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Bacteriophage-based biosensors offer several benefits, including specificity to their host organism, the detection of

only live pathogens, and resistance to extreme environmental factors such as organic solvents, high temperatures,

and a wide pH range. Phage-based biosensors are receiving increasing attention owing to their high degree of

accuracy, specificity, and reduced assay times. These characteristics, coupled with their abundant supply, make

phages a novel bio-recognition molecule in assay development, including biosensors for the detection of foodborne

bacterial pathogens to ensure food safety.
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1. Introduction

Foodborne microorganisms are an important cause of human illnesses worldwide. Two-thirds of human foodborne

diseases are caused by bacterial pathogens throughout the globe, especially in developing nations . The most

commonly encountered foodborne bacterial pathogens are Staphylococcus aureus (S. aureus), Salmonella

enterica serovar Typhimurium (S. Typhimurium), Clostridium perfringens (C. perfringens), Campylobacter species,

Escherichia coli (E. coli), and Listeria monocytogenes (L. monocytogenes). Most of these organisms have zoonotic

importance, causing huge adverse effects to both public health and economic sectors . Of these bacterial

foodborne pathogens, human-sourced pathogens such as E. coli and Salmonella Typhi can contaminate the food

supply chain through the feces of infected individuals , while many others such as non-typhoidal Salmonella,

Campylobacter, Staphylococcus, Yersinia, Clostridium, and Listeria are transmitted through food animals, poultry,

milk, or eggs . Environmental transmission has been frequently reported for several of the pathogens, including

Salmonella, E. coli O157:H7, and Campylobacter, during pre- and post-harvest food processing, storage, and

transportation . The Centers for Disease Control and Prevention (CDC) routinely monitors the presence of these

pathogens in food . The US FDA (Food and Drug Administration) and FSIS (Food Safety Inspection Service)

agencies strictly regulate their presence in raw or ready-to-eat products ; therefore, reliable detection methods

that are capable of detecting live pathogens are critical.

Conventional foodborne pathogen detection methods mainly depend on specific biochemical, serological, and

nucleic-acid-based techniques . These methods require skilled technicians and are time-consuming, expensive,

and difficult to interpret. Most rapid detection methods cannot distinguish dead from live cells unless a growth-

based enrichment step is used, making them inapplicable in many food processing facilities . Conversely,

enzyme-linked immunosorbent assays (ELISA) or lateral flow immunochromatographic assays are simple and
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rapid biochemical immunoassays, but they have a low sensitivity . Similarly, polymerase chain reaction (PCR),

biochips, and microarrays are some, but not all, of the nucleic-acid-based techniques that have been used for the

investigation of foodborne microbes . Nevertheless, various types of PCR techniques such as reverse

transcriptase and multiplex PCR are ineffective at processing a large volume of samples without a pre-enrichment

step and have high processing costs that make them impractical for day-to-day use .

Over the last few decades, bacteriophage-based biosensors have been recognized as a promising platform for

detecting pathogens or sensing various biological analytes. Compared to other bio-receptors such as aptamers

and antibodies, bacteriophages provide quite a few advantages in the detection of pathogens. Firstly, phages have

a unique structure, including tail fibers that aid their binding to bacterial hosts, are highly specific, and are harmless

to human cells (Figure 1). Virulent phages take 1–2 h to complete the infection cycle, quickening the release of the

cytoplasmic marker from the infected host to be used in numerous detection systems. In addition, phages are the

most abundant biological entities and are found in places where their host organism exists. They are relatively

stable under various conditions, such as pH, temperatures, and organic/inorganic solvents, and they resist

proteases. They are also cheaper to produce than antibodies and have a relatively long shelf life. It is easier to

distinguish dead from live bacterial cells using this platform, as phages replicate only inside living bacteria .

Figure 1. Schematic diagram showing the structure of major phage families: (A) Myoviridae (e.g., T4); (B)

filamentous Inoviridae (e.g., M13); (C) long and noncontractile Siphoviridae (e.g., λ phage); (D) Leviviridae; and (E)

short Podoviridae (e.g., T7).
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The short shelf life of food products and the low infectious dose of most foodborne pathogens  are the most

critical driving forces that push researchers to design sensitive, specific, and reliable detection techniques. The

development of phage-based biosensors as a tool for the direct detection of live pathogens in food is an important

and attractive approach . Presently, several phage-based biosensors have been developed that incorporate

various transducers, including electrochemical , quartz crystal microbalance (QCM) , surface plasmon

resonance (SPR) , magnetoelastic (ME) , and others. Most of these biosensors have been designed using

the whole/intact phage or the phage proteins as well as the cytoplasmic markers that are released following the

phage infection. The performance of these biosensors varies, as they employ different immobilization

methodologies (physical, chemical, covalent, or oriented) and/or transducers.

2. Phage-Based Biosensors

According to the International Union of Pure and Applied Chemistry (IUPAC), the biosensor is defined as a self-

controlled derivative material that contains a bio-recognition component (bio-receptor/bio-probe) linked to a

transducer (sensor) to convert the biological signal into a digital signal in the computer system for interpretation .

Phage-based biosensor platforms generally consist of the network of the whole phage or partial phage particle,

infection of the host bacterium, and finally production of colorimetric, electrical, fluorescent, or luminescent signals

.

Lytic bacteriophages are primarily classified under the order Caudovirales (Figure 1) and are the principal

biorecognition entities used as probes for phage-based biosensors. Apart from lytic phages, temperate phages also

play a comparable role in the development of phage-based biosensors. Both lytic and temperate phages, such as

HK620, P22, and ΦV10, have been used to develop reporter (engineered) phages . Reporter phages are

genetically modified by incorporating a reporter gene sequence into the phage genome to generate a measurable

signal inside the intact host cell without killing (lysing) the host cell for the detection of live pathogens .

Moreover, proteins such as phage receptor-binding proteins (RBPs) have been recognized to be efficient bio-

probes for replacing antibodies or other biomolecules, and have been used in the design of various types of

biosensors . In comparison to the whole phages, RBPs provide better stability across a broad range of pH

values, temperatures, and gastrointestinal proteases . Remarkably, appropriate tags (amino acids, e.g.,

cysteine) can be added to the RBP sequence at a specific site without affecting the binding ability and can be

employed for the oriented surface functionalization of the RBPs on the biosensor platforms .

Bacteriophage-based biosensors offer several benefits for rapid bacterial detection . They are highly specific

towards their host organism, resist high temperatures (90–97 °C), and are stable across a wide range of pH values

(3–14) and organic solvents. In comparison to antibodies, phages can be produced in large quantities easily and

cheaply. They are eco-friendly and safe to use since they do not infect humans . These characteristics make

phages a novel bio-recognition tool for the development of biosensors for the detection of foodborne bacterial

pathogens .
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Today, phage-mediated biosensors have been developed as novel diagnostic tools in which specific phages are

fixed to the device’s surface and then enabled to detect the analyte found in the sample . Bacteriophages can

be immobilized on a solid material with the aid of chemical, physical, or other immobilization or tethering

techniques. The capture of targeted bacterial cells by surface-immobilized virions is an event that ends up with

specific detection. The detection of pathogens using phage-based sensors is not limited to clinical samples, but is

also used in a wide range of nonclinical applications, including foodborne pathogens from water and various food

matrices , such as milk  and other perishable and non-perishable foodstuffs .

References

1. Abebe, E.; Gugsa, G.; Ahmed, M. Review on major food-borne zoonotic bacterial pathogens. J.
Trop. Med. 2020, 2020, 4674235.

2. Bintsis, T. Foodborne pathogens. AIMS Microbiol. 2017, 3, 529–563.

3. Dhama, K.; Rajagunalan, S.; Chakraborty, S.; Verma, A.K.; Kumar, A.; Tiwari, R.; Kapoor, S.
Food-borne pathogens of animal origin-diagnosis, prevention, control and their zoonotic
significance: A review. Pak. J. Biol. Sci. 2013, 16, 1076–1085.

4. Hellberg, R.S.; Chu, E. Effects of climate change on the persistence and dispersal of foodborne
bacterial pathogens in the outdoor environment: A review. Crit. Rev. Microbiol. 2016, 42, 548–572.

5. Crim, S.M.; Iwamoto, M.; Huang, J.Y.; Griffin, P.M.; Gilliss, D.; Cronquist, A.B.; Cartter, M.; Tobin-
D’Angelo, M.; Blythe, D.; Smith, K. Incidence and trends of infection with pathogens transmitted
commonly through food—Foodborne Diseases Active Surveillance Network, 10 US sites, 2006–
2013. Morb. Mortal. Wkly. Rep. 2014, 63, 328–332.

6. Bhunia, A.K. One day to one hour: How quickly can foodborne pathogens be detected? Fut.
Microbiol. 2014, 9, 935–946.

7. Xu, L.; Bai, X.; Bhunia, A.K. Current State of Biosensors Development and their Application in
Foodborne Pathogen Detection. J. Food Prot. 2021, 84, 1213–1227.

8. Zhao, X.; Lin, C.-W.; Wang, J.; Oh, D.H. Advances in rapid detection methods for foodborne
pathogens. J. Microbiol. Biotechnol. 2014, 24, 297–312.

9. Fogaça, M.B.T.; Bhunia, A.K.; Lopes-Luz, L.; de Almeida, E.P.R.P.; Vieira, J.D.G.; Bührer-Sékula,
S. Antibody- and nucleic acid–based lateral flow immunoassay for Listeria monocytogenes
detection. Anal. Bioanal. Chem. 2021, 413, 4161–4180.

10. Lopes-Luz, L.; Mendonça, M.; Bernardes Fogaça, M.; Kipnis, A.; Bhunia, A.K.; Bührer-Sékula, S.
Listeria monocytogenes: Review of pathogenesis and virulence determinants-targeted
immunological assays. Crit. Rev. Microbiol. 2021, 47, 647–666.

[29]

[30] [31] [32]



Phage-Based Biosensors | Encyclopedia.pub

https://encyclopedia.pub/entry/31264 5/6

11. Ferone, M.; Gowen, A.; Fanning, S.; Scannell, A.G.M. Microbial detection and identification
methods: Bench top assays to omics approaches. Compr. Rev. Food Sci. Food Saf. 2020, 19,
3106–3129.

12. Aliakbar Ahovan, Z.; Hashemi, A.; De Plano, L.M.; Gholipourmalekabadi, M.; Seifalian, A.
Bacteriophage based biosensors: Trends, outcomes and challenges. Nanomaterials 2020, 10,
501.

13. Horn, N.; Bhunia, A.K. Food-Associated Stress Primes Foodborne Pathogens for the
Gastrointestinal Phase of Infection. Front. Microbiol. 2018, 9, 1962.

14. Meile, S.; Kilcher, S.; Loessner, M.J.; Dunne, M. Reporter phage-based detection of bacterial
pathogens: Design guidelines and recent developments. Viruses 2020, 12, 944.

15. Quintela, I.A.; Wu, V.C.H. A sandwich-type bacteriophage-based amperometric biosensor for the
detection of Shiga toxin-producing Escherichia coli serogroups in complex matrices. RSC Adv.
2020, 10, 35765–35775.

16. Martelet, A.; L’Hostis, G.; Nevers, M.-C.; Volland, H.; Junot, C.; Becher, F.; Muller, B.H. Phage
amplification and immunomagnetic separation combined with targeted mass spectrometry for
sensitive detection of viable bacteria in complex food matrices. Anal. Chem. 2015, 87, 5553–
5560.

17. Choi, I.Y.; Lee, C.; Song, W.K.; Jang, S.J.; Park, M.-K. Lytic KFS-SE2 phage as a novel bio-
receptor for Salmonella Enteritidis detection. J. Microbiol. 2019, 57, 170–179.

18. Choi, I.Y.; Park, J.H.; Gwak, K.M.; Kim, K.-P.; Oh, J.-H.; Park, M.-K. Studies on lytic, tailed
Bacillus cereus-specific phage for use in a ferromagnetoelastic biosensor as a novel recognition
element. J. Microbiol. Biotechnol. 2018, 28, 87–94.

19. Qian, Y.; Fan, T.; Wang, P.; Zhang, X.; Luo, J.; Zhou, F.; Yao, Y.; Liao, X.; Li, Y.; Gao, F. A novel
label-free homogeneous electrochemical immunosensor based on proximity hybridization-
triggered isothermal exponential amplification induced G-quadruplex formation. Sens. Actuators B
Chem. 2017, 248, 187–194.

20. Hinkley, T.C.; Garing, S.; Singh, S.; Le Ny, A.-L.M.; Nichols, K.P.; Peters, J.E.; Talbert, J.N.;
Nugen, S.R. Reporter bacteriophage T7 NLC utilizes a novel NanoLuc: CBM fusion for the
ultrasensitive detection of Escherichia coli in water. Analyst 2018, 143, 4074–4082.

21. Wang, J.; Kanach, A.; Han, R.; Applegate, B. Application of bacteriophage in rapid detection of
Escherichia coli in foods. Curr. Opin. Food Sci. 2021, 39, 43–50.

22. Farrokhzad, K.; Rosenfield, C.; Applegate, B. Phage technology in high throughput screening for
pathogen detection in food. In High Throughput Screening for Food Safety Assessment; Bhunia,
A.K., Kim, M.S., Taitt, C.R., Eds.; Elsevier: Amsterdam, The Netherlands, 2015; pp. 81–121.



Phage-Based Biosensors | Encyclopedia.pub

https://encyclopedia.pub/entry/31264 6/6

23. Peltomaa, R.; López-Perolio, I.; Benito-Peña, E.; Barderas, R.; Moreno-Bondi, M.C. Application of
bacteriophages in sensor development. Anal. Bioanal. Chem. 2016, 408, 1805–1828.

24. Waseh, S.; Hanifi-Moghaddam, P.; Coleman, R.; Masotti, M.; Ryan, S.; Foss, M.; MacKenzie, R.;
Henry, M.; Szymanski, C.M.; Tanha, J. Orally administered P22 phage tailspike protein reduces
Salmonella colonization in chickens: Prospects of a novel therapy against bacterial infections.
PLoS ONE 2010, 5, e13904.

25. Xu, J.; Chau, Y.; Lee, Y.-k. Phage-based electrochemical sensors: A review. Micromachines 2019,
10, 855.

26. Bárdy, P.; Pantůček, R.; Benešík, M.; Doškař, J. Genetically modified bacteriophages in applied
microbiology. J. Appl. Microbiol. 2016, 121, 618–633.

27. Alcaine, S.; Law, K.; Ho, S.; Kinchla, A.; Sela, D.; Nugen, S. Bioengineering bacteriophages to
enhance the sensitivity of phage amplification-based paper fluidic detection of bacteria. Biosens.
Bioelectron. 2016, 82, 14–19.

28. Hussain, W.; Ullah, M.W.; Farooq, U.; Aziz, A.; Wang, S. Bacteriophage-based advanced bacterial
detection: Concept, mechanisms, and applications. Biosens. Bioelectron. 2021, 177, 112973.

29. Casey, A.; Coffey, A.; McAuliffe, O. Genetics and genomics of bacteriophages: The evolution of
bacteriophage genomes and genomic research. Bacteriophages Biol. Technol. Ther. 2021, 193–
218.

30. Edgar, R.; McKinstry, M.; Hwang, J.; Oppenheim, A.B.; Fekete, R.A.; Giulian, G.; Merril, C.;
Nagashima, K.; Adhya, S. High-sensitivity bacterial detection using biotin-tagged phage and
quantum-dot nanocomplexes. Proc. Natl. Acad. Sci. USA 2006, 103, 4841–4845.

31. Lakshmanan, R.S.; Guntupalli, R.; Hu, J.; Kim, D.-J.; Petrenko, V.A.; Barbaree, J.M.; Chin, B.A.
Phage immobilized magnetoelastic sensor for the detection of Salmonella Typhimurium. J.
Microbiol. Methods 2007, 71, 55–60.

32. Anany, H.; Brovko, L.; El Dougdoug, N.K.; Sohar, J.; Fenn, H.; Alasiri, N.; Jabrane, T.; Mangin, P.;
Ali, M.M.; Kannan, B.; et al. Print to detect: A rapid and ultrasensitive phage-based dipstick assay
for foodborne pathogens. Anal. Bioanal. Chem. 2018, 410, 1217–1230.

Retrieved from https://encyclopedia.pub/entry/history/show/73787


