typhi Shiga toxins

producing E.coli (STEC), E.coli O157:
H7 and verotoxin

Lateral flow assay Raw ground beef, beef trims, boneless beef, raw ground

chicken, chicken carcass, sliced cooked turkey, liquid eggs,

peanut butter, and tomato samples

Baraketi

et al.

2018

Listeria, salmonella spp., E.coli O157: H7 Enzyme-linked

immunosorbent

assay

Meat, poultry, dairy products, nuts, fruit, all foods and animal

feeds

Law et al.

2015

2094 J Food Sci Technol (June 2022) 59(6):2087–2107

123



based approaches are used to identify spore-forming

microbes (McHugh et al. 2017).

Protein-based methods

This assay was developed by manipulating DNA that

encodes the proteins of interest and various positions of

immunization. ELISA is used for the observation of entire

cells of B. cereus. The subtractive screen ensures mono-

clonal antibodies (mAbs) are unique against B. cereus, and

this approach has a lower detection limit of 0.9*103 cells/

ml in phosphate-buffered saline. This assay is used to

detect food samples penetrated with various pathogens,

whereas culturing is not needed. This method effectively

identifies B. cereus cells in the mixed samples with no

intervention (McHugh et al. 2017). ELISA is not clear for

the recognition of spores, as well as vegetative bacteria. It

can be differentiated between the live and dead cells of B.

cereus of surface antigen. The protein-based method is

particularly true for spore formation in pathogens, whose

presence is concerned but is currently in a dormant state

during the sample testing.

DNA based methods

Random amplified polymorphic DNA PCR uses sort pri-

mers to amplify several DNA segments visualized on the

agarose gel. Fingerprint analysis makes it easier to distin-

guish between species and strains. This approach was

applied to the colonies of Geobacillus stearothermophilus,

Anoxybacillus flavithermus, Bacillus licheniformis as they

are the contaminant of WMPs and SMPs and in buttermilk

and goat milk. The sequence of pro-printing synthesizes

several polymorphic loci. The sequence is digitized and

can be compared using a Pearson correlation to classify

strains. Pyroprinting is developed and used for source

monitoring. This process is used mainly for the identifi-

cation of endospore-forming bacilli in raw milk. A culture-

based test has been developed for the identification of

spore-forming bacteria. Isolation of B.cereus has been

developed by the baccara and mannitol egg yolk poly-

myxin agar (MYP). MYP agar is not as selective as bac-

cara agar, which potentially leads to false-positive test

results. Some Sulfite Reducing Clostridia (SRCs) have the

capacity to reduce sulfite under anaerobic condition. The

culture-based method isolates and specifies the cultural

species (McHugh et al. 2017).

Biosensor

The biosensor is an analytical instrument composed of two

main parts: a bioreceptor and a transducer. The target gene

is recognized by the bioreceptor. A transducer is a

detectable electrical signal of biological interaction (Alahi

et al. 2017). A DNA-based pencil graphite electrode

biosensor is being progressed to observe the toxin gene

present in B. cereus, in which the toxin gene primers are

immobilized on gold nanoparticles. The positive outcome

is measured by the rise of charge resistance on the

biosensor to hybridize target DNA to the toxin (Law et al.

2015) (Table 2).

Microbial detection methods

Microorganisms such as bacteria produce toxins that cause

infection and illness, directly affect the host tissues, and

disable the immune system. New approaches are being

developed for better isolation and understanding of these

toxins. Detection techniques for pathogens and toxins can

differ in their cost-effectiveness, scale, reaction, and reli-

ability (Zhao et al. 2014). Some toxin-producing bacteria

like E. coli, Salmonella enterica, Vibrio cholera, Bacillus

cereus, Staphylococcus aureus, Campylobacter jejuni,

Listeria monocytogenes, Salmonella spp. causes food-

borne disease. Nucleic acid, biosensors, and immunologi-

cally based approaches are the most widely used methods

(Wang et al. 2016).

Nucleic acid methods

These methods identify organisms, strains, or particular

DNA or RNA sequences in target pathogens and hybridize

the target nucleic acid sequence to the synthetic oligonu-

cleotides complementing the target sequence of food-borne

pathogens such as C. botulinum, V.cholerae, S. aureus,

E. coli are capable of producing toxins (Law et al. 2015).

Toxin producing genes can be evaluated using these tech-

niques. These methods are used to detect particular genes

in target pathogens, which are unclear or mistakenly

interpreted. These techniques are more valuable because

they are time-efficient and not labor-intensive. Nucleic acid

approaches are PCR-based and non-PCR-based identifica-

tion methods (Baraketi et al. 2018).

The PCR-based approach is one of the most common

techniques used to identify food pathogens and toxins. The

PCR approach is designed for DNA amplification In Vitro

and other microbes. PCR methods have been improved for

quicker identification with the development of real-time or
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quantitative PCR, multiplex PCR, oligonucleotide DNA

microarrays, which detect five or more pathogens at the

same time, as these methods are developed for monitoring

PCR and amplification of PCR. Food materials are homo-

geneous and have undergone a centrifugation process

before DNA extraction. PCR has yielded the identification

limits of centrifugation for individual food products.

Multiplex PCR is a traditional PCR approach in which

multiple targets can be identified. This multiplex PCR

method can identify genes, gene mutations, or genomic

markers using a multiple set of primers, where a simple

PCR uses a single set of primers. A multiplex PCR method

is used to detect S. aureus, Cronobacter sakazakii, E. coli

O156: H7, B. cereus, V. parahaemolyticus, and Salmonella

spp. The detection limit of these pathogens ranges from 102

to 104 CFU /ml (Law et al. 2015).

The quantitative real-time method is the quantity, and

this monitors the formation of the amplified DNA products.

The amplified DNA is detected using the fluorescence-la-

beled moiety and is detected by the thermocycler. One of

the qPCR methods used SYBR green, an intercalating dye

that binds to double-stranded DNA’s minor groove. The

amplified DNA is quantified by measuring the fluorescence

intensity in the intercalating dye. Other qPCR are devel-

oped using probes. Probe-based assays are reproducible

and provide a higher degree of sensitivity than SYBR

Green assays. (Zhao et al. 2014).

Loop-mediated isothermal amplification is a non-PCR-

based nucleic acid detection method. The targets of the

LAMP are assays, stx1, stx2, and EAEes. In the LAMP

reaction, 4–6 primers target a particular sequence, and a

strand displaced but DNA polymerase to amplify target

DNA copies under isothermal conditions. The result

obtained in this process is considered to be quicker, more

adaptive, and more accurate to the identification of STEC

strains than the qPCR findings. One of the benefits of this

LAMP is the lack of false-positive or false-negative effects.

Primer dependent technology amplifies nucleic acids in a

single reaction at isothermal conditions is Nucleic Acid

Sequence-Based Amplification (NASBA). This method is

used to detect an in vitro sequence of RNAs. The amplified

products can be visualized using an electrophoresis gel or

an enzyme-linked gel assay. Whereas NASBA product

identification is also known to be labor-intensive. (Law

et al. 2015).

DNA microarray is a small device that consists of short

single-stranded DNA oligonucleotides. The target DNA is

extracted and is labeled by this microarray using a fluo-

rescent dye. The single-stranded DNA molecules bind to

their complementary probes on the array. Double-stranded

DNA is formed and is visualized using the fluorescence

signal. Oligonucleotide microarray technology is suscep-

tible and specific to the target sequence, detects multiple

pathogenic microbial organisms, and is non-labor intensive

(Table 3).

Pros and cons of food-borne pathogen detection
methods

It is essential to protect food that harbors bacteria and fungi

cells and their toxins, spores. Most of the microbes are

harmless to humans; hence existing pathogens in less

number are a potent threat to living human’s health and

protection. Continual outbreaks and incidents may weaken

our socio-economic and health care system of one country.

As per the WHO report 2015, around 2.2 million deaths per

annum due to food and water-borne disorder among them

1.9 million are children. Food and lifestyle modification in

recent years directed to encourage consumption of ready to

Table 2 The different biosensors used for pathogen detection

Pathogens Methods Food matrix References

Salmonella choleraesuis serotype Typhimurium, Listeria monocytogenes,
Campylobacter jejuni, and Escherichia coli O157: H7

Optical biosensor Apple juice, cucumber,

broiler meat, and ground

beef

Zhao et al.

2014

Escherichia Coli O157: H7 and Salmonella Electrochemical

biosensor

Milk, ground beef, chicken

extract

Baraketi

et al.

2018

Salmonella and Campylobacter Interferometric

biosensor

Poultry products Alahi et al.

2017

Staphylococcal enterotoxin B and Botulinum toxin A Fluorescent

immunoassay

biosensor

Tomatoes, beans, sweet corn,

and mushrooms

Zhao et al.

2014

Escherichia Coli O157, Listeria, Salmonella, and Campylobacter Electro

immunoassay

biosensor

Chicken breast Alahi et al.

2017
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eat food consumption. In turn, it increased the chance of

vulnerability of pathogens viz., E. coli, Salmonella, Liste-

ria, and Campylobacter jejuni and adulterants of meat,

vegetables, fruits and milk products.

Conventional detection could serve in the front line to

identify and characterize pathogens based on cultivation

procedures. Specific features and biochemical properties of

microbes while cultivating in enrichment broths and

selective media are quite helpful in microbial pathogen

confirmation. (Zhao et al. 2014). These methods included

microbiological and biochemical examination that are

accurate, low operational cost, but time-consuming, not

suitable to incorporate for on-site analysis. This type of

method can identify one type of pathogen at a time. Also,

manual error and experienced professionals are other lim-

itations of culture-based methods. Such low sensitivity and

false-negative results due to Viable Non-Culturable

(VBNC) pathogens may increase food-borne disease risk

(Ramirez-Castillo et al. 2015).

Nucleic acid-based detection methods

Identification procedures should be revised to meet the

LOD of nucleic acid-based identification methods. Poly-

merase chain reaction (PCR), multiplex polymerase chain

reaction, real-time polymerase chain reaction, and DNA

microarray are commonly used. In recent years, owing to

high reactivity and high identification limit (LOD) of food-

borne pathogens and convenient protocols, such approa-

ches have been thoroughly implemented. Except formalin

stored and preserved samples, others can be processed

through PCR to avoid DNA spoilage.

Polymerase chain reaction (PCR) and variants

Apart from universal primers, each time needs prior DNA

sequence for primer designing in PCR method. PCR vari-

ants such as nested PCR could detect even 0.05 viral copies

per cell. Multiplex PCR is the concurrent identification of

targets in a single reaction well with a separate pair of

primers for each target. This technique requires two or

more probes that can be separated from each other and

detected simultaneously. It provides the identification of

false-negative samples at a short time interval (Lauri and

Mariani 2009). Around the same time, five separate strains

of bacteria have been detected, including Salmonella

enteritidis, Staphylococcus aureus, Streptococcus pyoge-

nes, Listeria monocytogenes, and Escherichia coli using

16S rDNA amplification with respective primer sets by

multiplex PCR. When increasing primer numbers, some

interference could result in the amplification process.

Real-time or quantitative PCR (qPCR) is a method used

to track the progress of PCR reactions in real-time.

Simultaneously, a minimal volume of PCR product (DNA,

cDNA, or RNA) may be detected. This PCR is distinct

from primary PCR; it does not require agarose gel

Table 3 Different nucleic acid methods used to detect food-borne pathogens

Pathogens Methods Food matrix References

Staphylococcus, Salmonella spp., Listeria spp. (except
L. grayil)

PCR–

Polymerase

chain reaction

Ground beef, poultry, dairy, vegetables, bakery

products, meat, seafood, milk powder

Alahi et al.

2017

STEC O26, O103, O111, O145

Sorbitol fermenting O157 and non-sorbitol fermenting

O157, E. coliO154:H7, Salmonella entertidis

Multiplex PCR Raw ground beef, beef trim, fresh pork sausage,

sprouted seed (soy, alfafa, and leek), raw-milk

cheese, minas cheese, carcasses, minced beef

Baraketi

et al.

2018

Salmonella spp., Stx and ear genes STEC screening,

E. coli O45, O103, O145, Listeria species, Listeria
monocytogenes

Real-time PCR Meat, poultry, dairy, fruits, vegetables, beef trim,

dairy, ready-to-eat meat, seafood, bakery products,

pet food, raw ground beef

Zhao et al.

2014

Escherichia Coli, Salmonella Enteritidis, Listeria
monocytogenes, Bacillus circulans, Salmonella
enteritidis, and Salmonella typhimurium, Bacillus
amyloliquefaciens, Bacillus cereus

NASBA Drinking water, fresh meat, ready to eat salads, cooked

ham and smoked salmon slices, milk

Law et al.

2015

Vibrio vulnificus, Salmonella spp. and Shigella spp.,
Vibrio parahaemolyticus

LAMP Oysters, milk, spinach, lettuce and sprouts, fish,

shrimp, mussels

Baraketi

et al.

2018

Salmonella entrica, Listeria monocytogenes,
Campylobacter jejuni, Enterococcus faecalis,
Yersinia enterocolitica, and Vibrio
parahaemolyticus, proteus spp.

Oligonucleotide

DNA

microarray

Lettuce, spinach, sprouts, pork, meat, chicken, fish,

beef, turkey, milk

Law et al.

2015
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electrophoresis to detect PCR products. During the activity,

the PCR product can be quantified in the entire reaction by

measuring the fluorescent signal generated with unique

intercalating dyes. The quantitative PCR is the confirma-

tion of the analytes through the melting curve analysis.

Besides, we can calculate how many amplicons are

produced and how many non-specific or primer-dimers are

created during the PCR reaction by conducting a melting

curve analysis. Besides, qPCR has contributed to numerous

commercial qPCR kits to identify food-borne pathogens

such as Salmonella, Listeria monocytogenes, Escherichia

coli, and Campylobacter. For example, commercial qPCR

kit for Salmonella identification is used for shrimp and

meat samples (Lauri and Mariani 2009). Minimal sample

handling and low-level cross-contamination, High

throughput analysis, electrophoresis independent amplicon

detection are benefits, and only drawbacks exist in opera-

tion costs while handling more samples.

Nucleic acid sequence-based amplification
(NASBA)

Nucleic acid sequence-based amplification, generally

referred to as NASBA, is a molecular biology process used

to amplify RNAs. Loop-mediated isothermal amplification

is another method for isothermal amplification. More than

109 copies of the nucleic acid sequence can be generated in

just 30 min by three enzyme actions. Costly thermocycling

equipment is not needed as the reaction occurs isothermally

at 41 �C. It helps to answer better to RT-PCR, as it gives

faster elaboration kinetics. This technique is primarily used

to validate the replication of the DNA virus by detecting

late mRNA expression. It also facilitates the identification

of human mRNA sequences without the possibility of DNA

contamination.

There are also some drawbacks of NASBA due to RNA

integrity and other amplification procedures (Law et al.

2015). Due to the operating temperature being isothermal

at 41 �C, a single melting step is needed before the

amplification reaction to facilitate the annealing of the

primers to the target. Furthermore, since the specificity of

the reactions depends on thermolabile enzymes, the reac-

tion temperature cannot reach 42 �C without compromis-

ing it. Finally, the amplified RNA target sequence length

should be in the range of 120–250 nucleotides, whereas

shorter or longer sequences being amplified less effectively

(Fakruddin et al. 2012).

Loop-mediated isothermal amplification (LAMP)

LAMP technology is primarily used to detect multiple

parasitic infections such as malaria and leishmaniasis. The

LAMP technique offers many benefits, including non-tar-

get DNA amplification, RNA conversion by Reverse

Transcriptase enzyme, inexpensive techniques, and inde-

pendent electrophoresis technique, ideal for creating a lab-

on-a-chip microfluidic device. There is no internal control

in PCR; hence ensuring amplification reaction needs to be

replicated. Other steps of primer designing are carried out

with existing software. Unlike PCR, the end product is a

complement fragment, not suitable for cloning and exten-

ded molecular biology techniques.

The clarity of the method combined with PCR’s sense

and clarity puts LAMP technology in a perfect place for

future growth. Furthermore, LAMP has wide applications

in clinical diagnosis to perform cost effective procedures in

growing countries. This technique was developed to detect

Schistosoma mansoni infections from fecal and sera sam-

ples of infected mice. Through the investigation, LAMP

was also used to distinguish various types of Taenia (T.

solium, T. Asiatica) from eggs in stool samples. For, e.g.,

the identification of Nicator American infections from

human stool samples successfully using a LAMP

microfluidic chip (LOC-LAMP) instrument to detect the

presence of Schistosoma mansoni in infected mice hosts

(Blais et al. 1997).

Nanoparticle based detection methods

The biotechnological advancement in the recent past has

delivered diverge methods that provide new opportunities

to detect food pathogens. Though the traditional methods

still represent the first choice for detection, new techniques

are being developed due to its limited identification capa-

bility and meet the growing demand to design ultrasensi-

tive, rapid, and selective pathogen detection methods. The

nanomaterial-based biosensor technology and High

Throughput Sequencing (HTS) have emerged as an alter-

native to the time-consuming conventional methods

(Ornerova et al. 2011).

Several regulatory agencies world-wide define the safety

of nanomaterials, provide suggestions and guidance con-

cerning their application in commercial products. The

European Food Safety Authority (EFSA) Scientific Com-

mittee released a guideline recommending characterizing

usage of engineered nanomaterials. According to the cur-

rent regulation, there are no requirements for ‘‘nano’’ and

the industries are solely responsible for meeting the safety

standards set by The Food and Drug Administration (FDA).
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FDA supports and approves the innovation of new edge-

cutting technologies and they promote the safe use of

nanotechnology. Overall, regulatory bodies conduct

research studies and provide transparent regulations for the

use of nanomaterials and also inform the general public

about the perks and risks involved in employing nan-

otechnology for food pathogen detection (Mustafa and

Andreescu 2020).

Biosensors with advanced nanostructures

With advances in nanotechnology and nanoscience, nano-

material-based biosensors have demonstrated the consid-

erable potential to enhance microbial identification in food

due to their unique physical, biological, mechanical, opti-

cal, and magnetic properties. Several sophisticated nano-

materials are now continually being used in the

construction of biosensors as it has increased sensitivity

and can lower the detection limits down to even individual

molecules. Nanomaterials prove promising, that not only

provides an enhanced, high specific surface area and high

chemical reactivity, but also enables the possibility to

immobilize substantial quantities of the bioreceptor units at

reduced volumes. (Holzinger et al. 2014).

Nanomaterials are of a size that ranges between 1 and

100 nm. Nanomaterials have distinct physicochemical

properties due to their small size. As a result, most of the

constituent atoms and molecules are present on the nano-

material surface. Nanomaterials are classified based on

chemical composition. They are distinguished into three

types:

(1) Carbon-based nanomaterials, consisting of carbon

atoms such as carbon dots, nanotubes, etc.

(2) Organic nanomaterials, consisting of polymeric

nanomaterials such as nanofilms.

(3) Inorganic nanomaterials are made up of either

metallic components such as gold, silver, etc. or

non-metallic nanomaterials that include magnetic

nanoparticles, quantum dots, etc.

The nanomaterials exhibit a low melting point due to

less binding energy as the number of atoms on the surface

of nanoparticles is much higher. It increases the surface

area per unit mass, thus ultimately showing an increase in

chemical reactivity. Some nanoparticles can also act as

artificial atoms because of their electronic behavior, as the

spatial arrangement of an electron at nanoscales generates

an energy spectrum that is quantized. If there are multiple

unpaired electron spins, nanoparticles possess magnetic

properties, showing magnetic properties like super mag-

netism, and are suited for contrast agents in MRI scanning

images. Their different intriguing properties are being

applied in various fields of study that include the food

sector, as they help detect the food-borne pathogen (Pir-

zada et al. 2019).

Semiconductors nanocrystals

With its salient properties, the semiconductor nanocrystals

can be used as biomarkers that help detect food-borne

pathogens by applying analytical techniques. One of the

essential detection techniques used is Quantum dots.

Quantum dots

Quantum dots are used as a fluorescence marker. They are

fluorescent, semiconductor nanoparticles with diameters of

about 2–10 nm. They can produce different colors that are

governed by their caliber. They will emit the same sym-

metric, narrow-spectrum regardless of the excitation

wavelength that is generally shorter than the emission peak

wavelength and is tunable with particle size and compo-

sition. This property of theirs allows the possible detection

of different emission peaks simultaneously when other

quantum dots are stimulated with a single wavelength

(Wang et al. 2020).

They can detect cellular toxicity that depends on the

nanoparticle’s surface properties, aspect ratio, and expo-

sure time. They represent the II–VI, III–V, and IV–VI

group semiconductor materials, their binary, alloyed, and

core-shell systems in three dimensions. One of the best

quantum dot fluorophores is Cadmium selenide (CdSe)

cores covered with a layer of Zinc sulfide (ZnS). In these

nanostructures, the ZnS layer protects the CdSe from oxi-

dation and prevents leaching into the surrounding medium,

and, in turn, produces an enhancement in photolumines-

cence yield (Zhuo Zhao et al. 2016).

Magnetic nanoparticle

They form another class of nanomaterials that are utilized

in biosensors by changing its magnetic field. These

nanoparticles form a cluster of magnetic beads that vary in

diameters ranging from 50 to 500 nm. They do not require

pre-treatment of the sample and produce immediate results

in robust magnetic and visual signals within 20 min. They

have also risen as necessary fabricating materials as they

have penetrable colors and can distinguish the target

material from the complex matrix (Sai Anand et al. 2019).
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Metal-based nanomaterials

Gold nanoparticles

The synthesis of gold nanoparticles (AuNPs) occurs in an

organic solvent with a stabilizing mediator called a sur-

factant. The surfactant is loaded; different gold nanoparti-

cles’ properties are adjusted by choosing Surfactants. The

stability is accomplished by including surfactants that

induce chemical binding or take up the gold nanoparticles’

appropriate mediator. When utilized in association with the

redox enzyme, it oxidizes or reduces the analyte as the

reaction’s substrate. The immobilized catalyst that binds to

the analyte builds the current signal and confirms the

pathogen’s detection. As used in conjugation with single

stranded DNA (ssDNA) complementary to the microbial

DNA (Kumar et al. 2020), the gold nanoparticle strength-

ens its bonding to the DNA-gold nanoparticles present on

the transducer surface.

Silver nanoparticles

Silver, due to its intriguing properties and being one of the

noble metals, has found extensive applications in different

sectors like the food, pharmaceutical, and health sector.

The silver nanoparticles are widely utilized on Surface-

Enhanced Raman Spectroscopy (SERS)-based biosensors

that show a significantly higher extinction coefficient than

the gold nanoparticles and undergo electrochemical oxi-

dation more easily. Silver nanoparticles have an excellent

electrical conductivity that makes them ideal nanoparticles

for electrochemical biosensors (Sai Anand et al. 2019).

These nanoparticles are made ready for use through various

procedures. They have successfully detected many human

pathogens such as Klebsiella Pneumoniae, Staphylococcus

Aureus, and many pathogenic bacteria such as Escherichia

coli, Staphylococcus epidermidis, Listeria innocua.

Carbon-based nanomaterials

Carbon-based nanomaterials such as graphene, carbon dots

are utilized for bacterial detection as they have remarkable

surface modification and aspect ratio. The carbon dots

developed from natural biomass acting as fluorescent

biomarkers are inexpensive as they do not require addi-

tional magnetic or chemical treatments. The bacterial

detection depends on the affinity of the carbon dots towards

the cell surface of the bacteria. They also show the varying

intensity and the spectral positions in the fluorescence

spectra for various bacteria and distinguish among the

different bacterial strains. The graphene nanomaterials are

aptamers utilized as transducers of biosensors. It is one of

the most commonly used nanomaterials in differently

designed biosensors that could convert target and receptor

molecules into a detectable measurement. They have dif-

ferent transduction modes based on their large surface area,

electrical conductivity, and high electron transmission rate

that helps in immobilizing various types of molecules. The

graphene can be in the form of reduced graphene oxide,

graphene oxide, or graphene. There will be a difference in

bacterial detection by the biosensors based on graphene

with different oxidation states and functional groups. The

detection limit is also affected by the graphene orientation.

This sensing platform is quite selective and enhanced by a

coating of appropriate material. For example, graphene,

when coated with antimicrobial peptides, a biorecognition

molecule, was shown to have a stronger binding affinity to

a bacterium present in the food analyzed (Kumar et al.

2020). At times, carbon electrodes are coated with gra-

phene for bacterial detection. The other carbon-based

nanomaterials include carbon tubes and carbon materials.

Carbon nanotubes are immune-sensing platforms of

nanoparticles like gold, antibodies, etc. There occurs an

interaction between the immobilized antibodies on the

sensing probe and the bacterium. This interaction causes an

increase or decrease in the electron transfer resistance that

is measured through spectroscopy. Different types of car-

bon nanotubes are single-walled carbon nanotube and

multi-walled nanotube. When combined with fluorescence

dyes such as cyanine through stacking interactions, the

carbon soot nanoparticles can further enhance bacterial

detection. The Transmission Electron Microscopy (TEM)

images and confocal laser microscope images see the car-

bon soot nanoparticles and the bacterial binding to apta-

mers used for analysis.

Conducting polymers

The fabrication of biosensors can also utilize polymers

because of their conducting properties. They are good

conductors as they possess both semiconductor and

metallic characteristics. The different types of nano poly-

mers used for various applications are polythiophene,

polyaniline, and polypyrrole. They also act as immobiliz-

ing agents to convey better signal transduction, high

affectability, biocompatibility (Kumar et al. 2020)

(Table 4).
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High throughput sequencing (HTS)

HTS is a prominent tool used for the screening of food

pathogens. The HTS shows a wide range of inter laboratory

variations. The lack of consistency, the lack of universally

accepted definition of HTS, and the lack of protocols for

their use have limited the integration of HTS into regula-

tory policies. (Barrick et al. 2017). Sequencing is an

appealing approach for detecting food pathogens because

nearly all pathogens contain DNA or RNA (Gu et al. 2019).

This method aims to amplify specific DNA areas to focus

on a DNA sequence at a targeted site, subsequently used as

a molecular marker.

HTS can generate thousands to millions of sequence

reads and up to a hundred billion base pairs (Sekse et al.

2017). The most recently developed techniques are Next

Generation Sequencing (NGS), a versatile technology.

Several NGS platforms are now available. The frequently

used is Illumina. Illumina sequencing offers the highest-

fidelity as it provides humongous data sets for a relatively

short read where the error percentage is less than 1%. It

also provides a range of choices that generate various

numbers and lengths of DNA sequences. Illumina iSeq 100

can create a limit of 1.2 billion bases of succession for

every run, while the HiSeq X Ten can deliver up to 1.8

trillion bases (Haynes et al. 2019).

A nanopore sequencing method is an alternative

approach to next-generation sequencing. It relies on the

threading of individual DNA or RNA molecules into

Table 4 Food pathogen detection by using different nanomaterials

Nanomaterials Sub-classification Pathogens Limit of detection References

Semiconductor

Nanomaterial

Quantum dots E. coli 30 CFU/mL Kumar et al.

2020

Inorganic metal

oxide

Salmonella 1 9 10–8 RIU

Magnetic

nanomaterial

– Bacillus anthracis 2 9 105 spores/g of starch 5 9 105 spores/

g of baking soda

Wang

et al.2020

E. coli O157: H7 6 9 104 spores/g of milk powder

12 CFU mL-1 of broth and

30–300 CFU mL-1

Metal-based

nanomaterial

Gold nanoparticles Norovirus

L. monocytogenes

60 copies mL-1 2 log CFU/g in spiked

blueberries

Huang et al.

2015

Silver

nanoparticles

E. Coli O157: H7 10 CFU/mL

Carbon-based

Nanomaterial

Graphene

Graphene (G)

E. coli O157: H7 10–100 cells mL-1 Sai-Anand

(2019)

Graphene oxide

(GO)

Methicillin-resistant Staphylococcus
aureus

10 CFU mL

Reduced graphene

oxide

AFB1 0.12 ng mL-1

Carbon Tubes

Single-walled

carbon tubes

Salmonella 1 9 10–9 mol/L DNA

Multi walled

carbon tubes

Salmonella enteritidis 5.5 9 101 CFU mL-1

Salmonella typhimurium

Carbon

Nanoparticles

V. parahaemolyticus, S. aureus, and
S. Typhimurium

6.7 9 101 CFU mL-1

25–50 CFU mL-1

Conducting

Polymers

– S. typhimurium 3 CFU mL-1 Kumar

(2020)

L. monocytogenes 4.1 PG mL-1

Others Silicon

Nanomaterials

E. coli 101 cells

102 cells

Zhao. (2016)

Dendrimers AFB1 0.40 ± 0.03 nM
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engineered protein nanopores and the constant electrical

current measurement through each pore.

Steps involved in the transformation of raw sequence

data into a piece of information are as follows:

(1) Assembly of shorter fragments into a complete

sequence by mapping them against a known refer-

ence genome.

(2) Compare the genomes assembled with the reference

strains.

Comparing the assembled genome with reference strains

allows a range of interferences, such as pathogen identifi-

cation, high-resolution strain typing, and phenotypic char-

acteristics. It provides for a well-cured and up-to-date

reference database as pathogens proliferate. Each trans-

formation method uses a range of bioinformatics tech-

niques of the utmost importance since the generation of

vast sequences involves a sophisticated operating system

for analysis. Multiple software options are present where

some are freely available. Examples of the software are

CLC Genomics Workbench (Qiagen), Bionumerics (Ap-

plied Maths), and SeqSphere ? (Ridom) (Haynes et al.

2019).

The fusion of nanotechnology allows the building and

assembly of devices with much smaller sizes, making it

easier for them to handle. Each nanomaterial has its own

set of advantages and detection techniques. For example,

some semi conductive nanoparticles show optical proper-

ties, while some of the magnetic nanoparticles use the

NMR method to ease the pathogen’s detection (Sai Anand

et al. 2019).

Comparison of advanced methods

Recently, modern techniques are widely applied in food

pathogen detection to overcome the limitations of con-

ventional methods. Even though conventional methods still

represent the first line for pathogen detection. New tech-

niques are being developed to extend the identification

capability and meet the growing demand to attain food

safety. Such methods should be ultrasensitive, rapid, and

accurate in pathogen detections with ease of operation and

cost-effective to globalization.

Conventional methods are adapted widely because of

their accuracy, directionality in culturing pathogens from

contaminated food samples. Enumeration of microbial load

of food and water is required sequentially to avoid out-

breaks and disease occurrence (Law et al. 2015). These

techniques are labor-intensive; concerns are mainly given

to identify phenotypic and biochemical characteristics of

microbial pathogens (Baraketi et al. 2018). When com-

pared with available modern methods as followed, these

techniques have limitations in detecting pathogens indeed.

Such a qualitative method could only determine the pres-

ence of a microbe in a tested food sample. The other

prominent factor, limit of detection (LOD) determines the

detectable microbe count in 25 g of food sample tested.

LOD expected value for the culture plating method is 1

(CFU/g or colony-forming unit per gram).

Apart from confirming pathogen presence and strain

identification, the culturing method was not suitable for

emerging pathogens and its serotype of the same genus.

Emerging serotypes are found with their phenotypic and

genotypic diversity through adaptation to antibiotics.

Hence there are false-positive results; error rate could

occur with traditional methods. Thus, new microbial ser-

otype and its biochemical and fermentation properties may

also vary. At this junction, modern methods were applied

further to test their efficacy in food pathogen detection.

Second, immunoassay techniques are used to identify

pathogens with monoclonal and polyclonal antibody

applications. The enzyme-linked immunosorbent assay

(ELISA) and lateral flow immunosorbent assays are pri-

marily used in food-borne detection methods. ELISA could

be used to detect bacterial toxins and can accommodate a

considerable number of samples. For, e.g., this approach is

useful for detecting Shiga toxins in E. coli O157 and not

O157 Shiga toxin producing Escherichia coli (STEC)

(Baraketi et al. 2018). ELISA is not evidential to recognize

spores and vegetative forms of bacteria.

Nucleic acid detection methods mainly depend on PCR

(Polymerase Chain Reaction), an essential molecular

technique applied for microbial pathogen detection. Mul-

tiplex PCR, this variant of PCR, could detect more

pathogens in a single tube PCR reaction, less time con-

suming, and could detect 10–2–10–4 CFU/ml detection

limit (Law et al. 2015). Quantitative real-time PCR pro-

vides more advantages than any PCR variant by live

monitoring pathogen presence with accuracy during food

processing stages of industrial sectors. The further probe-

based assay could be of higher sensitivity than other

reporter-based assays (Zhao et al. 2014). Associated RAPD

(Random amplified polymorphic DNA) and DNA finger-

printing analysis could provide accurate differentiation at

species and strain level of food pathogens.

The biosensor is an electronic instrument with two main

parts, namely a bioreceptor and a transducer. Bioreceptor

sensitizes target gene and identification; transducer further

confirms electrical signal by biological interaction and

product measurement. These data produced by the positive

result due to an increase in the biosensor load resistance

directly denote the hybridization of the target DNA to the

toxin. Such signal identification confirms organisms or

strains containing a particular genetic sequence of target

pathogens (Law et al. 2015). Hybridization of DNA or
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RNA nucleic acid sequence to synthetic oligonucleotides

does reflect the target sequence of food-borne pathogens

viz.,Clostridium botulinum, Vibrio cholera, Staphylococ-

cus aureus, Escherichia coli and toxins, and so on.

The field of food pathogen detection is evolving quite

rapidly, which is evident from the significant emphasis on

experimentation and analysis of better, efficient materials

with high sensitivity, high magnitudes of detection levels,

longer life, easy operation, and generating massive

amounts of data in less time. Concerning this, nanomate-

rials have gained importance in the recent past owing to

their distinctive properties such as fast reaction rate, rela-

tive ease for the sensing and discernment of specific

pathogens, and selective nature.

Implementing nanomaterials does offer sophisticated

tools for food pathogen detections. On the other side,

nanomaterials are highly expensive and proven to be

expensive to commercial-scale processes. Another disad-

vantage is that their particle size may cross-react, or expose

pathogenic contents of microbial cells (toxins) that could

contaminate food particles along with food pathogens.

Therefore, these materials are not widely implied in food

quality and safety detections (Mira Miralles et al. 2019).

Advantageous HTS operation cost may be reduced with

changes in sample processing steps and more reliable than

time-consuming procedures of biosensor applications. The

output data from computational analysis must be compared

with existing food pathogen species, or subspecies reported

earlier. Further this field needs more upgradation and also

repository information and databases must be reported

world-wide to support and make HTS as a universal tool in

identifying food pathogens (Gwinn et al. 2019; Yang et al.

2020).

Future scope of the mentioned detection
techniques

In view from previous sections most valid points are taken

to meet our future perspective of food borne pathogen

detection. Conventional and Modern methods giving us a

gist of the various detection techniques employed to detect

the contamination of food by the associated pathogens. To

overcome limitations of known methods, to make the

detection of micro and even nano-sized organism contents

easier, cheaper, less time-consuming, than in the past.

Under conventional method proper updation in media to

highlight pathogen detection, universal sampling methods

must be followed. Combinations of immunological and

molecular techniques would be quite helpful in exceeding

LOD. As an example, the Immunological method in

combination with RT-PCR is reported in the evaluation of

Norovirus. Likewise, microscopic paramagnetic beads

adapted with nuclease enzyme activity are beneficial in

Listeria monocytogenes detection from milk and milk

products, also for Campylobacter jejuni in both food and

water samples. The main aim of quality management is to

decrease the time taken for the detection of these food

pathogen contaminations; improve the product quality,

safety, and hygiene as well (Adley 2014). A blend of two

or more of the above-stated techniques would help create

new techniques which might minimize the present conse-

quences of the detection methods (Hameed et al. 2018).

PCR and its variants shed impact on the detection and

diagnostic methods of the pathogen in clinical, pharma-

ceutical, food, and as well as industrial sectors. Along with

PCR, next-generation methods like High Throughput

Sequencing (HTS) could determine pathogens at the

molecular level precisely. Targeted protein expression

through species-specific primer-based assays and detailing

on species might add to the value of HTS (Murray et al.

2011). Also, the theory of Surface Plasmon Resonance

(SPR) has been employed in optical biosensors for HTS

(Bhunia et al. 2014). Another method is the use of Lamp

(Loop-Mediated Isothermal Amplification) system in HTS

which seemed like a quicker alternative to the usual

methods, especially for foods that need extra care such as

infant foods. The compatibility of the detection system is

another boon to detection with accuracy in addition to

being less time-consuming (Jin et al. 2020). Though these

two methods are highly preferred, they still do not have a

standardized protocol, hence, this procedure should be

handled with utmost care for accurate results (Palomino-

Camargo et al. 2014); Further up-gradation is needed to

improve in automation, sensitivity, and specificity, satis-

fying the multiplex targets of the future times.

The next molecular technique trending at present times

is DNA-based Biosensors. This particular technique

became trending due to its better characteristics such as

easy programmability etc. (Huo et al. 2020). There is a

better preference for this technique due to its faster, sim-

pler, and cost-effective technology. There are several

subtypes of these sensors each employing its own respec-

tive technology (Abu-Salah et al. 2015). This technique is

employed to detect whole-cell bacteria, which when made

with eco-friendly material for its construction will give an

additional benefit, miniaturizing its size compatible for

movement and storage. The ubiquitous usage of these

whole bacterial cell biosensors will be a major break-

through in all fields of diagnostics (Ahmed et al. 2014).

This technique is further foreseen to become available in

the next decade and push up further other fields of diag-

nostics along with it (Abu-Salah et al. 2015).

Another class of modern methods of detection is the

Nanoparticles-based detection methods, exhibiting its wide

variety which puts into use specific technologies

J Food Sci Technol (June 2022) 59(6):2087–2107 2103

123



compatible to the biomaterial used for construction which

shows a high range of sensitivity and specificity along with

detecting paramagnetic properties provides a promising

scope in the future (Sahoo et al. 2021) but again, the major

con with this method is the high initial cost incurred Verma

et al. 2015). Quantum Dots technique and application of

this technique in Food Science is often common these days,

where their photoluminescent properties have been put to

use to monitor even in media such as water. But, usage of

natural minerals which does not cause ecological harm as

well would save any further contamination too. This

method would place its strong foothold by enhancing its

selectivity and robustness (Nsibande et al. 2016). Another

innovative approach towards an eco-friendly and eco-

nomically benefiting technique is the usage of Carbon

Quantum Dots (CQDs) procured from food waste having

superior optical and physical properties too (Fan et al.

2020) and the cheapest among them being the Graphene

Quantum Dots (GQDs) which is novel on its side and has

long term stability indeed. With this, there was a promising

note that CQDs don’t need any further equipment too

(Hossein Safardoust-Hojaghan et al. 2017). Additionally,

one another is the Chitosan modified Cadmium Sulfide

(CdS) quantum dots which are higher-up in all fields such

as speed, biocompatibility, sensitivity, affinity to the sub-

strate, etc. Proving its superiority in all the above-men-

tioned fields, this Quantum Dots is an excellent and novel

biosensor that can be brought to use in the forthcoming

years (Abdelhamid et al. 2013).

This review has elaborated on existing food-borne

pathogen detection methods, along with the pros and cons

of each technique and comparative perspective. The main

focus was given to shed an impact on detection methods

and suggestions to overcome the LOD of food microbial

pathogens. The futuristic approach may complete with two

or more techniques in a combined approach to meet out the

limitations of each detection method. It would help in

finding a solution for the limit of detection of food-borne

pathogens.

Conclusion

In this review, we have covered and highlighted the various

pathogens responsible for food-borne diseases leading to an

outbreak among the public, the current and the advanced

methods for detection of food pathogens, their character-

istics, the perks and setbacks of each technique, and the

scenario of early detection of these novel food pathogens.

From this, the evolution of the field of food pathogen

detection can be validated. Despite the exceptional effort to

develop the different detection techniques, only a few are

economically viable and commercially available. The ideal

detection methods for identifying the pathogens in the food

matrix reasonably are not simple. It involves many addi-

tional prerequisite steps for preparation and assembly

before the actual detection.

The future prospects of the above-stated techniques are

quite promising provided the protocol is properly followed

and the procedure is done in a sterilized and favorable

environment of that specific technique. Moreover, the

development of any device for detecting pathogens also

depends upon the type of food and the component nutrients

present in food such as proteins, fats, carbohydrates, and

fibers. Hence, the specific analytical tools and sampling

methods are essential for detection in each food product.

The development of a new technique or advancement of an

existing system is possible only by conducting extensive

research. Most importantly, it should be economically

viable, applied, and utilized on an industrial scale, and not

limited to, research purposes alone.
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Moreira RV, Borges JM, Navarro IT (2020b) Artisan fresh

cheese from raw cow’s milk as a possible route of transmission

in a toxoplasmosis outbreak. Br Zoonoses Public Health

67(2):122–129

Dastia JI, Tareen AM, Lugert R, Zautner AE, Groß U (2010)

Campylobacter jejuni: a brief overview on pathogenicity-asso-

ciated factors and disease-mediating mechanisms. Int J Med

Microbiol 300(4):205–211

Davies E, Ebbesen M, Johansson C, Kaden R, Rautelin H (2020)

Genomic and phenotypic Characterisation of Campylobacter
jejuni isolates from a waterborne outbreak. Front Cell Infect

Microbiol 10:1–7
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