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A B S T R A C T

Ongoing research in biosensor technologies has led to advanced functional materials for healthcare diagnostics, 
and bacteriophages (phages), demonstrating exceptional utility due to their high specificity, accuracy, rapid, 
label-free, and wireless detection capabilities with minimal false-positive results. Phage-based-pathogen- 
detecting biosensors (PBPDBs) include surface plasmon resonance (SPR) biosensors, magnetoelastic (ME), 
electrochemical, and quartz crystal microbalance (QCM) biosensors. Commonly used substrates for PBPDBs are 
gold, silicon, glass, carbon-based materials, magnetic particles, and quantum dots. These substrates are chemi
cally and physically modified to optimize phage orientation on sensor surfaces, enhancing bacterial capture. To 
address typical stability and issues encountered in traditional biosensor applications, phage particles and 
genetically modified phages are utilized to improve biosensor stability and increase detection efficacy while 
reducing assay time. Genetic modification in phages facilitated by CRISPR/Cas9 enables the tailoring of phages 
to target specific bacterial strains. This approach helps overcome the inherent specificity of phages and enables 
the detection of multiple pathogens in a single assay. Multiple pathogens can be detected through a single phage- 
based assay. This manuscript elucidates the fabrication methodologies and detection efficiencies of PBPDBs 
providing valuable insights into the development of practical, precise, and efficient biosensors for pathogen 
detection.
Summary: PBPDBs are emerging diagnostic tools for the detection of bacterial pathogens.

1. Introduction

Modern technological advances in material sciences, diagnostics 
analytics, and biotechnological approaches have enabled the enable the 
fabrication of efficient and precise phage-based-pathogen-detecting 
biosensors (PBPDBs) [1]. Phages are highly specific and selective to
wards their host bacterium, and they can discriminate between viable 
and dead bacteria cells. Phage-based detection bypasses the requirement 
for selective media, as phages rely on natural, selective binding to spe
cific bacterial receptors for bacterial identification [2]. Integrating tar
geted phage recognition and releasing natural molecular markers from 
cells upon lysis constitutes an efficient approach for accurately detecting 
particular bacterial strains [3].

To enhance specificity, multi-phage biosensors utilize spatial sepa
ration and functionalization. Each phage type is immobilized on desig
nated regions of the biosensor surface, which successfully minimizes 
cross-reactivity by allowing precise targeting against pathogens. Func
tional coatings further ensure selected phage-pathogen interactions. [4,
5]. Functional coatings further ensure selected phage-pathogen in
teractions. Distinct signal transduction methods, electrochemical 
impedance spectroscopy (EIS), magnetoelastic (ME), quartz crystal mi
crobalance (QCM) biosensors, and surface plasmon response (SPR) 
generate unique signal patterns for each pathogen to avoid any inter
ference [6,7]. Other recent studies by Quintela et al. and Handa et al. 
have identified that such simultaneous and accurate pathogen detection 
of pathogens E. coli and Salmonella, serves as evidence for multi-phage 
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biosensors in the complicated diagnostic arena [4,12].
Effective phage immobilization methods use various chemicals and 

cross-linking agents to bind phages efficiently to substrates such as gold, 
silicon, glass, carbon-based material, and magnetic particle [4]. How
ever, there is a set of instability problems in PBPDS concerning phage 
degradation and problems with sensor performances when environ
mental conditions become unfavorable. The diverse studies done on 
PBPDS have achieved promising potential from phage particles or pro
teins for high heat stability and, hence, help address the most prevalent 
instability issues [8]. All this stability is crucial to the improvement of 
the reliability and robustness of phage-based biosensors toward their 
wider application in diverse settings. Engineered tail spike proteins 
(TSPs) of P22 phage are thermo-stabile, protease-resistant, and have 
better affinity, specificity, and binding properties [9].

Phage orientation is also critical for pathogen capture effectiveness. 
Phages can be ideally immobilized in a ’tail-up’ [10] and ’head-down’ 
orientation perpendicular to the surface, which orients the tail spike 
proteins outward [11]. This would improve the performance of bio
sensors since the tail spike proteins may be oriented for optimum 
recognition and binding to cell surface proteins of the target pathogen 
[12]. More importantly, appropriate orientation-let’s say, especially 
’tail-up’-radically increases the interaction possibilities of phage and 
bacterial cells, hence the effective capturing of the pathogen. A variety 
of strategies can be employed to achieve the preferred ’tail-up’ orien
tation. Thus, selective anchoring of phages via their capsid heads by 
surface treatments or linker molecules leaves the tail regions free for 
direct exposure, with the head regions complex. Genetically engineered 
phages that display biotin on the head often employ the strong 
biotin-streptavidin interaction to promote homogeneous ’tail-up’ 
attachment. Its strategic location brings top efficiency in the binding of 
the phage while it can still interact directly with bacterial cells; hence, it 
contributes toward the enhancement of biosensor sensitivity in path
ogen detection.

The surface density of phages is another vital factor in the bacterial 
capturing affinity of the phages. While it remains very high at ideal 
density, approximately around 19 phages μm⁻², surpassing this level of 
density might cause steric hindrance, thus reducing capturing efficiency 
since phages may crowd one another, blocking the active binding sites 
[13]. While this is hindered by high densities, such as at 100 phages 
μm⁻², this can be counteracted by adequate phage orientation in a tail-up 
position by exposition of the binding sites, which retains high bacterial 
capturing affinity [14]. Also, genetically engineered phages displaying 
biotin on their attached through the streptavidin-biotin system show a 
surface density of 4.4 phages/m², representing a 15-fold increase in 
attachment efficiency[15]. This attachment strategy uses one of the 
largest affinities, namely the interaction of streptavidin-biotin, to 
effectively allow phages to attach steadily and soundly on the surface. 
The affinity of the streptavidin/biotin system is leveraged by genetic 
biotinylation that facilitates the attachment of phages on the surface 
[16].

Advances in genetically modified phages further enhance PBPDB 
functionality. For example, phages engineered to overexpress the alka
line phosphate (ALP) enzymes can reduce detection time, providing 
faster response and enhancing biosensor performance. The mechanism 
behind ALP overexpression accelerates detection and provides a clearer 
understanding of its impact on biosensor performance. Moreover, self- 
assembled monolayers (SAMs) are widely used as functional in
terlayers for phage immobilization covalently on sensor surfaces, 
enhancing stability, and increasing binding efficiency [17,18]. These are 
single layers of molecules that spontaneously organize a surface, altering 
its properties with high precision and stability. Various other studies 
demonstrated that the transformation of spheroid shapes became 
effective in increasing bacterial capture efficiency on sensors [19]. It has 
also been reported that the bacterial capture efficiency of phages in 
sensors increases when they transform into spheroids [20].

Phage-based detection biosensors would have very poor prospects 

for false positives since the phages infect only living, viable bacteria [3,
21]. In this respect, often phages are combined with other diagnostic 
detection methods such as quantitative PCR (qPCR) to provide further 
elimination of false positives. [22]. There is a pressing need to develop 
new diagnostic technologies using PBPDBs due to various important 
considerations regarding public health, food safety, and environmental 
monitoring. These can enable the quick detection of a pathogen in many 
cases, in a question of minutes-enabling timely intervention. This review 
aims to update information concerning technologies and strategies 
adopted in the fabrication of PBPDBs by showing their efficiency and 
precision in pathogen detection capabilities.

2. Fabrication of PBPDBs

2.1. The phages as an advanced functional material in PBPDBs

Phage-based bacterial detection is an innovative method that has 
shown promising results in pathogen detection, inspiring biosensor 
technologies to use phages as biorecognition elements in pathogen- 
detecting biosensor platforms [28]. Symmetrical phages exhibit higher 
bacterial capture efficiency than asymmetrical phages [29]. The detec
tion efficiency of PBPDBs significantly varies based on the phage types, 
phage particles, genetically modified phages, and immobilization stra
tegies. In PBPDBs, numerous phages are employed, each selected for its 
specific ability to target and infect a particular bacterial host. The choice 
of phage depends on the pathogen of interest for detection. The most 
used phages in PBPDBs are lytic and non-lytic, as chosen for specific 
applications in biosensors. The lytic T-series phages (T2, T4, T7) can lyse 
bacteria efficiently, hence useful in rapid detection [29,16,35], while 
the non-lytic M13 phages [36], such as M13KO7 [34], allow for 
continuous infection, which is important for phage display (Table 1). 
Lambda and P22 [13] integrate into the host genomes, allowing for 
longer periods of detection; however, single-stranded PhiX174 [32] and 
MS2 phages are simple, and their cycles of infectivity are very fast, thus 
ideal for high-throughput screening purposes. Pathogen-specific phages 
include B1-7064 and D29 [33], BP14 [37], and NRGP56 [42], each 
targeting very specific pathogens, while broad-host-range phages 
include Tbilisi [43] and E2 [38,39,40], robust at detecting 
antibiotic-resistant strains. The phages can thus be grouped into cate
gories according to their types. Genetically modified phages also remain 
a central focus of the fabrication of PBPDBs, which enhances biosensors’ 
specificity, sensitivity, and versatility, enabling the detection of a wide 
range of bacterial pathogens with high accuracy [44]. Genetically 
modified PBPDBs offer effective recognition and capture of their targets. 
They can be efficiently used on biosensor surfaces, i.e., phages with 
biotinylated capsids can be immobilized on streptavidin-coated surfaces 
[45]. The fusing of glutathione S transferase (GST) with RBP named 
Gp48 of Campylobacter phage NCTC 12673 showed increased bacterial 
detection on SPR biosensor reflected by a low detection limit of 102 

colony-forming units (CFU/mL) [46]. Genetic modifications of phages 
can increase the expression of alkaline phosphatase enzymes released 
while infecting the bacteria, thus increasing the detection sensitivity 
[47]. The lost activity or function of phage can be restored using genetic 
engineering [45]. The endorhamnosidase activity of tail spike protein 
has been reported to be restored using genetic engineering, showing 
good capture efficiency for Salmonella cells (103 CFU/mL) on a gold 
surface. However, the coated surface did not detect Escherichia coli, 
which was used as a control pathogen [9]. The specific reporter genes 
can be inserted into phages whose expression upon infection of a target 
cell allows the detection of its product [45].

The use of phage particles, including tail proteins, tail fibers, and 
receptor binding proteins (RBPs), in biosensors has immense diagnostic 
potential as the detection technique is truly highly selective, sensitive, 
and rapid for detecting bacterial pathogens (Fig. 1) [3]. In 1960, Watson 
pioneered using phage coat proteins for the detection of bacteria by 
employing fluorescently labeled antibodies [48]. These phage proteins 
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Table 1 
Phage-based biosensors: substrates, techniques, efficiency, and limitations.

Contents Characteristics/observations References

Substrates used in the 
fabrication of PBPDBs

Gold [1]
Silicon and glass [2]
Carbon-based materials [3]
Magnetic particles [4]
Quantum dots [5]
Nanofibers, and nanoparticles [6]
All the substrates are positively 
charged to allow the phage to bind on 
its surface through its capsid part.

[42]

Substrates with positive charges 
enhance phage attachment

[16,53]

The chemical functionalization of the 
substrates increases the phage 
depositing density

[53,14]

A single phage-based assay, 
conjugated with QDs of varying sizes 
can detect multiple pathogens 
simultaneously

[51].

Phage-based biosensors SPR biosensors, QCM, magnetoelastic 
(ME) biosensors, and electrochemical 
types such as amperometric and EIS 
biosensors, often incorporate PBPDBs

[7,8]

The lytic T-series phages (T2, T4, T7) 
can lyse bacteria efficiently, hence 
useful in rapid detection

[29,16,
35]

Phages like Lambda and P22 integrate 
into the host genomes, allowing for 
longer periods of detection and 
PhiX174.

[13,32]

Life cycle of MS2 phages are very fast, 
thus ideal for high-throughput 
screening purposes

[13,32]

Phages like B1-7064 and D29, BP14, 
and NRGP56, target specific 
pathogens, while broad-host-range 
phages include Tbilisi and E2 robust at 
detecting antibiotic-resistant strains

[33,37,
42] 
[38,39,
40]

Genetic modifications of phages can 
increase the expression of phages 
enzymes released that increase the 
detection sensitivity

[47].

The specific reporter genes can be 
inserted into phages whose expression 
upon infection of a target cell allows 
the detection of its product

[45]

The use of phage particles, including 
tail proteins, tail fibers, and RBPs in 
biosensors has immense diagnostic 
potential

[3]

Principle of phage 
attachment and 
immobilization

Phages are immobilized through their 
functional groups of amino acid side 
chains.

[9]

Tailed phages are immobilized 
through electrophoretic and 
electrostatic interaction.

[10]

Phages physisorption does not require 
any chemical modifications such as 
biotinylation or crosslinking

[11–13].

Physical adsorbed phage based sensor 
has response time as fast as within 3 
minutes was able to detect cells as low 
as 100 cells/millilitre.

[14].

Phages density is higher when 
immobilized by chemical methods

[15]

DTSP self-assembled monolayer 
mediated attached T4 phage on SPR 
surface can be regenerated with 20 
mM NaOH for repeated use

[16]

Applying surface activation 
techniques, such as cysteamine +
glutaraldehyde, DTSP, and electric 
field orientation enhance sensitivity

[11]

Table 1 (continued )

Contents Characteristics/observations References

Genetically modified phages well 
immobilize and have high detection 
efficiency

[17].

​ ​
Phage orientation on 

biosensor
​ ​
The desired phage orientation can be 
achieved by applying a positive 
voltage

[18]

The external electric field induces 
polarization, allowing the phages’ 
"head-down and tail-up"

[14,25]

With head-down and tail-up improve 
the performance of biosensors

[12]

The detection efficiency of 
PBPDSs

Phage based SPR sensors detect 
pathogens within the LOD range of 
104 to 107 CFU/mL.

[21,22].

Phage based SPR sensors can detect 
pathogen within 15 min

[16]

The multifunctionality of phage-based 
biosensors can also be extended to the 
detection of more than one pathogen 
in a single platform.

[23].

Multiplexed detection possible with 
one phage based biosensor assay

[24,5]

The LOD of phage-based ME 
biosensors is higher than Q-PCR.

[25].

The decrease in physical dimensions 
of phage-based-magnetoelastic 
sensors increases their sensitivity

[26].

Advantages of phage based 
biosensor

The sensitivity of phages toward 
target bacteria reduce the chances for 
false-positive results

[27]

Phage cocktails may employed to 
capture a wider range of target 
bacteria in the event of encountering 
phage-resistant bacteria

[28].

The phage-based sensor showed 
promising advantages such as facile 
operation, low cost, selectivity, and 
high sensitivity

[64].

​ ​
Phages are highly specific and 
selective towards their host 
bacterium, and they can discriminate 
between viable and dead bacteria 
cells.

[2].

Phage-based detection bypasses the 
requirement for selective media, as 
phages rely on natural, selective 
binding proteins.

[2].

Phage-based detection biosensors 
would have very poor prospects for 
false positives since the phages infect 
only living, viable bacteria.

[3,21]

Phages can be combined with other 
diagnostic detection methods such as 
qPCR to provide further elimination of 
false positives.

[22].

Shortcomings and 
limitations in PBPDSs and 
possible solutions

​ ​
Some phages even degrade the host 
receptors enzymatically to break the 
signal variability from the biosensor 
platform

[30]

High densities are often actually 
found to cause agglomeration of 
immobilized phages, in which the 
over-immobilization of phage leads to 
the satirical hindrance effect

[32].

The genetic instability of phages can 
undergo multiple passaging that may 
introduce, over time, mutations that 
can alter the host range, hence the 
specificity and/or long-term 
reliability of phage biosensors

[29].
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bind specifically to the surface of host bacteria, making them ideal 
sensing elements for PBPDBs [8]. The C-terminal part of the 1132 amino 
acid tail protein J confers phage lambda host specificity to its host 
bacterium, E. coli K-12, by utilizing LamB as a receptor [49]. This 
specificity of binding underlines the full potential of the phage tail 
proteins in the development of biosensors as very selective sensing el
ements. Several researchers have explored this special feature of the 
phage tail proteins for the development of various unique biosensing 
systems.

For instance, Shin et al. prepared a new SPR biosensor based on a 
fragment of phage lambda tail protein, which proved the potential of tail 
proteins in the selective detection of pathogens [50]. In this direction, a 
wild-type Det7 tail protein, namely Det7T, has been used as a sensing 
element in an SPR biosensor where a ~2130 base pair product from PCR 
amplification enhances the detection sensitivity due to specific bacterial 
recognition.

In one such example, Singh et al. bioengineered a biosensing plat
form targeting Salmonella Typhimurium by using P22 phage tail spike 
proteins, a category of proteins possessing high thermostability, resis
tance against proteases, and good affinity and specificity towards the 
target bacteria. These properties attributed to TSPs make them highly 
efficient probes for pathogen capture and detection. [9]. Unlike other 
lytic proteins, P22 TSPs do not induce a lytic cycle when bound to the 
bacterial host. Alternatively, these proteins utilize endorhamnosidase 
enzymes to selectively recognize and cleave serotypes A, B, and D1 of 
Salmonella. Interestingly, the activity of this enzyme can reduce bacte
rial capture on detectors due to the potential lowered propensity of the 
cleaved bacterial cells to stay bound. This selective enzymatic cleavage 
served as the basis for the design of the biosensor since it would support 
the differentiation of target bacteria and reduce the occurrence of false 

positives on the sensor surface.

3. The substrates used in the fabrication of PBPDBs

Numerous substrates are used to fabricate PBPDBs, which serve as 
bases for immobilizing phages and allow them to interact with target 
analytes. The performance of PBPDBs depends on the type of substrate 
regarding sensitivity, specificity, and stability [6]. Common substrates 
used in the fabrication of PBPDBs include gold [16], silicon and glass 
[12], carbon-based materials [4], magnetic particles [5], quantum dots 
[51], nanofibers, and nanoparticles [52]. All these positively charged 
materials allow the phage to bind on its surface through its capsid part. 
[42]. This is important for stable immobilization, representing the 
coulombic attraction between the members of the capsid and the sur
face. Different studies have already addressed that materials with posi
tive charges increase phage attachment by creating more electrostatic 
binding sites on the substrate surface [16,53]. The chemical function
alization of these substrates increases the phage depositing density, 
resulting in a higher capacity for bacterial detection than pristine sub
strates [53,14]. Quantum dots (QDs)-coated phages can detect patho
gens even if they are present in low concentrations, with high quantum 
yield and brightness resulting in intense fluorescence emission even 
when excited with low-intensity light [51]. A single phage-based assay, 
conjugated with QDs of varying sizes with distinct emission wave
lengths, can detect multiple pathogens simultaneously [51].

3.1. The phage-based biosensors

Commonly used biosensors, including SPR biosensors, QCM, mag
netoelastic (ME) biosensors, and electrochemical types such as 

Fig. 1. Schematic representation of typical PBPDBs showing whole phages and phages RBPs immobilized on the electrode surface, transducer, amplification of 
signals proportional to analyte detection, and output display system. Copyrights 2021, Elsevier [28].
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amperometric and EIS biosensors, often incorporate PBPDBs [6,7]. EIS is 
used to characterize the stepwise assembly of bacterial biosensors, as it 
is a non-destructive and effective method for monitoring surface fea
tures, allowing for the understanding of chemical transformations and 
interfacial properties of the modified electrode [23]. The SPR is a 
spectroscopic method that uses plasmon electromagnetic waves to 
detect pathogens quantitatively and label-free [24]. The electrochemical 
sensors use phage as transducers and attach to the sensor surface 
through electric current. In phage immobilization through electro
chemical sensors, the successful orientation of phage depends on the 
Debye length (LD) between the sample solution and the sensor’s surface 
[25]. The LD refers to the distance over which electrostatic interactions 
between charged particles, in this case, the phage and the sensor surface, 
decay. Proper orientation is essential because it may directly influence 
the ability of the phage to recognize and bind the target bacteria, which 
are so crucial for the sensitivity and specificity of the sensor. In turn, at 
non-optimized LD, phages could attach rather randomly or inadequately 
to poorly optimize the sensor for pathogenic detection. The ability to 
control the LD in the sample solution directly improves the performance 
of the biosensor by its effects on exposing the active binding sites in the 
phage and aligning them properly for target biomolecule interaction. 
Phage-based ME biosensors are cost-effective, rapid, feasible, and 
LOD-competitive [26]; they detect pathogens wirelessly, in real-time, 
and in-situ, and have excellent detection limits, low cost, and possibil
ity for field testing. Phages are immobilized on magnetoelastic resona
tors that act as a central component of ME biosensors; the changes in the 
resonant frequency are measured to detect the pathogens. A QCM 
biosensor, based on phage technology, quantifies analyte mass by using 
phages immobilized on the sensor’s surface, which is crafted from quartz 
crystal [27].

3.2. Gold substrates in PBPDBs

Gold substrates are preferably utilized in electrochemical biosensors 
due to excellent electrical conductivity and the ability to form stable 
self-assembled monolayers. Van der Waals and hydrophobic bonding 
also immobilize the phages on the gold surface through their amine and 
thiol groups [54]. Such chemical bonds have high stability [16]. Gold 
capacitor plates are reportedly used in phage deposition in an external 
electric field to form chemically bonded and organized phage layers to 
construct sensing layers [14]. These gold surfaces allow chemical 
modifications that increase the semicircle diameter in EIS measure
ments, corresponding to larger surface areas available for phage 
attachment [19]. The modification ensures the improvement of elec
trochemical properties of the surface, ensuring an increase in charge 
transfer resistance and, in turn, enabling better immobilization of the 
phages due to the increase in the binding sites or a rise in desorption 
resistance. Accordingly, EIS measurement was used and showed 
phage-immobilized gold microelectrodes to greatly outperform the 
antibody-immobilized interdigitated ones in terms of signal generation, 
thus proving that the phages are effective for reaching a stable and 
high-density immobilization. [4].

Arya et al. employ dithiobis (succinimidyl propionate) (DTSP) self- 
assembled monolayer, serving as a covalent binding agent for T4 
phage using SPR technology [17]. Bovine serum albumin was applied as 
a blocking layer to inhibit unspecific bacterial adherence. Crosslinkers 
such as glutaraldehyde are used on the gold substrate in cysteine and 
cysteamine SAMs mediated covalently attachment of T4 phages to 
detect E. coli K12 [16]. Several cleaning solutions, such as piranha so
lution, are used to clean the surface of the gold substrate and subse
quently with Ar-plasma [55].

Salmonella-specific M13 phage immobilized on gold electrode sur
face previously coated with glutaraldehyde crosslinked electrodeposited 
layer of polytyramine (Pty) detected Salmonella spp. Singh et al. fabri
cated a biosensing platform for the recognition and capture of 
S. typhimurium using the engineered tail spike proteins (TSPs) of P22 

phage, which showed 6-fold higher bacterial capture compared to intact 
P22 phages as well as wild-type TSPs (wtTSPs) [9]. The TSPs tagged 
N-terminal cysteine, and C-terminal cysteine were immobilized on 
gold-coated Si substrates using thiol-chemistry. Additionally, SPR was 
used to extend the immobilized chemistry to gold-coated SF-10 glass 
substrates for real-time analytical detection of the host bacteria.

A biosensor based on Salmonella-specific M13 phage/Pty/gold elec
trode showed reasonable specificity in detecting Salmonella spp. The 
modified electrodes were reproducible, and the flow system facilitated 
easy regeneration of the electrode surface, enabling its reuse and 
thereby lowering the cost of analysis [56]. The planar gold-coated QCM 
was used to covalently attach the M13 phages through SAM of 
N-hydroxy-succinimide thioctic ester and added the BSA as a blocking 
agent [18]. This would increase the attachment of T4-phage and bovine 
serum albumin (BSA) layers, increasing the diameter of the semicircle in 
the Nyquist plot that describes the relation between impedance and 
frequency. An increased semicircle diameter represents an increased 
resistance to electron transfer, and thus against the migration of a redox 
probe chemical elective indicator of electron transfer to the electrode 
surface. The biotin-terminated alkyl chain is used to functionalize the 
gold surfaces, enhancing the binding of streptavidin and reducing the 
unwanted adsorption of the host bacterium [15]. Such 
streptavidin-functionalized surfaces have a higher tendency to capture 
phages, particularly with biotinylated capsid heads, compared to 
wild-type phages [15]. Cysteamine hydrochloride (Cyst), 1,4-phenylene 
diisothiocyanate, activates the cysteamine-modified gold electrode. It 
increases the diameter of the semicircle because of the increase in chain 
length increase of the SAMs and the generation of neutral charge after 
the association of the amino groups of the cysteamine with the thiocy
anate group. Thus, the activated electrode has a large area for T4-phage 
molecules attachment and acts as an insulating layer due to having the 
negatively charged (pI4− 5) at the working pH 7.4 [19]. Subsequently, 
the diffusion of the redox probe toward the electrode surface is hindered 
by an insulating layer of phage, which increases the electron-transfer 
barrier and enlarges the diameter of the semicircle.

3.3. Silicon/glass in PBPDBs

The optical biosensors preferably use silica glass or other silicon- 
based compounds. Silicon oxide and metal oxide substrates are highly 
compatible with surface silanization, a gentle chemical reaction that 
facilitates the formation of strong covalent bonds between the phage and 
the substrate. Phages can be covalently immobilized through silaniza
tion of glass using the (3-aminopropyl) triethoxysilane. Consequently, 
the resulting surface retains its smoothness and chemical uniformity 
[12]. The phage-based optical biosensors, including those based on SPR, 
employ silicon and glass substrates because of their optical transparency 
[9], while microfabricated biosensors utilize silicon wafers. Silicon 
oxide and metal oxide substrates allow covalent solid bonds between 
phage and substrate, and the resultant surface maintains smoothness 
and chemical homogeneity [12]. The glass used in the phage-based 
sensing platform can be treated with 3-aminopropyltrimethoxysilane 
and P22 phages before immobilization onto the sensor through a con
ventional EDC/NHS reaction [12]. The surface reaction was enhanced 
using the bifunctional aminosilane linkers and the sulfo-NHS and this 
combination also allowed the permanent attachment of phage to the 
substrate. EDC/NHS provides a higher surface coverage and prevents 
aggregate formation. The 3-aminopropyltrimethoxysilane modified P22 
PBPDBs used for the detection of S. typhimurium showed high selectivity 
towards S. typhimurium when its selectivity was compared with E. coli 
(strain 33780) and Listeria monocytogenes [12]. It was suggested that TSP 
and bacterial membrane receptors have an affinity for the immobilized 
P22 layer and can discriminate among different bacterial types that are 
determined by O-antigenic receptors in the outer membrane of 
S. typhimurium.

The optical biosensors preferably use silica glass or other silicon- 
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based compounds. Silicon oxide and metal oxide substrates are highly 
compatible with surface silanization, a gentle chemical reaction that 
facilitates the formation of strong covalent bonds between the phage and 
the substrate. Phages can be covalently immobilized through silaniza
tion of glass using the (3-aminopropyl) triethoxysilane. Consequently, 
the resulting surface retains its smoothness and chemical uniformity 
[12]. The phage-based optical biosensors, including those based on SPR, 
employ silicon and glass substrates because of their optical transparency 
[9], while microfabricated biosensors utilize silicon wafers. Silicon 
oxide and metal oxide substrates allow covalent solid bonds between 
phage and substrate, and the resultant surface maintains smoothness 
and chemical homogeneity [12]. The glass used in the phage-based 
sensing platform can be treated with 3-aminopropyltrimethoxysilane 
and P22 phages before immobilization onto the sensor through a con
ventional EDC/NHS reaction [12]. The surface reaction was enhanced 
using the bifunctional aminosilane linkers and the sulfo-NHS and this 
combination also allowed the permanent attachment of phage to the 
substrate. EDC/NHS provides a higher surface coverage and prevents 
aggregate formation. The 3-aminopropyltrimethoxysilane modified P22 
PBPDBs used for the detection of S. typhimurium showed high selectivity 
towards S. typhimurium when its selectivity was compared with E. coli 
(strain 33780) and Listeria monocytogenes [12]. It was suggested that TSP 
and bacterial membrane receptors have an affinity for the immobilized 
P22 layer and can discriminate among different bacterial types that are 
determined by O-antigenic receptors in the outer membrane of 
S. typhimurium

Glass and silicon-based substrates, particularly silicon oxide and 
metal oxide, are highly suitable for phage-based optical biosensors due 
to their excellent compatibility with surface silanization. This compat
ibility enables strong covalent bonding between the phages and sub
strate while preserving the surface’s smoothness and chemical 
uniformity. Additionally, the optical transparency of these materials 
makes them ideal for optical biosensor applications, including SPR. The 
use of 3-aminopropyltrimethoxysilane and EDC/NHS reactions further 
enhances surface coverage and prevents aggregate formation, leading to 
a stable and selective phage immobilization. These characteristics make 
glass and silica substrates particularly advantageous for creating effec
tive and reliable biosensors with high selectivity and sensitivity, as 
demonstrated in the detection of S. typhimurium.

3.4. Carbon-based substrates in PBPDBs

The electrochemical enhancements of the sensor increase with the 
use of carbon nanotubes, provide a high surface area for phage immo
bilization, and maintain the high load of phage particles. Zhou et al. 
employed polyethyleneimine (PEI)-functionalized multiwall carbon 
nanotubes to immobilize the phages through electric field-induced (EFI) 
that allows the achievement of high phage particles on electrode surface 
[29]. This EFI method creates an oriented electric field that aligns the 
phage particles in a way such that their orientations are appropriate for 
binding. Since the binding efficiency is maximized, this increases the 
sensitivity of the biosensor. Further, this method of immobilization en
hances not only the stability of the immobilized phages but also rather 
high-density-oriented phage attachment, thus considerably enhancing 
the overall biosensor performance. Using EFI immobilization, T2 phages 
could be oriented on positively charged functionalized CNT matrices to 
enable the chemical anchoring of phage onto the nanostructured elec
trode [29]. The infectivity of E. coli cells was noticed after 25 minutes of 
incubation.

The multi-walled carbon nanotubes, gold nanoparticles, and tung
sten oxide nanostructures were employed to fabricate a nanocomposite 
as the sensor platform for phage immobilization. SAMs of 4-amino thi
ophenol (4-ATP) on the nanocomposite surface modify the sensor sur
face for effective covalent immobilization of lytic t-4 phage [2]. 
Subsequently, a glutaraldehyde (2%) chain was used to activate the 
surface and to form a well-organized monolayer for covalent 

immobilization of the page which also increases the insulating property 
of the electrode surface [56]. Additionally, nanocomposite accelerated 
electron transfer from the solution interface to the electrode surface, 
leading to a reduction in the impedimetric signals. The presence of 
nanomaterials increased sensitivity, while the immobilized active phage 
achieved high specificity when tested against various non-targeting 
bacterial strains. [2]. T4 phage L91 displays biotin, and the wild-type 
T4 phage is covalently attached to arrays of screen-printed carbon 
electrodes for the direct impedimetric detection of E. coli K12 cells. 
Screen-printed carbon electrode microarrays can be modified with 
gamma phage and can be used to detect Bacillus anthracis [61]. The 
vegetative cells of B. anthracis Sterne were detected with Electrochemical 
Impedance Spectroscopy.

Quintela et al. employed streptavidin-coated screen-printed carbon 
electrode (SPCE) to directly immobilize the phages to fabricate a 
sandwich-type amperometric biosensor for the detection of shiga toxin- 
producing E. coli (STEC) [4]. A 40 mM of hydrogen peroxide, a substrate 
for HRP, and ferrocene dicarboxylic acid as a mediator were added to 
SPCEs to shuttle electrons between the redox reaction center and the 
working electrode [62]. After the immobilized phages captured the 
STEC cells, a detection solution that contained the same type of 
HRP-tagged phages (same phages) was introduced to speed up the cat
alytic reaction and bonded with gold nanoparticles to enhance signal 
strength. The added detection element solution lets the sandwich cap
ture STEC cells and phage-host binding interactions that contain HRP, 
resulting in STEC/phage-SHRP complex formation. HRP was used to 
label the phages for luminescence-based assay, and efficient binding of 
the HRP-labeled phage to its host cells enhanced biosensor sensitivity 
[4]. The screen-printed graphene electrodes (SPEs) can be conveniently 
integrated with modern portable biosensing instrumentation and func
tionalization with COOH groups which is important for achieving a 
covalent linkage between the electrode surface and the phage head [63]. 
The surface area and electron mobility of graphene electrodes are high. 
Bhardwaj et al. immobilized phages on oxidized graphene electrodes for 
impedimetric sensing of S. arlettaei [63]. The carboxyl (eCOOH) groups 
were generated by graphene electrodes through electrochemical oxi
dization in chronoamperometry mode and then exposed to 0.1 M EDC in 
0.12 N HCl for 10 min to activate eCOOH functional groups. In bio
sensors, chronoamperometry mode is used to apply a constant voltage 
and measure current over time, enabling real-time monitoring of 
biochemical reactions on the sensor surface. Followed by incubation of 
electrodes with enriched phage solution for 60 minutes at 37 ◦C to allow 
covalent immobilization of phages. These PBPDBs showed a quantita
tive and fast response for S. arlettae. A quick response time was 2 min, 
low LOD was 2 CFU, while broad detection range was 2.0–2.0 × 106 

CFU.
Additionally, the sensor was stable over a prolonged period and did 

not show a response for E. coli and Staphylococcus aureus, indicating the 
sensor’s high specificity. The practical utility of the developed sensor 
has been demonstrated by the analysis of S. arlettae in spiked water and 
apple juice samples. Recently, the nanosheets of reduced graphene oxide 
were used to immobilize a nonlytic and highly stable M13 phage to 
fabricate a chemiresistor biosensor to detect coliform bacteria. The 
interdigitated gold electrode chips were fabricated on a p-type silicon 
substrate with SiO2 insulating oxide layer deposited on top, followed by 
deposition of Cr (5 nm) and Au (50 nm) layers deposited on the sub
strate. The hydroxyl groups were introduced by using the 30% ammo
nium hydroxide and activated by 6.0 mM EDC and 6.0 mM NHS in 100 
mM 2-(Nmorpholino) ethanesulfonic acid (MES) buffer (pH 5.5) before 
incubating with 25 mL of M13 phage solution at 4 C for 180 minutes. 
The sensor detected an E. coli strain with a LOD of 45 CFU/mL and did 
not show a response to other than the targeted bacteria. The sensor is 
simple, selective, specific, and holds promising potential for economic 
and accurate on-site detection of fecal coliforms. A phage tail spike 
proteins (TSPs) coated graphene biosensor based on the field-effect 
transistor was fabricated for real-time monitoring of E. coli. The sensor 
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showed promising advantages such as facile operation, low cost, selec
tivity, and high sensitivity [64].

3.5. Magnetic particles as substrate in PBPDBs

Magnetic substrates are an innovative element for phage immobili
zation. Functionalizing magnetic substrates with different chemicals 
increases the bacterial capture efficiency of immobilized phages or their 
particles. Wang et al. coated magnetic nanoparticles with phage long- 
tail-fiber proteins (LTF4-a) to specifically separate and concentrate the 
S. typhimurium in artificially spiked food samples such as milk, lettuce, 
and egg [52]. The clinically meaningful pathogenic bacteria such as 
Acinetobacter baumannii and Pseudomonas aeruginosa were successfully 
detected using the phage TFPs can be a good candidate for bio-probes 
[52]. Phage long-tail fiber proteins are rarely reported for their bacte
rial detection properties on magnetic nanoparticles

Wang et al. employed gold-coated strips of the ME alloy as bare ME 
sensor platforms to adsorb the filamentous E2 phage [57]. In phage 
solution, the gold-coated strips of the ME alloy were immersed and 
rotated for the uniform attachment of phages and to minimize the 
non-specific binding of Salmonella to the biosensors, different blocking 
agents such as BSA, casein, and Superblock) were used. Consequently, 
the ME biosensor technique was a reliable and effective method for 
detecting foodborne pathogens in fresh produce. S. typhimurium 
phage-based magnetoelastic beads [38] and Salmonella antibody-coated 
immunomagnetic bead biosensors [58] for detection of Salmonella. The 
capture efficiency of phage-based magnetoelastic beads was high. Sup
pose phages are to be immobilized on magnetic particles to capture and 
separate bacteria. In that case, the avidity between the phage and par
ticle must allow for pulling a relatively larger bacterium [42]. Liebana 
et al. employed P22 phage-modified magnetic particle conjugate 
(P22-MP) for the electrochemical magnetogenosensing of bacteria [5]. 
This approach identifies as few as 3 CFU/mL of Salmonella in 
Luria-Bertani (LB) media within a 4-hour. It showcases the superior 
stability, cost-effectiveness, and advantage of using phages, which are 
produced without harming animals, as biorecognition elements in bio
sensing devices. The P22-MP was fabricated using the tosyl-activated 
magnetic particles for the covalent coupling of native P22 phage 
through the reaction of aminated aminoacidic lysine moieties of the 
main capsid monomeric protein an amine linkage [59]. The Bradford 
test determined the binding efficiency of capsid protein and magnetic 
particle, which measure the viral protein amount before and after the 
immobilization steps. This method captured the bacteria through the 
host interaction with high specificity and efficiency, and a 
double-tagging polymerase chain reaction (PCR) was then performed to 
amplify the DNA of the captured bacteria. Additionally, electrochemical 
magnetogenosensing was used to detect the double-tagged amplicon.

A novel method was developed employing the genetically modified 
phages expressing affinity tags such as biotin carboxyl carrier protein 
and cellulose-binding module on their heads to enable uniform immo
bilization on streptavidin-coated magnetic beads and microcrystalline 
cellulose beads [60]. These affinity tags produce a powerful, almost 
irreversible interaction with their receptors, streptavidin. The affinity 
tags were introduced on the head of the T4 phage by the phage display 
method to fabricate effusively vigorous recombinant phages expressing 
biotinylated affinity tags that were recognized by the respective re
ceptors and did not allow the change in the host range of the T4 phage. 
[60]. It was suggested that this highly active biosorbent, due to oriented 
immobilization of phage, could open new avenues in developing bio
sensors for rapid and user-friendly bacterial detection. Choi et al. use 
ferromagnetoelastic (FME) biosensor to immobilize the lytic, tailed 
Bacillus cereus-specific phage by employing a two-step chemical linkage 
involving 11-mercapto-1-undecanoic acid (11-MUA) combined with a 
crosslinking agent, specifically N-(3-dimethyl amino
propyl)-N’-ethylcarbodiimide hydrochloride and N-hydroxysuccinimide 
(EDC/NHS). The covalent bond between the phage and the sensor 

surface is formed by the latter chemical approach, resulting in a stable 
and specific attachment of the phage. It was observed that phage density 
increases with the increase in phage concentration. 11-MUA and 
EDC/NHS were chosen because this combination significantly improved 
the density and orientation of the phages on the surface, increasing it by 
as much as 4.3 times.

4. Principle of phage attachment and immobilization strategies

Phage immobilization plays a vital role in the efficient detection of 
bacteria. Phages are immobilized on the material surface through their 
functional groups of amino acid side chains [42]. The high density of 
phage particles on the surface enhances bacterial binding domains. 
However, this increased density can also lead to potential inactivation of 
the phage film, which may affect bioactivity and requires careful opti
mization[27]. Tailed phages are immobilized through electrophoretic 
and electrostatic interaction due to their negative charge. While the 
surface of the phage head is negatively charged, the tail region has a 
slightly positive charge[65]. Tail edges are the region of functional re
ceptors of phages that help them bind to their host bacteria [4]. When 
phages are attached via their head capsid protein to the surface of 
microsensors, their tail fibers are oriented toward the medium. This 
alignment enhances the phages’ ability to capture bacteria [15]. Initial 
studies used to attach the phages to the sensor surface through physical 
adsorption; however, such techniques could not provide enough phage 
surface coverage. On the other hand, the sensor’s surface on which 
phages are attached through chemical means has high phage surface 
coverage, improving such sensors’ performance [16]. Phage-based bio
sorbents, fabricated with chemical biotinylation of phages, are more 
efficient than simple physical adsorption of phages [15].

The surface coverage of physically absorbed phage is low and des
orbed during the analytic detection [66]. Physical adsorption of phages 
relies on weak forces, such as van der Waals forces or electrostatic in
teractions, to adhere phages to the biosensor’s surface without needing 
chemical bonding or more complex attachment strategies. The physi
cally adsorbing phages on the sensor’s surface are frequently utilized to 
fabricate phage-immobilized ME biosensors [67]. Phages are also 
immobilized through random physisorption onto physical substrates, 
which is an easy, single-step, rapid method and does not require any 
chemical modifications such as biotinylation or crosslinking [68]. The 
bacterial capture by physisorbed phages can be monitored through SPR 
[55]. Mejri et al. functionalized transducers with phages through 
physisorption due to their straightforwardness [68]. Microelectrodes 
were attached to phages by incubation at 37 ◦C for 1.5 hours. Then, they 
were washed, and bovine serum albumin was used for physical blocking 
to prevent unwanted non-target components. The phage-based patho
gen-detecting platform may reduce its sensitivity due to the low surface 
charge often observed in the case of physical adsorption of phages [11].

Low surface charge minimizes the electrostatic interactions between 
the phages and the target pathogens, leading to less efficient binding and 
hence lower detection sensitivity. Without the stability of covalent or 
electrostatic attachment, physical adsorption provides a greater likeli
hood for desorption and suboptimal orientation of the immobilized 
phages, thereby reducing sensitivity again. Such considerations 
emphasize the need for alternative immobilization strategies to improve 
surface charge enhancement and increase binding efficiency to maintain 
high sensitivity in pathogenic detection.

Chemical functionalization strategies for phage immobilization on 
biosensor surfaces have replaced the physical adsorption methods to 
increase the number of deposited phages, which increases the PBPDBs’ 
efficiency. It suggested that the bond of chemically immobilized phages 
with the sensor’s surface is powerful compared to physical adsorption 
and has fewer chances of virion detachment [69]. Niyomdecha et al. use 
a glutaraldehyde crosslinked electrodeposited layer of polytyramine 
(Pty) for the immobilization of Salmonella-specific M13 phage on a gold 
electrode surface [56]. This phage-based gold electrode detected 
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Salmonella in the chicken meat sample solution by binding to the amino 
acid groups of its filament. It has been observed that compared to the 
density of glutaraldehyde-immobilized phages (8 ng mm− 2) on a gold 
surface, the surface density of the L-cysteine immobilized phages 
cysteine alone (12 ng mm− 2) is high [70]. Dithiobis (succinimidyl 
propionate) (DTSP) self-assembled monolayer mediated attached T4 
phage on SPR surface could be regenerated with 20 mM NaOH for 
repeated use, an approach not viable with physically adsorbed phages 
[17]

Before phage immobilization, the positively charged polyelectrolyte 
poly-L-lysine (PLL) can be used for pre-coating the sensor surface to form 
a favorable surface for phage deposition, as demonstrated by [27]. 
Subsequently, different phage suspensions of tailed phage specific for 
P. aeruginosa and non-tailed phage specific for S. typhimurium have 
flowed over the sensor surface to achieve surface immobilization. The 
phages deposited PLL-coated QCM with Dissipation Monitoring 
(QCM-D) sensors were employed to capture P. aeruginosa and 
S. typhimurium. Different surface densities for both phages were tested to 
determine the optimum phage surface densities. Similarly, in another 
study, QCM-D sensors were coated with phage spheroid monolayers 
using the Langmuir–Blodgett (LB) technique [20]. This technique is a 
method for depositing monolayers of material onto a substrate could 
provide valuable context. The sensor was tested in MRSA and MSSA 
containing water followed by penicillin-binding protein (PBP 2a) spe
cific antibody conjugated latex beads exposure to discriminate between 
methicillin-resistant and sensitive S. aureus strains. A nanosensor based 
on covalently immobilized phage that is cross-linked with SAMs of 
4-Aminothiophenol (4-ATP) and glutaraldehyde showed increased 
sensitivity with the limit of detection of 3.0 CFU/mL [2].

The amine coupling method can be used to immobilize Salmonella- 
specific MSal020417 phage on biosensor surfaces [41] under different 
pH to find the optimum pH level. The highest binding of Salmonella-s
pecific MSal020417 phage was observed at pH 3.0, and an approximate 
rise of 2900 in the response units (RU) was detected post-immobilization 
[41]. Liu et al. immobilized 12-amino acid peptide displaying phage 
probe M13 on an 11-MUA chip, which was ultrasonically rinsed using 
acetone, methanol, and alcohol [71]. This is followed by allowing the 
self-assembly carboxyl terminated monolayer on the gold surface via 
immersing the chip in an 11-MUA solution for 24 hours. After 
immersing, to activate the carboxyl groups and immobilize the phage, 
the chip was placed inside the BIAcore3000. This method is very 
effective as a chip was functional even after 50 times of use, thus 
implying that it can regenerate and be reused.

Rippa et al. fabricated Tbilisi-phage immobilized surface-enhanced 
Raman scattering (SERS) nanosensors using the SAM of multilayer 
octupolar metastructures that serves as a dual-functional sensing chip, 
combining SERS and SPR capabilities. It highly detects local refractive 
index changes (to levels lower than 17 femtomolar) and enhances 
Raman signals [43]. This phage-immobilized SERS showed high mo
lecular selectivity and provided label-free detection of Brucella. The 
single-cell measurements were performed for rapid identification, 
identifying bacteria in less than 60 minutes without any precultivation 
step. The SERS-SPR probe and nonlinear optical detection could form a 
multi-probing platform that provides further insights into the targeted 
species’ polarizability and chirality (handedness). This octupolar 
coupling platform can also be immobilized with different phages to 
identify their medically relevant bacterial pathogens at concentrations 
below 104 CFU/mL. Richter et al. developed a technique for creating 
chemically bonded and organized phage layers to construct sensing 
layers [14]. The phages were deposited in an external electric field, 
essentially a capacitor plate comprising the solid support’s gold surface 
and an isolated copper electrode. The screening of the applied field was 
limited to facilitate the process of orientation of the virions, which in
creases the sensitivity of this phage-based biosensor platform.

4.1. Immobilization of genetically modified phages

Genetic modification allows site-specific immobilization for capsid- 
modified phages, facilitated by the fusion of a gene encoding a protein 
affinity domain incorporated into phage genomes or expressed exoge
nously. The CRISPR/Cas9 system further greatly increases the efficiency 
with which precise, targeted changes are made in the genetic material of 
phages [42]. Compared to the other traditional methods of genetic en
gineering, CRISPR/Cas9 provides high accuracy for specific editing in 
DNA, which allows one to design phages that target certain bacterial 
strains with far greater efficiency. This system enables the construction 
of phages with enhanced targeting capabilities and hence represents top 
candidates for an application in biosensors. The genetically engineered 
phages are subsequently coated onto the free-standing ME resonator 
acting both as a biomolecular recognition component and a signal 
transducer [44]. According to the principle, detection is based on 
monitoring changes in the resonator frequency, which is proportional to 
the sensor mass changes (Fig. 2).

The genetically modified phages expressing biotin on capsid were 
attached to the sensor surface using streptavidin, resulting in attachment 
densities of 4.4 phages/m2, a 15-fold increase over simple physisorption 
[15]. Recently, Carmody et al, fused monomeric streptavidin with a 
phage capsid protein to allow site-specific self-assembly of up to several 
fusion proteins per capsid. The phages fused monomeric streptavidin 
was immobilized on biotic coated magnetic nanoparticles for detection 
of E. coli and achieved a detection limit of less than ten CFU in 100 mL of 
water [42]. Vinay et al. developed a portable phagosensor, a 
phage-based Salmonella enterica Typhimurium detecting biosensor using 
the HK620 and P22 prophages, which were genetically modified with 
gfpmut2 and kanamycin resistance genes [72]. They combined the 
fluorescence as an output signal and the flow cytometer as a rapid and 
real-time detection device to achieve high sensitivity and reduce the 
detection time. Retrospectively, such a flow cytometer was fabricated 
for detecting pathogen spores in deserts in the US and widely used for 
HIV field detection campaigns in Africa [73,74]. This portable phag
osensor detected as little as ten bacterial cells, which is one of the vital 
achievements and comparable to the levels specified in the European 
directive on microbiological contamination. However, most 
phage-based biosensors detect 102 to 104 bacterial cells per ml. Addi
tionally, this phagosensor can detect bacteria, even in diluted samples or 
mixed co-cultures.

Edgar et al. also employed genetically modified T7 phages, which 
express a small peptide on the major capsid protein, and the modified 
phages were conjugated with streptavidin-coated QDs [51]. This 
modification enables the peptide to be biotinylated by the biotin-ligase 
protein (BLP) found in the host bacterium [51]. Specific lysine residue in 
the tagged peptide was targeted for the attachment of biotin post
translationally via BLP. The affinity of the streptavidin/biotin system is 
leveraged by genetic biotinylation that facilitates the attachment of 
phages on the surface [16]. This phage-based assay significantly reduced 
the amplification time due to releasing 10–1000 phage from each 
infected bacterium. The phage head can be modified using the 
sulfosuccinimido-biotin that reacts with the amino groups of the coat 
proteins [75]; this modification led to phages immobilized with their 
tails pointing upwards, enabling effective recognition and capture of 
their targets [15].

4.2. Phage orientation on the sensor surface

The orientation of immobilized phages depends on the type of 
phages. For example, T4 phages are oriented as "head-down" and "tail- 
up," which expose the tail fiber to target the host bacterial cells. At the 
same time, there is no preferred orientation for asymmetrical phages, 
which generally exhibit low bacteria capture efficiency [29]. Addition
ally, the appropriate phage orientation is governed using an optimized 
concentration of phages with certain distances also to avoid phage 
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aggregation. An orientation toward the analyte in the solution in
fluences the efficiency and performance of phage-based biosensors. In 
phage-based biosensors, efficiency can significantly be taken aback by 
immobilized phage orientation, where wrong orientations point toward 
reduced available binding sites for bacterial capture, hence a lowered 
performance of the sensor [60,50]. It is worth noting that phage orien
tation must be appropriate because proper phage orientation enhances 
its capability to effectively capture target bacteria. For example, 
methods such as immobilization under an electric field, using chemical 
functionalization with either SAMs or PEI coatings, have been employed 
to orient the phages in such a way as to optimize their binding contact. 
These approaches and strategies of orientation improve bacterial cap
ture efficiency and raise the sensitivity and reliability of biosensor per
formance. The phages on the sensor surface are positioned as "tail-up" 
and "head-down," and this is how they are ideally immobilized [10] and 
efficiently bind to the host bacterium that must be free and oriented 
perpendicular to the surface [11]. This tail-up orientation allows the 
tailspike proteins to recognize the O-antigenic repeating units on the cell 
surface of the pathogen [12]. The estimated phage surface density with 
high bacterial capturing affinity is 19 phages μm− 2, and affinity reduces 
if this coverage exceeds [13]; however, the density of phage surface 
coverage with 100 phages μm− 2 may still have bacterial capturing af
finity if phages are positioned in a tail-up orientation [14]. It has been 
reported that a narrow range of phage surface densities has less activity. 
The T4 phage surface density increase from 19 to 28 phages μm signif
icantly reduces the detection of E. coli K12 [13]. Additionally, the sur
face density of phages can be increased using purification agents such as 
Sephacryl S-1000, which was reported to increase phages surface den
sity to 54 ± 7 phages/mm2 [13]. The density of purified P22 phage 
improved to 199 ± 2 phages/mm2, which was 25-fold higher than 
unpurified P22 phages and showed a jamming coverage of 0.13 at 40 ◦C. 
It has been observed that compared to the density of 
glutaraldehyde-immobilized phages (8 ng mm− 2) on a gold surface, the 
surface density of the L-cysteine immobilized phages cysteinealone (12 

ng mm− 2) is high [70].
The desired phage orientation can be achieved by applying a positive 

voltage, as phages have negatively charged heads and positively charged 
tail fibers [53]. To attain excellent phage coverage and improved 
orientation, Xu et al. investigated the density of deposited phage 
biosensor and its bacteria capture efficiency by studying the effects of 
electric field and chemical functionalization [53]. The sensitivity of the 
bare gold surface was increased 4-fold upon applying an external elec
tric field. It has been reported that 20-fold sensitivity increases with a 
chemically functionalized surface compared to the case without an 
electric field. The using of an appropriate electric field may result in the 
correct orientation of phages, which boosts the efficiency of bacterial 
capture and the sensitivity of the device by allowing the bacterial 
recognition proteins (BRPs) on tail fibers to work proficiently [76].

The external electric field induces polarization, allowing the phages’ 
"head-down and tail-up" orientation because of their electric dipole 
property, as demonstrated in Lorentz force in electromagnetics theory 
[14,25]. In the study by Richter et al. an alternating current (AC) electric 
field generated from pulses was used instead of a direct current (DC) 
voltage. This approach was chosen because the strength of the AC field 
could extend across the entire suspension during the intervals between 
pulses. Furthermore, it remained effective within the electric double 
layer, constrained by the LD, thereby lengthening the duration phages 
were exposed to the effective electric field [14]. It revealed that the 
Debye length between the sensor’s surface and the sample solution al
lows for practical phage orientation. The external electric field’s effect 
on phages is small when its size is higher than Debye’s length. In these 
cases, electrostatic interactions between the positively charged elec
trode surface and negatively charged heads prompt the orientation [53]. 
However, the phage orientation occurs along the electric field lines 
within the volume limited by the surface and the LD when the phage size 
is smaller than the Debye length [25]. Thus, the densities of deposited 
phages depend on the effect of LD and phage concentrations. The RBPs 
do not significantly capture bacteria by horizontally orientated phages, 

Fig. 2. This plotting shows the resonance frequency shift in the presence of target pathogens. The red peak pathogen binding, whereas the blue peak does not show 
any such binding. Schematics of the structure of the biosensor including a gold-coated magnetoelastic resonator, a phage layer, and associated magnetic field 
detection elements are also given together with the graph. This layer-by-layer assembly provides a path for the effective specific binding of the target pathogens, 
leading to a corresponding frequency shift as the indication of the presence of pathogens Copyrights 2022, MDPI [6].
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but entropy favors such orientation. The number of available receptors is 
significantly high with the increased random-oriented virions.

Richter et al. corrected the spatial arrangement of the virions to in
crease the number of available receptors, resulting in four times 
increased sensitivity compared to disordered phages [25]. The phages 
were treated as asymmetrical colloidal particles using a non-zero per
manent dipole moment, allowing the phages to be oriented on the solid 
substrate. Additionally, the correct ordering of the phages on the sensor 
surface overcomes its inactivation problem due to increased surface 
coverage [13]. Therefore, sensors’ performance can be improved by 
exploiting the orientation of phages. It has been reported that using 
glutathione SAM allows the oriented attachment of the RBP of 
Campylobacter phage NCTC onto SPR surfaces, which exhibited a 
detection limit of as102 CFU/mL [46].

5. The detection efficiency of PBPDSs

Many surface plasmon resonance (SPR)-based sensors, with lytic 
phage, T4, and M13 phages, detect pathogens such as S. aureus, E. coli, 
and Salmonella mainly within the LOD range of 104 to 107 CFU/mL [77,
30]. Similarly, T4 phage-based SPR sensors were employed to detect the 
coliform marker in E. coli known as β-galactosidase (β-gal) [36]. E. coli 
cells were detected at a concentration range of 7 × 102 to 7 × 108 CFU 
mL-1. E. coli and methicillin-resistant S. aureus (MRSA) were also 
detected by phase-sensitive SPR based on T4 and BP14 phages with a 
LOD of 103 CFU/mL for both species [37].

Karoonuthaisiri et al. use 12-mer peptides expressing filamentous 
M13 phages in an SPR-based assay to detect the foodborne bacterium 
Salmonella [41]. In optimizing this assay, immobilization and interac
tion buffers were used, including citric acid, to enhance phage binding 

and bacterial capture efficiency. Fig. 3 A schematic representation 
showing the operating principle of phage-based SPR biosensors.

Moving from SPR to another detection platform, Tbilisi-phage 
immobilized surface-enhanced Raman scattering (SERS) nanosensors 
showed high molecular selectivity and provided free label-free detection 
of Brucella. The single-cell measurements were performed for rapid 
identification, identifying bacteria in less than 60 minutes without need 
for precultivation step. This octupolar coupling platform can also be 
immobilized with different phages to identify their medically relevant 
bacterial pathogens at concentrations below 104 CFU/mL.

E. coli has also been detected by phage-based SPR biosensor within 
15 min, with an LOD of around 100 CFU/mL [17]. Applying surface 
activation techniques, such as cysteamine + glutaraldehyde, DTSP, and 
electric field orientation, up to a 10-fold sensitivity enhancement was 
obtained with the phage layer. These two methods generate significant 
synergetic effects, resulting in a 50- to 64-fold rise in the quantity of 
E. coli cells captured by the T4 phage-based sensor. Dithiobis (succini
midyl propionate) (DTSP) self-assembled monolayer mediated attached 
T4 phage on SPR surface could be regenerated with 20 mM NaOH for 
repeated use, an approach not viable with physically adsorbed phages 
[17].

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) 
has also employed phage-based detection techniques. Phage deposited 
on PLL-coated QCM-D sensors was used to capture P. aeruginosa and 
S. typhimurium. By testing various phage surface densities, studies found 
7.1 × 109 CFU/mL as an ideal tailed phage concentration and 8.6 × 109 

pfu/mL as an ideal non-tailed phage concentration for the optimization 
of bacterial capture efficiency [27]. By physical adsorption, a QCM 
sensor immobilizing S. typhimurium phage on piezoelectric transducers 
with response time as fast as within 3 minutes was able to detect cells as 

Fig. 3. The figure illustrates a phage-based SPR biosensor for bacterial detection. Incident light passes through a glass prism with a thin gold film, exciting surface 
plasmons. Immobilized phages on the gold surface bind specifically to target bacteria like E. coli, altering the mass and refractive index at the sensor surface. This 
binding event causes a detectable shift in the SPR signal, proportional to the bacterial concentration. This design leverages the specificity of phages for sensitive, 
quantitative pathogen detection in various samples Copyrights 2022, MDPI [6].
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low as 100 cells/milliliter and was effective in identifying bacteria at 
concentrations from 10 to 10 million cells/milliliter [78].

The multifunctionality of phage-based biosensors can also be 
extended to the detection of more than one pathogen in a single plat
form. For instance, Huang et al. developed the use of magnetoelastic - 
ME - biosensor coated with distinctive phages for S. typhimurium and 
B. anthracis [79]. Each corresponding host bacterium is detected because 
the capture of bacteria leads to a reduction in resonance frequency due 
to an increase in sensor mass. For instance, the use of phages with 
conjugation to QDs of different emission wavelengths has made multi
plexed detection possible during one assay [56,51].

New designs also form part of the advances in phage-based SPR 
biosensors. An SPR biosensor using a tail protein fragment of phage 
lambda was used for the label-free, rapid detection of E. coli by Shin et al. 
Using the C-terminal tail protein J fragment that binds E. coli K-12 via its 
LamB receptor, this biosensor had a range of detection from 2 × 104 to 2 
× 109 CFU/mL, with its lower detection limit of 2 × 104 CFU/mL [50]. 
Hyeon et al. developed the SPR biosensors one step further by preparing 
the wild-type Det7 tail protein as a sensing element to detect E. coli K12 
cells. Upon lysis of E. coli cells, β-D-galactosidase is released and allowed 
to interact with its substrate, named p-amino
phenyl-β-D-galactopyranoside (βPAPG), to produce a measurable signal 
in the form of p-aminophenol (PAP) [31], Further, phage-immobilized 
interdigitated gold microelectrodes were used for the detection of E. 
The quantification range has been 104–107 7 CFU/mL for E. coli, with 
little or no interference from non-target bacteria such as Lactobacillus, 
proving the specificity of this method [49].

5.1. Real-time detection of pathogens through PBPDBs

The PBPDBs also detected pathogens in real-time in different sam
ples, including milk, fruits, water, and meat. Park et al. compared the 
efficiency of the phage-based ME biosensor method with Q-PCR in 
detecting S. typhimurium directly grown on tomato surfaces. The LOD of 
phage-based ME biosensors was 0.944 and 3 log CFU, while 0.977 and 2 
log CFU for Q-PCR [80], showing the LOD of the ME biosensor method 
one order more than that of Q-PCR. Advancing research on phage-based 
ME biosensors, the same team conducted on-site and field tests of the 
biosensor’s ability to identify S. typhimurium cultured on spinach leaves 
[26]. The LOD for the phage-based ME biosensor was 2.17 for the 
adaxial and 1.94 log CFU/spinach for the abaxial surface, higher than 
qPCR (1.37 log CFU/spinach). Some other studies reported these 
phage-based biosensors also include E2 and M13 phages, which can 
detect Salmonella on various food surfaces with respectable LODs as low 
as 200 CFU/mL [39]. Whereas phage C4-22 probes-based ME sensor 
platform coupled with the frequency scanning devices detected low 
Salmonella concentration of 7.86 × 103 CFU/mm2 on raw chicken breast 
filets [81]. The phage-adsorbed ME biosensor platforms detected an 
initial increase of 100 CFU/25 g S. typhimurium on spinach leaves with a 
confidence level exceeding 95% (p < 0.05).

The JRB7 phage-coated magnetoelastic wireless and label-free 
sensor was evaluated for the real-time detection of B. anthracis spores 
in vitro with straightforward application in flowing liquids without 
requiring intricate circuit configurations [82]. Using a 1 mm sensor at a 
flow rate of 40 μL/min, real-time monitoring of B. anthracis spores 
suspended in water (at a concentration of × 108 spores/ml) revealed a 
continuous decrease in the sensor’s resonance frequency until the point 
of binding saturation was reached. In water suspension tests for 
B. anthracis spores using a 1 mm sensor, the detection threshold was 
identified to be approximately 103 spores/ml, with a linear response 
observed across spore concentrations ranging from 5 × 103 to 5 × 107 

spores/ml. The sensor was characterized for first-order resonance fre
quency, and it was found that its frequency versus mass sensitivity was 
in mL and μm, and with the decrease of sensor length, it increases. 
Additionally, the high-frequency sensitivity in response to mass changes 
enables the sensor to detect slight variations in mass when it captures 

the target pathogens [82]. The decrease in physical dimensions of 
phage-based-magnetoelastic sensors increases their sensitivity, and the 
order of magnitude and sensitivity enhance the LOD of the pathogen 
[38].

Decreasing the particles’ size can further enhance phage-based- 
magnetoelastic sensors’ sensitivity, allowing for the detection of 
smaller quantities of spores, as a smaller sensor size leads to an increase 
in resonance frequency [83]. Choi et al. use ferromagnetoelastic (FME) 
biosensor to immobilize the lytic, tailed B. cereus-specific phage to 
detect B. cereus on the food surface [10]. Biolayer interferometry-based 
LysGH15 detected S. aureus directly in food samples through phage lysin 
(LysGH15) and long tail fibers (ice cube and light soy sauce) with a LOD 
of 13CFU/mL with a binding time of 12min. Interestingly, LysGH15 
retained recognizing and binding ability even after C54A mutation [84].

E. coli was also detected in water samples through amperometric 
measurements using the phiX174 phage as a detection probe [32]. The 
phages such as B1-7064 and D29 effectively detected the cells of 
B. cereus and M. smegmatis, respectively, through combined activity of 
phage typing and cell marker enzyme activity such as alpha-glucosidase 
and beta-glucosidase [33]. The T4 phage immobilized on an optical fiber
surface through ultra-sensitive long-period fiber gratings (LPFGs) 
detected E. coli as low as 103 CFU/mL with an experimental accuracy 
greater than 99% [85]. The external refractive index alters the reso
nance wavelength (λR), which LPFGs can sense. With telecommunica
tion wavelengths (~1.56 um), the LPFGs sensing platform can achieve 
more accurate E. coli detection and improve LOD to 103 CFU/mL [31].

A T4 phage-based micro electrochemical sensor (T4B-MES) achieves 
a meager limit of detection of 14±5 CFU/mL of viable E. coli B cells. It 
potentially could be used for antibiotic susceptibility testing, water 
quality monitoring, and the food industry if integrated with micro
fluidics [53]. SPCE-immobilize phages-based sandwich-type ampero
metric biosensor detected several strains of the STEC, such as STEC O26, 
O157, and O179, in fresh ground beef and pasteurized apple juice with a 
LOD of 10–102 CFU/g or mL[4]. The nanosensors based on covalently 
immobilized phage that is cross-linked with SAMs of 4-Aminothiophenol 
(4-ATP) and glutaraldehyde showed increased sensitivity with the limit 
of detection of 3.0 CFU/mL [2]. The nanosensors were highly specific 
and accurately identified the targeted foodborne pathogen in food 
samples but did not show detection of the various non-targeting bacte
rial strains. It achieved an impressive recovery rate between 90.0% and 
108% [2]. Therefore, the newly developed phage-based sensor is rec
ommended as a disposable label-free impedimetric biosensor for quick 
real-time food quality and quantity monitoring.

Similarly, in another study, QCM-D sensors were coated with phage 
spheroid monolayers using the Langmuir–Blodgett (LB) technique [20]. 
The sensor was tested for MRSA and MSSA-containing water. Both 
strains were inhibited with immobilized phages. The lytic activity and 
bacterial capture efficiency of phages increased after transforming into 
spheroids. This work introduces a concept for creating a rapid biosensor 
technology to detect and distinguish between MRSA and MSSA strains 
through simultaneous measurements using lysergic phage and PBP2a 
antibodies. A biosensor based on Salmonella-specific M13 phag
e/Pty/gold electrode showed reasonable specificity in detecting Salmo
nella spp. 1.0 × 107 CFU/mL in chicken meat samples with a wide linear 
range, a low detection limit, and a relatively short detection time. 
Compared to non-target bacteria, there was an eight times higher 
capacitance change for Salmonella. Additionally, compared to the LOD 
of other Salmonella spp-specific biosensors using E2 phage [38–40], the 
current Salmonella-specific M13 phage/Pty/gold electrode exhibited 
high LOD. Even the LOD of this Salmonella-specific M13 phage/Pty/gold 
electrode was higher than the biosensor based on the same M13 phage 
[41]. S. typhimurium phage-based magnetoelastic beads detected Sal
monella enteritidis at 5 × 103 CFU/mL in 25 g of food sample [38]. Fig. 4
shows the detection of bacteria by phage-based biosensors

I.U. Haq et al.                                                                                                                                                                                                                                   Biotechnology Reports 45 (2025) e00872 

11 

https://www.sciencedirect.com/topics/engineering/optical-fiber


5.2. Bacterial detection through genetically modified phages-based 
biosensor

Genetically modified phages enhance detection by increasing 
enzyme expression, improving fluorescence imaging, and overall 
detection sensitivity. released when infecting bacteria. The expression of 
such phage enzymes can be increased by genetic modifications, ac
cording to the study of Wisuthiphaet et al. [47]. They showed that 
engineered phages released many phages, enabling fluorescence imag
ing and resulting in high detection sensitivity, allowing for identifying as 
few as 100 bacteria per gram within a 6-hour timeframe [65]. Neufeld 
et al. fabricated a phagemid system combining the nonlytic phage 
M13KO7 and a commercial plasmid, pFLAG-ATS-BAP, having gene code 
for alkaline phosphatize enzyme, for the detection of E. coli TG1 cells via 
the activity of alkaline phosphatase [34]. In the phagemid system, the 
enzymes are overproduced due to the phages’ nonlytic behavior, which 
increases the assay’s sensitivity as 1 CFU/mL bacterial cell could be 
detected within 180 minutes.

Similarly, the alkaline phosphatases are also overexpressed by 
genetically engineered T7 phage, which codes for pho responsible for 
overexpression of alkaline phosphatase. These enzymes catalyzed The 
electrochemical reactions, which quantify the pathogenic E. coli with a 
LOD of 1 CFU/mL post-enrichment on spinach leaves [35]. The phage 
head can be modified using the sulfosuccinimido-biotin that reacts with 
the amino groups of the coat proteins [75], which makes the recognition 
and capture of the target bacteria [15]. Edgar et al. employed genetically 
modified T7 phages, which express a small peptide on the major capsid 
protein, and the modified phages were conjugated with 
streptavidin-coated QDs [51]. The QDs can easily detect the releasing 
phages [51]. Quantum dots have high quantum yield and brightness. 
They can emit intense fluorescence even when excited with 
low-intensity light, thus enhancing the sensitivity of phage-based bio
sensors and can detect low concentrations of pathogens. 
Streptavidin-functionalized surfaces have a significantly higher ten
dency to capture phage, particularly with biotinylated capsid heads, 
compared to wild-type phages [15].

6. The probabilities of false-positive results in PBPDBs

The phage-based method of detection relies on the sensitivity of 
phages toward target bacteria with very high specificity, thereby 
reducing drastically the potential for false-positive results, considering 
the nature of phage infection and attachment to target bacteria [21]. 
This is because phages recognize and attach to specific receptors on the 
surface of their target bacteria, usually absent in other organisms besides 
the hosts. This selectivity in binding entails that only the choice of target 
bacteria produces a detectable result, hence increasing the diagnostic 
value in terms of accuracy and reliability. The use of phages in combi
nation with other diagnostic methods, such as qPCR, has been employed 
as a means of further minimizing the possibility of false-positive results. 
Each technique, when combined, then exploits those advantages that it 
has: in this case, phages have a high degree of specificity attributed to 
the interaction with bacterial unique receptors; qPCRs confirm the 
target DNA sequence, hence increasing the confidence level for this 
method. The application of both approaches will not only confirm 
phage-based detections but also will point to those bacterial stains 
resistant to phages, which is one more step toward better diagnostic 
accuracy and reliability [22].

Moreover, phage cocktails, cocktail mixtures of different phages, 
may also be employed to capture a wider range of target bacteria in the 
event of encountering phage-resistant bacteria [87]. However, while the 
cocktails enhance capture by increasing the possibility of capturing 
phage-resistant strains, they may broaden the host range, thereby 
reducing specificity both to an individual species and to an increase in 
the risk of false-positive results. However, it will always have one 
trade-off, which is that the added phages may bind to the receptors of 
non-target bacteria as well, hence decreasing overall selectivity. This 
trade-off may be lessened if the selection and optimization of the phages 
within the cocktail are expertly done, focusing on those that have very 
little cross-reactivity. Besides that, resistance to phages can develop in 
bacteria rather seldomly because, regularly, there is no consistent se
lective pressure of phages on bacteria. Most phages would denature 
without bacterial hosts; thus, they could not survive for a long period 
without target bacteria hosted in an environment [87]. Unlike other 
detection methods, PBPD [3]. This feature is a serious advantage when 
compared to other diagnostic methods like PCR and immunoassays, 

Fig. 4. Schematic illustration of the detection of bacteria through phage-based biosensors. Bacteria exposed to immobilized phage lyses release cell contents that can 
be detected. Phages can also deliver foreign genes into bacteria, marking the host with a fluorescent, colorimetric, or optical label. Additionally, phages can be 
employed to construct sensing layers in biosensors. When attached to micro- or nanoparticles, bacteriophages act as capturing agents in various tests. Copyrights 
Elsevier 2018 [86].
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which can detect DNA or antigens, respectively, from dead bacteria and 
give positive results even though they may be dead. Such phage-based 
biosensors will only identify the viable bacteria; hence, it reflects their 
real presence in their active state, thereby underlining one of their most 
important benefits in medical diagnosis. FASTPlaqueTB commercial kits 
have been reported to generate false-positive results in the detection of 
Mycobacterium tuberculosis. This might be a partial virucidal inactivation 
of introduced phages while the residual ones give a positive signal. 
Besides that, respiratory samples are very complex and can contain 
non-tuberculous mycobacteria that may interfere with this assay and 
cross-react. Such improvements may include sample preparation pro
tocol optimization, and enhancement of the virucidal step to ensure that 
complete phage neutralization has taken place to reduce false positives. 
Further improvement in assay accuracy may be achieved by increasing 
the specificity of the phages used in the kits for more exclusive targeting 
of Mycobacterium tuberculosis [87]. Denis et al. suggested that false 
positive readings may generated due to inhibition due to containing 
toxic compounds in the absence of phages [88]. Such toxic compounds 
may interfere with the accuracy of the assay due to their apparent 
inhibitory response, which could be misinterpreted as positive results. 
Additionally, the presence of diverse phage populations with varying 
rates of infection within the samples could hinder precise calibration 
and limit the assay’s use for qualitative analysis. In practical terms, this 
diversity in infection rates may cause fluctuations in signal output, 
which affects the assay’s accuracy in detecting specific target organisms 
or quantifying bacterial load. For example, in a biosensor setup, if some 
phages are faster or more efficient at binding and lysing bacteria, the 
signal may peak prematurely or vary unexpectedly, making it difficult to 
correlate signal strength with bacterial concentration. This issue is 
particularly problematic in assays that rely on precise, quantitative 
measurements rather than just detecting the presence or absence of a 
target. To overcome these challenges, standardization protocols and 
calibration techniques are essential. For instance, using a 
well-characterized phage population with known infection kinetics 
could improve consistency. Additionally, implementing calibration 
curves specific to each phage variant or developing mathematical 
models that account for phage variability could help refine the assay’s 
quantitative capabilities. These measures would enhance assay reli
ability, making it more robust for both qualitative and quantitative 
applications.

7. Shortcomings and limitations in PBPDSs and possible 
solutions

The genetic instability of phages can undergo multiple passaging that 
may introduce, over time, mutations that can alter the host range, hence 
the specificity and/or long-term reliability of phage biosensors. Modi
fications that could cause loss of diagnostic precision, wherein phage 
stability and specificity may be ensured through control storage condi
tions or genetic modification [87]. The large size of phage particles, 
along with their sensitivity to drying, is one of the main obstacles in the 
fabrication of nanoscale phage-based biosensors. It can reduce binding 
efficiency in sensor surfaces. Thus, these problems related to size and 
stability may interfere with signal transduction and hence may suggest 
alternative strategies, such as using phage proteins, that are further 
aimed at improving sensor performance at the nanoscale [3].

In pathogen-detecting biosensors, the large size of whole phages 
often compromises the measurement signal in its path by disturbing 
signal transduction. Specific phage components, such as tail fibers or 
receptor-binding proteins, represent a more stable and compact alter
native that may be better suited to yield higher performance in bio
sensors. These components can give rise to improved binding efficiency 
but may also involve some trade-offs regarding specificity or binding 
strength [89]. This may be augmented by the loss of binding capability 
of the tail fibers during drying. Bacterial lysis in intact phage-based 
systems will release materials that can interfere with signal stability. 

These may be overcome with strategies including the use of stabilizing 
agents or the use of alternative phage-derived proteins, thus ensuring 
sensor performance will be reliable over time [9]. Some phages even 
degrade the receptors on the surface of the host bacteria enzymatically 
to break the signal variability from the biosensor platform [90]. Another 
alternative is the use of phage tail proteins that, as indeed noted by [8], 
usually enhance stability due to their heat-resistant nature. Most of the 
separation applications require the use of streptavidin-functionalized 
particles because of the very tight binding of the biotinylated recogni
tion element/phage via the streptavidin-biotin interaction (Kd ≈ 10–15 

nM)[8]. The scalability of functionalization and cost become huge 
concerns with the purified proteins, as well as the functionalizing of 
large surface areas on magnetic nanoparticles that can span several 
square meters.

QDs coupled to streptavidin-coated phages have been used in 
biosensor applications in bacterial detection with some success [51]. 
The problem remains concerning the nanotoxicity of QDs, as they can 
result in environmental harm and even cytotoxic effects in cases of 
accumulation [91]. Therefore, research focuses on safer alternatives 
nowadays, like silicon-based nanomaterials, at the expense of reduced 
risks rather than fluorescent properties.

High densities are often actually found to cause agglomeration of 
immobilized phages, in which the over-immobilization of phage leads to 
the satirical hindrance effect, thus occluding active binding sites and 
reducing bacterial capture efficiency. Such effects could be better opti
mized using controlled deposition techniques or spacer molecules on 
sensor surfaces [9,17]. Although piranha solution is effective for surface 
cleaning, it is dangerous to health due to its corrosive nature. Other safe 
methods such as UV-ozone cleaning shall reduce hazards yet effectively 
prepare sensor surfaces.

Till now, impedance and conductivity measurements are considered 
troublesome in biosensing due to the optimization of culture media 
required besides contaminations. Some of these challenges can be 
overcome by indirect impedimetric approaches consisting of adding 
potassium hydroxide, which removes the CO2 produced by bacterial 
growth; this simplifies measurement with improved accuracy [92]. With 
this kind of approach, the high-specificity detection of L. monocytogenes, 
S aureus, Salmonella enterica, Campylobacter spp., E. coli, and Enterococcus 
faecalis has been performed within four hours [92]. The LOD with Sal
monella M13 phage biosensor was at a low of 200 CFU/mL and could be 
decreased by using enrichment media like peptone, therefore increasing 
sensitivity up to 1.9–3.9-fold. This further decreases the limit of detec
tion if the incubation time can be more than 24 hours [56]. Immobili
zation also is susceptible to pH variations. Normally, citric acid-Na₂HPO₄ 
buffers can be used in a normal pH range of 3.0–7.4 for modifying pH to 
achieve better electrostatic interaction and for phage stability [56,41,
60].

8. Conclusion and future remarks

There is a high level of variety in the development of phage-based 
biosensors for rapid, sensitive, and specific methods of detection. 
Phage-based biosensors could introduce new frontiers in diagnostic 
technologies. The unique characteristics of phages include their attack 
on only live bacteria, the possibility of tailoring them by genetic modi
fication, and the combination with the leading sensor platforms in ways 
that emphasize the key role in the development of diagnostics.

With infectious diseases on the rise, there has never been a time 
when timely diagnosis was so important for competent infection man
agement. Phage-based biosensors meet these challenges with rapid 
detection and point-of-care analysis, particularly needed in low-resource 
situations. The combination of phage specificity with recent improve
ments in sensor technology makes the route to diagnostic tool realiza
tion promising for meeting urgent needs for rapid and reliable detection.

Therefore, such high specificity of phages means that their applica
tion in biosensors will be associated with a decrease in false positives 
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and an increase in diagnostic accuracy. Further support for the effective 
immobilization of phages is given by innovations in the materials used 
for sensors, such as gold, magnetic-based, and carbon-based substrates. 
Each of these substrates has different advantages in terms of sensitivity, 
scalability, and integration, which will realize the full potential of 
phage-based sensors.

Given these strengths, phage stability and sensitivity to drying have 
been the challenges. With modification techniques’ advent such as ge
netic and chemical, besides material sciences that progress, these 
weaknesses started to be overcome. It would be possible to continue 
future research beyond the already achieved phage stability under 
fluctuating environmental conditions and new materials to optimize 
phage immobilization for consistent performance.

The promising availability of complex analytes denotes the ability of 
multiplexed biosensors, which have the potential to detect multiple 
pathogens simultaneously through immobilization with different 
phages. The systems are designed based on several technical consider
ations, such as reducing cross-reactivity and signal interference. How
ever, they hold great promise for clinical diagnostics, enabling 
comprehensive detection in a single assay.

Finally, the broad challenges to the development and wide diffusion 
of phage-based biosensors remain. These extend into critically needed 
regulatory approvals, phage stability under varying conditions, and 
integration into user-friendly, cost-effective platforms. Indeed, simpli
fication of regulatory pathways, reduction of production costs, and 
improvement of commercialization strategies will be crucial in 
advancing phage-based biosensors from bench to real applications in 
health and beyond.
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