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Abstract

Environmental pollution and food safety are becoming serious concerns to 
human health in developing countries. To combat such issues, researchers have 
developed different approaches for on-spot detection and screening of infectious 
disease, caused by pathogens and toxins in food and water samples. One such 
approach is the development of phage- and phage-component-based sensors that 
are highly specific, sensitive, rapid, efficient, cheap, and portable analyte screen-
ing platforms. Such sensors overcome the limitations of conventional screening 
approaches. This chapter highlights different food and environmental contamina-
tions and represents the potential of phage-based biosensor for bacterial detec-
tion. It summarizes different applications of phage-based sensors in the fields of 
food safety and environmental monitoring and highlights current challenges and 
perspective. In general, this chapter brings together the technologies related to 
phage-based sensors and food and environmental safety, by compiling the efforts of 
engineers and scientists from multidisciplinary areas.

Keywords: bacteriophage, biosensor, infectious diseases, food safety,  
environmental monitoring

1. Introduction

Many pathogenic bacteria like Streptococcus, Mycobacterium, Pseudomonas, 
Salmonella, Shigella, etc. are causing different diseases in humans, resulting in several 
outbreaks and epidemics of diseases worldwide. Every year, millions of individuals get 
infected by these bacteria, while the common sources of infections are clinical, food-
borne, airborne, and/or waterborne [1]. Clinical, food, and environmental contamina-
tions are the eternal challenges worldwide in the healthcare systems and food safety and 
environmental monitoring. Irrespective of comprehensive struggles to fight such patho-
genic bacteria, the numbers of clinical, food, and environment-related diseases are 
increasing every year [2]. As a solution to the problem, the development of biosensors 
especially phage-based biosensors for bacterial detection in clinical, food, and environ-
mental samples has remained a hot topic since the last few decades. Phages in biosensor 
proved themselves as unique bio-probes, owing to their selectivity, specificity, and 
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withstanding harsh environmental conditions. Establishing phage-based biosensors for 
application in food safety and environmental monitoring is a motivating and interesting 
research topic and is the urgent need of this modern era. The key point is to enhance 
phage-based cheap recognition tools with maximum levels of selectivity, consistency, 
and sensitivity with minimum times of assay. Significant struggles have been dedicated 
on enhancing the transducer surface of biosensor for improved detection and sensitiv-
ity. Phage-based bio-probes have been used in transducer development for several 
analytical approaches to offer specific and selective detection. Bacteriophages as a bio-
probe have been successfully applied for bacterial detection in clinical samples (urine) 
[3], food samples (milk, tomatoes) [4], and environmental samples (river water) [5]. 
Furthermore, different analytical approaches relying on phage-based bio-probes have 
been reported like electrochemical [6], bioluminescence [7], fluorescence [8], mass 
spectrometry [9], magnetoelastic [4], surface plasmon resonance [10], lateral flow assay 
[11], etc. In the following context, we will review biosensor transduction platforms 
involving phage-based probes for transducer development to detect infectious bacteria 
in the field of food and environmental safety monitoring [12]. In this chapter we will 
highlight applications of different phage-based analytical approaches for bacterial 
detection in clinical, food, and environmental samples.

2. Phage-based biosensors for infectious pathogen detection

Bacteriophage as a bio-probe has been used in different transduction platforms 
for detection of pathogenic bacteria, which are briefed as follows:

2.1 Phage optical biosensors

Optical phage-based sensors owing from their reasonably rapid screening, 
sensitivity, and flexibility to a broad-ranging assay situations have been extensively 
explored for bacterial detection. Optical methods are classified into two core sub-
classes on the basis of their working principles, label-free and labeled. The best fre-
quently used optical methods for bacterial screening are fluorescence spectrometry 
[8], surface plasmon resonance (SPR) [10], and bio- or chemiluminescence [13]. In 
the subsequent subsection, our focus is on phage bio-probe-based optical biosensors 
for detection of pathogens with special emphasis on food safety and environmental 
monitoring. Figure 1 represents a reporter phage-based optical sensing scheme.

2.1.1 Phage-SPR-based sensors

Surface plasmon resonance (SPR) works on the principle of oscillation phenom-
enon that happens between the interfaces of any two materials. The change in the 
refractive index close to the sensor surface caused by contact of target analyte in the 
medium with the bio-probe (phage) present on transducer surface is measured by 
SPR biosensors. Phages have been widely immobilized as bio-probes on the surfaces 
of SPR transducers to offer facility of specific recognition of bacterial detection. 
The immobilized phage on SPR transducer successfully detected E. coli K12 [15], S. 
aureus [16], methicillin-resistant Staphylococcus aureus (MRSA), and E. coli O157:H7 
[17]. Typically, the LOD was ranging from 102 to 103 CFU/mL. Phage RBPs have 
been utilized as bio-probes in SPR approaches for specific bacterial screening, such 
as Singh et al.’s activated gold-coated plates, by immobilizing genetically engineered 
tailspike proteins from P22 phage to demonstrate selective, specific, and real-time 
Salmonella detection with 103 CFU/mL sensitivity [18].
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2.1.2 Phage-bioluminescence sensors

For bacterial quantitative detection in samples, bioluminescence analyses that 
are rapid, sensitive, and simple are used by assessing the emitted light from intra-
cellular components. Bacterial lysis is the first step of this type assays, to discharge 
intracellular cell components followed by reaction with luciferase and are screened 
by bioluminescent. A lytic bacteriophage is involved as a bio-recognition probe 
for target bacterial detection following lysis. Infectious bacteria like E. coli and 
Salmonella Newport were detected by an adenosine triphosphate bioluminescence 
assay using lytic bacteriophage as bio-probe lysis of target bacterial cell [19]. The 
sensitivity was enhanced 10–100-folds by addition of adenylate kinase as an alter-
nate cell marker, while less than 104 CFU/mL of E. coli was reported in ˂1 h [19]. 
Later it was demonstrated that the quantity of discharged adenylate kinase from 
lysed cells is dependent on the growth stage, bacterial type, the infection time, and 
the phage type [20].

2.1.3 Phage-SERS-based sensors

An innovative Raman method, i.e., surface-enhanced Raman spectroscopy 
(SERS), is enhancing the intensity by vibrational absorbance of definite elements 
when they are near the surface of nano-organized noble metals by the influence of 
numerous orders of magnitude. The improved intensity of SERS method is depen-
dent on the molecules’ capability to release a Raman signal and the contained fields 
of plasmon in their neighborhood [21]. For instance, a report stated a phage-SERS 
biosensor for E. coli detection using phage immobilization on nano-figured thin 
sheet of silver over substrates of silica (Figure 2) [22] established by exploitation 
of metallic nanosculptured thin silver film. The silver film exterior is activated by 
self-assembled monolayer of 4-aminothiophenol and glutaraldehyde for T4 immo-
bilization to screen E. coli. As a reporter molecule, 4-aminothiophenol monitored 
the Raman band enhancement. Other reports of phage-SERS-based biosensors have 
been reported and are briefed in Table 1.

Figure 1. 
A graphical representation of target pathogen detections based on reporter phage, adapted from [14].
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Transducer Phage-based 

bio-probe

Target bacteria/

analyte

Sample Detection limit Ref.

SPR T4 phage E. coli K12 PBS 7 × 102 CFU/mL [15]

T4 phage E. coli O157:H7 PBS 103 CFU/mL [17]

BP14 phage MRSA PBS 103 CFU/mL [17]

scFv phages L. monocytogenes — 2.106 CFU/mL [53]

12,600 phage S. aureus — 104 CFU/mL [16]

Luminescence lacZ T4 phage E. coli B Water 10 CFU/mL [7]

SJ2 phage S. enteritidis — 103 CFU/mL [20]

Pap1 phage P. aeruginosa Milk, urine 56 CFU/mL [3]

Lytic phage Listeria innocua — >104 CFU/mL [54]

Shfl25875 S. flexneri Stool 103 CFU/g [55]

LFA B4 phage B. cereus Buffer 1 × 104 CFU/mL [11]

Gamma phage B. anthracis — 2.5 × 104 CFU/mL [56]

T7 phage E. coli Broth 103 CFU/mL [47]

Fluorescent P22 phage S. typhimurium Milk 1 CFU/24 mL [57]

P-S. aureus-9 S. aureus PBS 2.47 × 103 CFU/L [58]

Wβ phage B. anthracis Soil 104 CFU/g [50]

O157-IOV 4 E. coli O157:H7 Milk 4.9 × 104 CFU/mL [59]

PP01 phage E. coli O157:H7 Apple juice 1 CFU/mL [60]

PDPs TNT — 10 μg/mL [61]

T7 phage E. coli LB broth 10 CFU/mL [62]

QCM Filamentous 

phage

S. typhimurium — 102 CFU/mL [35]

Wild-type E. coli K12 — 103 CFU/mL [6]

T4 phage E. coli Milk Few CFU/mL [9]

Figure 2. 
Schematic representation of phage-SERS-based sensor. Adapted from [22].
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2.1.4 Phage-fluorescent sensor

In fluorescent-phage-based sensor techniques, fluorescently stained phages 
are utilized as marking agents for the detection of bacterial cells. Fluorescently 
labeled phages are identified followed by binding to specific host bacterial cell. The 
composite of bacteriophage-bacteria is then sensed by means of flow cytometry 
or epi-fluorescent filter approach. A combination of immunomagnetic separation 
with fluorescent method is detected between 10 and 102 CFU/mL of pathogenic 
bacteria E. coli O157:H7 after 10 h augmentation in artificially contaminated milk 
[23] and 104 CFU/mL in sample of broth medium [24]. Additional improvement 
in the sensitivity of this method was reported by using fluorescent quantum dots 
(QDs) for phage labeling [25]. Also fluorescent-based sensors have been used for 
bacterial toxin recognition. Phage display was applied to choose a peptide (12-mer) 
that was able to attach to staphylococcal enterotoxin B (SEB) that is responsible for 
food poisoning [26]. This approach permitted toxin sensing and detected 1.4 ng of 
SEB/sample well with the help of fluorescence immunoassay and involved a fluo-
rescently stained SEB binding bacteriophage. Also array-based sensors have been 
established following the same principle for simultaneous detection of  

Transducer Phage-based 

bio-probe

Target bacteria/

analyte

Sample Detection limit Ref.

SERS T4 phage E. coli B Buffer 150 CFU/mL [22]

Phage 12,600 MRSA — — [63]

P9b phage P. aeruginosa Clinical 

samples

103 CFU/mL [64]

A511 phage L. monocytogenes — 6.1 × 107pfu/mL [65]

Magnetoelastic E2 phage S. typhimurium — 5 × 102 CFU/mL [66]

JRB7 phage B. anthracis — Spores [67]

E2 phage S. typhimurium Romaine 

lettuce

5 × 102 CFU/mL [68]

Phage S. typhimurium — 1.5 × 103 CFU/mm2 [69]

Amperometric B1-7064 phage B. cereus — 10 CFU/mL [70]

M13 phage E. coli TG1 — 1 CFU/mL [71]

Impedimetric T4 phage E. coli — 104 CFU/mL [72]

T2 phage E. coli B Broth 103 CFU/mL [73]

Lytic phage S. Newport — 103 CFU/mL [74]

Gamma phage B. anthracis Str Water 103 CFU/mL [75]

T4 phage E. coli B Water, milk 800 CFU/mL

100 CFU/mL

[76]

Endolysin 

Ply500

L. monocytogenes Milk 105 CFU/mL [77]

SPR, surface plasmon resonance; scFv, single-chain variable fragment; MRSA, methicillin-resistant Staphylococcus 
aureus; PBS, phosphate-buffered saline; TNB, trinitrobenzene; TNT, trinitrotoluene; QCM, quartz crystal 
microbalance; QD, quantum dot; SERS, surface-enhanced Raman spectroscopy; LFA, lateral flow assay; HRP, 
horseradish peroxidase; CFU, colony-forming unit; PFU, plaque-forming unit; E. coli, Escherichia coli; S. arlettae, 
Staphylococcus arlettae; B. anthracis, Bacillus anthracis; P. aeruginosa, Pseudomonas aeruginosa; S. flexneri, Shigella 
flexneri; S. Newport, Salmonella Newport; S. typhimurium, Salmonella typhimurium; S. aureus, Staphylococcus 
aureus; LB, Luria-Bertani broth.

Table 1. 
Applications of phage/phage components in detection of infectious pathogen and other deadly analytes related 
to food safety and environmental monitoring, where transduction platform used, target analyte/bacteria, 
sample processed, and limit of detection are briefed with reported literature.
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Figure 3. 
Schematic representation of S. typhimurium detection on tomato and spinach leaves on magnetoelastic-E2 
phage-based biosensor system, adapted from [34].

Bacillus globigii, MS2 bacteriophage, and also SEB [27]. The typically reported 
sensitivity until now is about 20 CFU/mL by epi-fluorescent microscopic platform 
[25] and is 1 CFU/mL by flow cytometric recognition approach [28].

2.1.5 Phage-colorimetric sensors

Sensing based on changes in color allows the use of simple diagnostic systems 
like spectrophotometers, or even involving smartphones, and both of them are 
comparatively common and feasible. Designed colorimetric phage-based biosensors 
are mostly based and integrated on the utilization of reporter bacteriophages that 
carry genes coding for reporter enzymes. The foremost colorimetric sensor based 
on phage was to detect Salmonella ice nucleation sensor using reporter gene inaW 
[29]. Expression of ice nucleation protein was induced upon infection, interrupting 
the cell, and was consequently observed by the addition of an indicator dye (orange 
colored) [30]. Other serviceable reporter genes that have been successfully used with 
various colorimetric substrates are celB and lacZ segments encoding β-galactosidase 
and β-glycosidase [31]. More recently enhanced phage-based colorimetric technique 
has been reported to be integrating and coupling with novel technologies like surface 
plasmon [32], macroscope and smartphone [33], and lateral flow assay [11]. Other 
colorimetric phage-based biosensors established in recent years are briefed in Table 1.

2.2 Phage-based micromechanical sensors

Representative micromechanical biosensor (magnetoelastic) is expressed in Figure 3, 
involving E2 phage for detection of S. typhimurium on tomato and spinach leaves. 
Further micromechanical-phage-based biosensors are briefed in the following context.

2.2.1 Phage-QCM-based sensors

Quartz crystal microbalance (QCM) sensors are mass-based sensors that are 
highly sensitive with the ability of detecting nanogram variations in mass. QCM 
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biosensors are functionalized by a very thin piezoelectric film having both sides 
coated with two conductive electrodes. Mechanical resonance is stimulated by 
electrical field application through the quartz crystal.

Consequently, QCM-based biosensors could be established to quantify the mass 
of many target analytes by immobilization of individual bio-probes on the surface 
of sensor. Phages as bio-probes can be conjugated with QCM biosensors for selective 
screening of bacterial cells. For instance, physically adsorbed bacteriophages around 
3 × 1010 PFU/cm−2 on the surface of piezoelectric transducer provided a very rapid 
and sensitive platform for Salmonella typhimurium detection. This immobilized 
bacteriophage on QCM biosensor had a LOD of 102 CFU/mL having a broad linear 
range of 100–107 CFU/mL and a quick reaction and detection time of less than 3 min 
[35]. Other reports of phage-based QCM sensor applications in detection of infec-
tious bacteria in food safety and environmental monitoring are briefed in Table 1.

2.2.2 Phage magnetoelastic sensors

Magnetoelastic sensors are prepared from materials having magnetoelastic 
property, i.e., magnetism and elasticity, and they contract/extend on excitation 
by alternative-current-magnetic field. The resonance frequency depends on the 
viscosity/mass adjacent to the surface of the resonating material. Magnetoelastic 
devices are used for detection of biological and chemical analytes by integration of 
bio-probes like phages on the biosensor surface and might be functional in gaseous, 
static, liquid, or flowing condition [21]. Likewise, E2 bacteriophage was geneti-
cally modified for specific detection of S. typhimurium in samples of food [36], on 
spinach leaves [37], and in apple juice, tomato, or milk [38], and all these magne-
toelastic biosensors displayed outstanding selectivity and specificity. In addition, 
E2 bacteriophage-based magnetoelastic biosensors expressed tremendous stability 
when exposed to severe environmental conditions [39]. ME-lytic phage-based 
biosensor was reported to detect MRSA bacteria. In the evaluation based on varied 
immobilization times (10, 30, 90, 270, 810, and 2430 min) and bacteriophage con-
centrations (108–1012 PFU/mL), lytic phage binding to ME sensor surface was estab-
lished for optimal conditions. The optimal immobilization time and concentration 
in PFU/mL for effective binding of phage to ME sensor surface was calculated as 
30 min and 1011 PFU/mL, respectively. This ME-based biosensor approach was used 
successfully for detection of MRSA bacteria with LOD of 103 CFU/mL [40].

2.3 Phage-based electrochemical biosensors

A schematic representation of electrochemical biosensor of nanoflowers—
AuNPs and Thi-phage composite—for E. coli detection is illustrated in Figure 4.

2.3.1 Phage-amperometric biosensors

Among the electrochemical detection methods, amperometry has been most 
commonly used for detection of pathogenic bacteria and offered an improved 
sensitivity platform related to other electrochemical approaches. Electrochemical 
amperometric biosensor involves a working electrode (having bio-probe) and a 
reference electrode. For current production in the analyte sample, a bias potential 
is passed on these electrodes. The produced current is directly dependent on the 
degree of electron transfer that fluctuates with changes in analyte’s ionic concentra-
tion. Simply, amperometric sensors detect ionic changes in the solution by deter-
mining the variations in electric current. Several approaches have been established 
for detection of foodborne pathogenic bacteria based on phage-amperometric 
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biosensors. Amperometric method integrated with bacteriophage typing was 
reported to specifically detect bacteria like E. coli K12, Bacillus cereus, and 
Mycobacterium smegmatis [42]. The working principle of this biosensor was phage 
infection that resulted in bacterial cell lysis, subsequently releasing bacterial cell 
contents, like enzymes and other cell debris, into the test sample. This enzymatic 
release can be sensed and measured involving particular substrate. The reaction 
product is oxidized or reduced at working and reference electrodes, resulting in 
current generation [43].

2.3.2 Phage impedimetric sensors

Electrochemical impedance spectroscopy (EIS)-based sensors determine 
the fluctuations in impedance as a result of interactions between bio-probe 
and the analyte. EIS-based sensors have been utilized for bacterial detection 
by observing the variations on interface of solution-electrode because of the 
microbial capture on the biosensor surface. The target analyte binding on the 
sensor surface typically raises the impedance because of the insulating behavior. 
Phages have been utilized as a sandwiched cross-linker between bacterial cell 
and the electrode surface. An effective phage-EIS-based platform was reported 
for recognition of E. coli bacterial cells by T4 bacteriophage immobilization 
on the surface of activated carbon screen-printed electrode with LOD of ~104 
CFU/mL [44]. By increasing bacterial concentration, a decrease in impedance 
was observed, which was differing from ordinary binding of intact bacterial 
cells on EIS biosensor. The motive behind this type of observations was because 
of the lytic activity of bacteriophages that directed cell lysis and the release of 
ionic cellular contents and alternatively a rise in conductivity. The detection was 
specific, and they confirmed the specificity by using Salmonella as a negative 
control. Other reports of impedimetric phage-based detections are summarized 
in Table 1.

Figure 4. 
Illustration of the establishment of composites (nanoflowers—AuNPs and Thi-phage) and E. coli 
electrochemical screening, adapted from [41].
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3. Phage-based biosensors in food safety and environmental monitoring

Bacteriophage-based biosensors have been established for broad range of 
applications in food and environmental contaminant detection, for example, 
pathogens, toxins, and other environmental pollutants. Pathogens causing food 
contaminations are the supreme common objects of bacteriophage-based biosen-
sors. One more field wherever bacteriophages are utilized as bio-recognition probes 
is clinical diagnostics of infectious diseases as explained in Section 2. Table 1 sums 
up various whole phage/phage component-based biosensor applications in food 
safety, environmental monitoring, and infectious disease diagnosis. As this chapter 
does not cover all the reported methodical explanations and applications, therefore 
interested bibliophiles are referred to the latest literature. For potential future 
on-site applications, few of the most recent phage-based biosensors for pathogen 
detection in food and water are briefed as follow.

3.1 Food safety

Magnetoelastic (ME) phage-based biosensor was compared with TaqMan-based 
qPCR for Salmonella typhimurium detection on cantaloupe surface. LOD of both 
approaches was calculated by successive inoculation of cantaloupe surfaces with S. 
typhimurium suspensions. LOD of S. typhimurium was 2.47 ± 0.50 log CFU/2 mm2 
and 1.35 ± 0.07 log CFU/2 mm2 area of cantaloupe surface and 6.28 and 2.41% by 
ME phage-based biosensor and qPCR, respectively. This comparison revealed that 
phage-based ME biosensor is more encouraging and an on-site applicable method 
to detect S. typhimurium on fresh fruit and vegetable surfaces [4]. In another report 
that was based on fluorescence imaging, Salmonella detection was reported involv-
ing bacteriophage-derived peptides that bind to Salmonella enterica (serotype 
Typhimurium) cells. In this report, ME biosensor coated with C4–22 phage was 
used to evaluate and detect Salmonella in/on chicken meat. In the case of on-surface 
detection approach, phage C4–22-based biosensor confirmed Salmonella binding 
capacity 12 times higher than control with no-phage-based sensor, while Salmonella 
cells at concentration of 7.86 × 105 CFU spiked per mm2 area. In the case of in-
chicken meat approach, phage C4–22 biosensors were inserted at varied depths 
below the surface of chicken meat (0.1, 0.5, 1.0 cm) after inoculation of Salmonella 
on the surface. The latter approach presented 23.27–33% of Salmonella cell absorp-
tion up to 0.1-cm deep under the surface [45].

P. aeruginosa was detected by lytic phage PaP1 displaying high specificity. For 
label-free P. aeruginosa detection, ECL biosensor involving PaP1 was developed. 
Biosensor was fabricated on glass carbon electrode surface through deposition of 
PaP1-conjugated carboxyl-graphene. Adsorption of PaP1 tail fibers and baseplate 
to bacterial cell wall resulted in a decrease of ECL signal, since the accumulation of 
non-conductive bio-complex on electrode surface disrupted the electron transfer. 
ECL signal dropped linearly with 1.4 × 102–1.4 × 106 CFU/mL concentration of P. 
aeruginosa, with biosensing time of 30 min and very low LOD of 56 colony-forming 
units per mL. With the help of this biosensor, P. aeruginosa was quantified in milk 
with varying values of recovery from 78.6 to 114.3% [3]. Similarly, phage P100 and 
magnetic particle composite were established to separate L. monocytogenes from 
food samples. Varied sized magnetic particles (150, 500, and 1000 nm) were used 
for phage P100 immobilization either physically or chemically. The coupling ratio 
of composites was investigated, and the capturing efficiency of L. monocytogenes 
was evaluated for each composite. The authors reported that composites developed 
by physical immobilization of P100 attained a greater efficiency of capture and 
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selectivity toward L. monocytogenes. These composites of phage and magnetic 
particles were further used to selectively isolate L. monocytogenes from real sample 
of food like whole milk and ground beef [46].

3.2 Environmental monitoring

For E. coli detection in water, a group of authors established and reported a 
rise in sensitivity of lateral flow assay based on T7 phage amplification. The assay 
was founded on phage-based reporter proteins: maltose-binding protein and 
alkaline phosphatase with 10-folds and 100-folds increased sensitivities, respec-
tively. The increased sensitivity enabled E. coli detection of 103 CFU/mL in broth 
while 100 CFU/100 mL of E. coli in inoculated river water. Such combination of 
phage-based diagnosis on paper fluidics offer new platforms to establish innova-
tive detection techniques owing to sensitivity, robustness, and specificity and are 
personal friendly [47]. Additional improvement in the sensitivity of this method 
was reported by using fluorescent quantum dots (QDs) for phage labeling. QDs 
increased the stability and intensity of luminous signal and also enhanced the 
sensitivity of epifluorescence microscopy and flow cytometry-based detection 
platforms. The phage head was modified with biotin tagging peptide. The QDs 
coated with streptavidin were permitted to become bounded to biotinylated 
bacteriophages. By this approach, detection limit of for E. coli was only 20 CFU/
mL in water with detection time of 60 min [5].

Similarly, on the basis of phage fluorescent-based detection assays, Salmonella 
in sea water was detected with the help of genetically modified bacteriophages P22 
with assay time of 1 h and LOD of 10 CFU/mL [48], while TNT and TNB 1 ng/mL 
were detected in water with the help of phage display-selected scFv [49]. Likewise, 
104 CFU/g of B. anthracis in soil was detected with the help of Wβ phage involv-
ing fluorescence assay [50]. A magnetoelastic biosensor involving JRB7 phage as a 
bio-recognition element detected 104 spores/mL of B. anthracis in water [51], while 
impedimetric biosensor based on S. arlettae specific phage detected 200 CFU/mL of 
S. arlettae in river water [52].

4. Other representative applications

Despite the abovementioned applications of phage-based biosensors, Table 1 
highlights some other representative applications of phage-based biosensors in 
detection of pathogenic bacteria, food safety, and environmental monitoring.

5. Conclusions and prospects

Without any doubt, environmental monitoring and food safety are the main 
universal worries that we humans have to oppose and are constantly struggling 
to take them over. In this chapter, we evidently demonstrated the applications of 
reported promising platforms of phage-based sensors in the screening of food- and 
environment-related contaminants. We reviewed demonstrative phage/phage com-
ponents applied in sensors’ development for diagnosis of food pollutants specifically 
comprising pathogens and toxins. By collaboration with engineers and scientists 
from multidisciplinary area to design a field applicable sensor and make advance-
ments in phage-based sensors for food safety and environmental monitoring, we 
expect that this chapter might bring together the technologies related to application 
of phage-based sensors, in food and environmental safety, and infectious disease 
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diagnostics. In short, applications of phage-based biosensors in the fields of food 
safety, environmental monitoring, and infectious disease diagnostics are vital.
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Acronyms and abbreviations

Abs antibodies
CFU colony-forming units
E. coli Escherichia coli
EIS electrochemical impedance spectroscopy
ELISA enzyme-linked immunosorbent assay
HRP horseradish peroxidase
ITNAA isothermal nucleic acid amplification
IUPAC International Union of Pure and Applied Chemistry
LB Luria-Bertani broth
LFA lateral flow assay
LOD limit of detection
OTA ochratoxin A
PBS phosphate-buffered saline
PCR polymerase chain reaction
PFU plaque-forming unit
PSA prostate-specific antigen
QCM quartz crystal microbalance
QDs quantum dots
qPCR quantitative polymerase chain reaction
RBPs receptor-binding proteins
scFv single-chain variable fragment
SEB staphylococcal enterotoxin B
SERS surface-enhanced Raman spectroscopy
SPR surface plasmon resonance
TNB trinitrobenzene
TNT trinitrotoluene
TZP tetragonal zirconia polycrystal
BCCP biotin carboxyl carrier protein
CBM cellulose-binding module
SOCP small outer capsid protein
ME magnetoelastic



Biosensors for Environmental Monitoring

12

Author details

Umer Farooq1, Muhammad Wajid Ullah2, Qiaoli Yang1 and Shenqi Wang1*

1 Advanced Biomaterials and Tissue Engineering Centre, Huazhong University of 
Science and Technology, Wuhan, P. R. China

2 Department of Biomedical Engineering, Huazhong University of Science and 
Technology, Wuhan, P. R. China

*Address all correspondence to: shenqiwang131@hust.edu.cn

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



13

Applications of Phage-Based Biosensors in the Diagnosis of Infectious Diseases, Food Safety…
DOI: http://dx.doi.org/10.5772/intechopen.88644

References

[1] Scharff RL. Economic burden from 
health losses due to foodborne illness 
in the United States. Journal of Food 
Protection. 2012;75:123-131. DOI: 
10.4315/0362-028X.JFP-11-058

[2] Rohde A, Hammerl JA, Boone I, 
Jansen W, Fohler S, Klein G, et al. 
Overview of validated alternative 
methods for the detection of foodborne 
bacterial pathogens. Trends in Food 
Science and Technology. 2017;62:113-118. 
DOI: 10.1016/J.TIFS.2017.02.006

[3] Yue H, He Y, Fan E, Wang L,  
Lu S, Fu Z. Label-free 
electrochemiluminescent biosensor 
for rapid and sensitive detection of 
pseudomonas aeruginosa using phage 
as highly specific recognition agent. 
Biosensors & Bioelectronics. 2017;94: 
429-432. DOI: 10.1016/j.bios.2017.03.033

[4] Park MK, Li S, Chin BA. Detection of 
Salmonella typhimurium grown directly 
on tomato surface using phage-based 
magnetoelastic biosensors. Food and 
Bioprocess Technology. 2013;6:682-689. 
DOI: 10.1007/s11947-011-0708-2

[5] Edgar R, McKinstry M, 
Hwang J, Oppenheim AB, Fekete RA, 
Giulian G, et al. High-sensitivity 
bacterial detection using biotin-
tagged phage and quantum-dot 
nanocomplexes. Proceedings of 
the National Academy of Sciences. 
2006;103:4841-4845. DOI: 10.1073/
pnas.0601211103

[6] Shabani A, Marquette CA, 
Mandeville R, Lawrence MF. Magnetically-
assisted impedimetric detection of 
bacteria using phage-modified carbon 
microarrays. Talanta. 2013;116:1047-
1053. DOI: 10.1016/j.talanta.2013.07.078

[7] Burnham S, Hu J, Anany H, 
Brovko L, Deiss F, Derda R, et al. 
Towards rapid on-site phage-mediated 
detection of generic Escherichia coli in 

water using luminescent and visual 
readout. Analytical and Bioanalytical 
Chemistry. 2014;406:5685-5693. DOI: 
10.1007/s00216-014-7985-3

[8] Kulpakko J, Kopra K, Hänninen P. 
Time-resolved fluorescence-based assay 
for rapid detection of Escherichia coli. 
Analytical Biochemistry. 2015;470:1-6. 
DOI: 10.1016/j.ab.2014.09.002

[9] Martelet A, Lhostis G, Nevers MC, 
Volland H, Junot C, Becher F, et al. Phage 
amplification and immunomagnetic 
separation combined with targeted 
mass spectrometry for sensitive 
detection of viable bacteria in complex 
food matrices. Analytical Chemistry. 
2015;87:5553-5560. DOI: 10.1021/
ac504508a

[10] Karoonuthaisiri N, Charlermroj R, 
Morton MJ, Oplatowska-Stachowiak M, 
Grant IR, Elliott CT. Development of a 
M13 bacteriophage-based SPR detection 
using salmonella as a case study. 
Sensors and Actuators B: Chemical. 
2014;190:214-220. DOI: 10.1016/j.
snb.2013.08.068

[11] Kong M, Shin JH, Heu S, Park JK, 
Ryu S. Lateral flow assay-based bacterial 
detection using engineered cell 
wall binding domains of a phage 
endolysin. Biosensors & Bioelectronics. 
2017;96:173-177. DOI: 10.1016/j.
bios.2017.05.010

[12] Farooq U, Yang Q , Ullah MW, 
Wang S. Bacterial biosensing: Recent 
advances in phage-based bioassays and 
biosensors. Biosensors & Bioelectronics. 
2018;118:204-216. DOI: 10.1016/j.
bios.2018.07.058

[13] Sharp NJ, Vandamm JP, Molineux IJ, 
Schofield DA. Rapid detection of bacillus 
anthracis in complex food matrices 
using phage-mediated bioluminescence. 
Journal of Food Protection. 



Biosensors for Environmental Monitoring

14

2015;78:963-968. DOI: 10.4315/0362-
028X.JFP-14-534

[14] Singh A, Poshtiban S, Evoy S. Recent 
advances in bacteriophage based 
biosensors for food-borne pathogen 
detection. Sensors. 2013;13:1763-1786. 
DOI: 10.3390/s130201763

[15] Arya SK, Singh A, Naidoo R, Wu P, 
McDermott MT, Evoy S. Chemically 
immobilized T4-bacteriophage for 
specific Escherichia coli detection 
using surface plasmon resonance. 
The Analyst. 2011;136:486-492. DOI: 
10.1039/C0AN00697A

[16] Balasubramanian S, Sorokulova IB, 
Vodyanoy VJ, Simonian AL. Lytic 
phage as a specific and selective 
probe for detection of Staphylococcus 
aureus-A surface plasmon resonance 
spectroscopic study. Biosensors & 
Bioelectronics. 2007;22:948-955. DOI: 
10.1016/j.bios.2006.04.003

[17] Tawil N, Sacher E, Mandeville R, 
Meunier M. Surface plasmon resonance 
detection of E. coli and methicillin-
resistant S. aureus using bacteriophages. 
Biosensors & Bioelectronics. 2012;37: 
24-29. DOI: 10.1016/j.bios.2012.04.048

[18] Singh A, Arya SK, Glass N, 
Hanifi-Moghaddam P, Naidoo R, 
Szymanski CM, et al. Bacteriophage 
tailspike proteins as molecular probes 
for sensitive and selective bacterial 
detection. Biosensors & Bioelectronics. 
2010;26:131-138. DOI: 10.1016/j.
bios.2010.05.024

[19] Blasco R, Murphy MJ, Sanders MF, 
Squirrell DJ. Specific assays for bacteria 
using phage mediated release of 
adenylate kinase. Journal of Applied 
Microbiology. 1998;84:661-666. DOI: 
10.1046/j.1365-2672.1998.00393.x

[20] Wu Y, Brovko L, Griffiths MW. 
Influence of phage population on 
the phage-mediated bioluminescent 
adenylate kinase (AK) assay for 

detection of bacteria. Letters in Applied 
Microbiology. 2001;33:311-315. DOI: 
10.1046/j.1472-765X.2001.01002.x

[21] Peltomaa R, López-Perolio I,  
Benito-Peña E, Barderas R, 
Moreno-Bondi MC. Application of 
bacteriophages in sensor development. 
Analytical and Bioanalytical Chemistry. 
2016;408:1805-1828. DOI: 10.1007/
s00216-015-9087-2

[22] Srivastava SK, Ben Hamo H, 
Kushmaro A, Marks RS, Grüner C, 
Rauschenbach B, et al. Highly sensitive 
and specific detection of E. coli by a 
SERS nanobiosensor chip utilizing 
metallic nanosculptured thin films. 
Analyst. 2015;140:3201-3209. DOI: 
10.1039/C5AN00209E

[23] Goodridge L, Chen J, Griffiths M. 
The use of a fluorescent bacteriophage 
assay for detection of Escherichia coli 
O157:H7 in inoculated ground beef and 
raw milk. International Journal of Food 
Microbiology. 1999;47:43-50. DOI: 
10.1016/S0168-1605(99)00010-0

[24] Goodridge L, Chen J, Griffiths M. 
Development and characterization 
of a fluorescent-bacteriophage assay 
for detection of Escherichia coli 
O157:H7. Applied and Environmental 
Microbiology. 1999;65:1397-1404

[25] Yim PB, Clarke ML, McKinstry M, 
De Paoli Lacerda SH, Pease LF, 
Dobrovolskaia MA, et al. Quantitative 
characterization of quantum dot-
labeled lambda phage for Escherichia 
coli detection. Biotechnology and 
Bioengineering. 2009;104:1059-1067. 
DOI: 10.1002/bit.22488

[26] Goldman ER, Pazirandeh MP, 
Matthew Mauro J, King KD, Frey JC, 
Anderson GP. Phage-displayed  
peptides as biosensor reagents. 
Journal of Molecular Recognition. 
2000;13(6):382-387. DOI: 10.1002/1099-
1352(200011/12)13:6<382: 
AID-JMR511>3.0.CO;2-W



15

Applications of Phage-Based Biosensors in the Diagnosis of Infectious Diseases, Food Safety…
DOI: http://dx.doi.org/10.5772/intechopen.88644

[27] Rowe CA, Tender LM, Feldstein MJ, 
Golden JP, Scruggs SB, MacCraith BD, 
et al. Array biosensor for simultaneous 
identification of bacterial, viral, and 
protein analytes. Analytical Chemistry. 
1999;71(17):3846-3852. DOI: 10.1021/
ac981425v

[28] Wu L, Song Y, Luan T, Ma L, 
Su L, Wang S, et al. Specific detection 
of live Escherichia coli O157: H7 
using tetracysteine-tagged PP01 
bacteriophage. Biosensors & 
Bioelectronics. 2016;86:102-108. DOI: 
10.1016/j.bios.2016.06.041

[29] Smartt AE, Ripp S. Bacteriophage 
reporter technology for sensing 
and detecting microbial targets. 
Analytical and Bioanalytical Chemistry. 
2011;400:991-1007. DOI: 10.1007/
s00216-010-4561-3

[30] Irwin P, Gehring A, Shu-I TU, 
Brewster J, Fanelli J, Ehrenfeld E. 
Minimum detectable level of 
salmonellae using a binomial-ice based 
bacterial ice nucleation detection assay 
(BIND). Journal of AOAC International. 
2000;83(5):1087-1095

[31] Schmelcher M, Loessner MJ. 
Application of bacteriophages for 
detection of foodborne pathogens. 
Bacteriophage. 2014;4:128-137. DOI: 
10.4161/bact.28137

[32] Rossotti MA, Carlomagno M, 
González-Techera A, Hammock BD, 
Last J, González-Sapienza G. Phage 
anti-immunocomplex assay for 
clomazone: Two-site recognition 
increasing assay specificity and 
facilitating adaptation into an on-site 
format. Analytical Chemistry. 
2010;82(21):8838-8843. DOI: 10.1021/
ac101476f

[33] Oh JW, Chung WJ, Heo K, Jin HE, 
Lee BY, Wang E, et al. Biomimetic virus-
based colourimetric sensors. Nature 
Communications. 2014;5:3043. DOI: 
10.1038/ncomms4043

[34] Arugula MA, Simonian A. Novel 
trends in affinity biosensors: 
Current challenges and perspectives. 
Measurement Science and 
Technology. 2014;25(3):032001. DOI: 
10.1088/0957-0233/25/3/032001

[35] Olsen EV, Sorokulova IB, 
Petrenko VA, Chen IH, Barbaree JM, 
Vodyanoy VJ. Affinity-selected 
filamentous bacteriophage as a probe 
for acoustic wave biodetectors of 
Salmonella typhimurium. Biosensors & 
Bioelectronics. 2006;21:1434-1442. DOI: 
10.1016/j.bios.2005.06.004

[36] Petrenko VA, Sorokulova IB.  
Detection of biological threats. A 
challenge for directed molecular 
evolution. Journal of Microbiological 
Methods. 2004;58(2):147-168. DOI: 
10.1016/j.mimet.2004.04.004

[37] Park MK, Park JW, Wikle HC, 
Chin BA. Evaluation of phage-based 
magnetoelastic biosensors for direct 
detection of Salmonella typhimurium on 
spinach leaves. Sensors and Actuators 
B: Chemical. 2013;176:1134-1140. DOI: 
10.1016/j.snb.2012.10.084

[38] Lakshmanan RS, Guntupalli R, 
Hu J, Petrenko VA, Barbaree JM, 
Chin BA. Detection of Salmonella 
typhimurium in fat free milk using a 
phage immobilized magnetoelastic 
sensor. Sensors and Actuators B: 
Chemical. 2007;126(2):544-550. DOI: 
10.1016/j.snb.2007.04.003

[39] Guntupalli R, Hu J, Lakshmanan RS, 
Huang TS, Barbaree JM, Chin BA. A 
magnetoelastic resonance biosensor 
immobilized with polyclonal 
antibody for the detection of 
Salmonella typhimurium. Biosensors & 
Bioelectronics. 2007;22(7):1474-1479. 
DOI: 10.1016/j.bios.2006.06.037

[40] Hiremath N, Guntupalli R, 
Vodyanoy V, Chin BA, Park MK. 
Detection of methicillin-resistant 
Staphylococcus aureus using novel lytic 



Biosensors for Environmental Monitoring

16

phage-based magnetoelastic biosensors. 
Sensors and Actuators B: Chemical. 
2015;210:129-136. DOI: 10.1016/j.
snb.2014.12.083

[41] Li Y, Xie G, Qiu J, Zhou D, Gou D, 
Tao Y, et al. A new biosensor based on 
the recognition of phages and the signal 
amplification of organic-inorganic 
hybrid nanoflowers for discriminating 
and quantitating live pathogenic 
bacteria in urine. Sensors and Actuators 
B: Chemical. 2018;258:803-812. DOI: 
10.1016/j.snb.2017.11.155

[42] Neufeld T, Schwartz-Mittelmann A, 
Biran D, Ron EZ, Rishpon J. Combined 
phage typing and amperometric 
detection of released enzymatic activity 
for the specific identification and 
quantification of bacteria. Analytical 
Chemistry. 2003;75:580-585. DOI: 
10.1021/ac026083e

[43] Yemini M, Levi Y, Yagil E, 
Rishpon J. Specific electrochemical 
phage sensing for Bacillus cereus 
and Mycobacterium smegmatis. 
Bioelectrochemistry. 2007;70:180-184. 
DOI: 10.1016/j.bioelechem.2006.03.014

[44] Shabani A, Zourob M, Allain B, 
Marquette CA, Lawrence MF, 
Mandeville R. Bacteriophage-modified 
microarrays for the direct impedimetric 
detection of bacteria. Analytical 
Chemistry. 2008;80:9475-9482. DOI: 
10.1021/ac801607w

[45] Chen IH, Horikawa S, Bryant K, 
Riggs R, Chin BA, Barbaree JM. Bacterial 
assessment of phage magnetoelastic 
sensors for Salmonella enterica 
typhimurium detection in chicken meat. 
Food Control. 2017;71:273-278. DOI: 
10.1016/j.foodcont.2016.07.003

[46] Zhou Y, Ramasamy RP. Isolation and 
separation of listeria monocytogenes 
using bacteriophage P100-modified 
magnetic particles. Colloids and Surfaces. 
B, Biointerfaces. 2018;175:421-427. DOI: 
10.1016/j.colsurfb.2018.12.007

[47] Alcaine SD, Law K, Ho S, Kinchla AJ, 
Sela DA, Nugen SR. Bioengineering 
bacteriophages to enhance the 
sensitivity of phage amplification-
based paper fluidic detection of 
bacteria. Biosensors & Bioelectronics. 
2016;82:14-19. DOI: 10.1016/j.
bios.2016.03.047

[48] Vinay M, Franche N, Grégori G, 
Fantino JR, Pouillot F, Ansaldi M. Phage-
based fluorescent biosensor prototypes 
to specifically detect enteric bacteria 
such as E. coli and Salmonella 
enterica typhimurium. PLoS One. 
2015;10:e0131466. DOI: 10.1371/journal.
pone.0131466

[49] Goldman ER, Hayhurst A, 
Lingerfelt BM, Iverson BL, Georgiou G, 
Anderson GP. 2,4,6-Trinitrotoluene 
detection using recombinant antibodies. 
Journal of Environmental Monitoring. 
2003;5(3):380-383. DOI: 10.1039/
b302012f

[50] Sharp NJ, Molineux IJ, Page MA, 
Schofield DA. Rapid detection of 
viable Bacillus anthracis spores in 
environmental samples by using 
engineered reporter phages. Applied 
and Environmental Microbiology. 
2016;82:2380-2387. DOI: 10.1128/
AEM.03772-15

[51] Fu L, Li S, Zhang K, Chen IH, 
Barbaree JM, Zhang A, et al. Detection 
of Bacillus anthracis spores using phage-
immobilized magnetostrictive milli/
micro cantilevers. IEEE Sensors Journal. 
2011;11(8):1684-1691. DOI: 10.1109/
JSEN.2010.2095002

[52] Bhardwaj N, Bhardwaj SK, Mehta J, 
Mohanta GC, Deep A. Bacteriophage 
immobilized graphene electrodes 
for impedimetric sensing of bacteria 
(Staphylococcus arlettae). Analytical 
Biochemistry. 2016;505:18-25. DOI: 
10.1016/j.ab.2016.04.008

[53] Nanduri V, Sorokulova IB, 
Samoylov AM, Simonian AL, Petrenko VA, 



17

Applications of Phage-Based Biosensors in the Diagnosis of Infectious Diseases, Food Safety…
DOI: http://dx.doi.org/10.5772/intechopen.88644

Vodyanoy V. Phage as a molecular 
recognition element in biosensors 
immobilized by physical adsorption. 
Biosensors & Bioelectronics. 
2007;22(6):986-992. DOI: 10.1016/j.
bios.2006.03.025

[54] Erzinger GS, Schmoeller F, 
Pinto LH, Américo L, Hemmersbach R, 
Hauslage J, et al. Bioluminescence 
systems in environmental biosensors. 
In: Bioassays Adv. Methods Appl. 
Netherland: Elsevier; 2017. DOI: 
10.1016/B978-0-12-811861-0.00012-7

[55] Schofield DA, Wray DJ, 
Molineux IJ. Isolation and development 
of bioluminescent reporter phages for 
bacterial dysentery. European Journal 
of Clinical Microbiology & Infectious 
Diseases. 2015;34(2):395-403. DOI: 
10.1007/s10096-014-2246-0

[56] Cox CR, Jensen KR, Mondesire RR, 
Voorhees KJ. Rapid detection of Bacillus 
anthracis by γ phage amplification and 
lateral flow immunochromatography. 
Journal of Microbiological Methods. 
2015;118:51-56. DOI: 10.1016/j.
mimet.2015.08.011

[57] Laube T, Cortés P, Llagostera M, 
Alegret S, Pividori MI. Phagomagnetic 
immunoassay for the rapid detection of 
Salmonella. Applied Microbiology and 
Biotechnology. 2014;98:1795-1805. DOI: 
10.1007/s00253-013-5434-4

[58] Yan C, Zhang Y, Yang H, Yu J, 
Wei H. Combining phagomagnetic 
separation with immunoassay for 
specific, fast and sensitive detection 
of Staphylococcus aureus. Talanta. 
2017;170:291-297. DOI: 10.1016/j.
talanta.2017.04.007

[59] Zhang Y, Yan C, Yang H, Yu J, 
Wei H. Rapid and selective detection 
of E. coli O157:H7 combining 
phagomagnetic separation with 
enzymatic colorimetry. Food Chemistry. 
2017;234:332-338. DOI: 10.1016/j.
foodchem.2017.05.013

[60] Hoang HA, Dien LT. Rapid 
and simple colorimetric detection 
of Escherichia coli O157:H7 in apple 
juice using a novel recombinant 
bacteriophage-based method. 
Biocontrol Science. 2015;20:99-103. 
DOI: 10.4265/bio.20.99

[61] Goldman ER, Pazirandeh MP, 
Charles PT, Balighian ED, 
Anderson GP. Selection of phage 
displayed peptides for the detection 
of 2,4,6-trinitrotoluene in 
seawater. Analytica Chimica Acta. 
2002;457(1):13-19. DOI: 10.1016/
S0003-2670(01)01246-6

[62] Chen J, Alcaine SD, Jiang Z, 
Rotello VM, Nugen SR. Detection of 
Escherichia coli in drinking water 
using T7 bacteriophage-conjugated 
magnetic probe. Analytical Chemistry. 
2015;87:8977-8984. DOI: 10.1021/acs.
analchem.5b02175

[63] Lee HE, Lee HK, Chang H, Ahn HY, 
Erdene N, Lee HY, et al. Virus templated 
gold nanocube chain for SERS nanoprobe. 
Small. 2014;10(15):3007-3011. DOI: 
10.1002/smll.201400527

[64] Lentini G, Franco D, Fazio E, 
De Plano LM, Trusso S, Carnazza S, 
et al. Rapid detection of Pseudomonas 
aeruginosa by phage-capture 
system coupled with micro-Raman 
spectroscopy. Vibrational Spectroscopy. 
2016;86:1-7. DOI: 10.1016/j.
vibspec.2016.05.003

[65] Stambach NR, Carr SA, Cox CR, 
Voorhees KJ. Rapid detection of listeria by 
bacteriophage amplification and SERS-
lateral flow immunochromatography. 
Viruses. 2015;7(12):6631-6641. DOI: 
10.3390/v7122962

[66] Li S, Li Y, Chen H, 
Horikawa S, Shen W, Simonian A, 
et al. Direct detection of Salmonella 
typhimurium on fresh produce 
using phage-based magnetoelastic 
biosensors. Biosensors & Bioelectronics. 



Biosensors for Environmental Monitoring

18

2010;26:1313-1319. DOI: 10.1016/j.
bios.2010.07.029

[67] Shen W, Lakshmanan RS, 
Mathison LC, Petrenko VA, Chin BA. Phage 
coated magnetoelastic micro-biosensors 
for real-time detection of Bacillus 
anthracis spores. Sensors and Actuators 
B: Chemical. 2009;137:501-506. DOI: 
10.1016/j.snb.2009.01.027

[68] Mack JD, Yehualaeshet T, Park MK, 
Tameru B, Samuel T, Chin BA. Phage-
based biosensor and optimization 
of surface blocking agents to detect 
Salmonella typhimurium on Romaine 
lettuce. Journal of Food Safety. 
2017;37(2):e12299. DOI: 10.1111/
jfs.12299

[69] Chai Y, Horikawa S, Li S, Wikle HC, 
Chin BA. A surface-scanning coil 
detector for real-time, in-situ 
detection of bacteria on fresh food 
surfaces. Biosensors & Bioelectronics. 
2013;50:311-317. DOI: 10.1016/j.
bios.2013.06.056

[70] Kretzer JW, Lehmann R, 
Schmelcher M, Banz M, Kim KP, 
Korn C, et al. Use of high-affinity cell 
wall-binding domains of bacteriophage 
endolysins for immobilization and 
separation of bacterial cells. Applied 
and Environmental Microbiology. 
2007;73(6):1992-2000. DOI: 10.1128/
AEM.02402-06

[71] Neufeld T, Mittelman AS, Buchner V, 
Rishpon J. Electrochemical phagemid 
assay for the specific detection of bacteria 
using Escherichia coli TG-1 and the 
M13KO7 phagemid in a model system. 
Analytical Chemistry. 2005;77:652-657. 
DOI: 10.1021/ac0488053

[72] Lee SH, Onuki M, Satoh H, 
Mino T. Isolation, characterization of 
bacteriophages specific to Microlunatus 
phosphovorus and their application for 
rapid host detection. Letters in Applied 
Microbiology. 2006;42:259-264. DOI: 
10.1111/j.1472-765X.2006.01840.x

[73] Zhou Y, Marar A, Kner P, 
Ramasamy RP. Charge-directed 
immobilization of bacteriophage on 
nanostructured electrode for whole-cell 
electrochemical biosensors. Analytical 
Chemistry. 2017;89:5734-5741. DOI: 
10.1021/acs.analchem.6b03751

[74] Dadarwal R, Namvar A, Thomas DF, 
Hall JC, Warriner K. Organic conducting 
polymer electrode based sensors for 
detection of Salmonella infecting 
bacteriophages. Materials Science and 
Engineering: C. 2009;29(3):761-765. 
DOI: 10.1016/j.msec.2008.07.010

[75] Shabani A, Marquette CA, 
Mandeville R, Lawrence MF. Carbon 
microarrays for the direct impedimetric 
detection of Bacillus anthracis 
using gamma phages as probes. The 
Analyst. 2013;138:1434. DOI: 10.1039/
c3an36830k

[76] Tlili C, Sokullu E, Safavieh M, 
Tolba M, Ahmed MU, Zourob M. Bacteria 
screening, viability, and confirmation 
assays using bacteriophage-
impedimetric/loop-mediated isothermal 
amplification dual-response biosensors. 
Analytical Chemistry. 2013;85: 
4893-4901. DOI: 10.1021/ac302699x

[77] Tolba M, Ahmed MU, Tlili C, 
Eichenseher F, Loessner MJ, 
Zourob M. A bacteriophage endolysin-
based electrochemical impedance 
biosensor for the rapid detection 
of Listeria cells. The Analyst. 
2012;137:5749. DOI: 10.1039/c2an35988j


