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Abstract
Viruses are changing the biosensing and biomedicine landscape due to their multivalency, orthogonal reactivities, and 
responsiveness to genetic modifications. As the most extensively studied phage model for constructing a phage display 
library, M13 phage has received much research attention as building blocks or viral scaffolds for various applications includ-
ing isolation/separation, sensing/probing, and in vivo imaging. Through genetic engineering and chemical modification, 
M13 phages can be functionalized into a multifunctional analysis platform with various functional regions conducting their 
functionality without mutual disturbance. Its unique filamentous morphology and flexibility also promoted the analytical 
performance in terms of target affinity and signal amplification. In this review, we mainly focused on the application of M13 
phage in the analytical field and the benefit it brings. We also introduced several genetic engineering and chemical modifi-
cation approaches for endowing M13 with various functionalities, and summarized some representative applications using 
M13 phages to construct isolation sorbents, biosensors, cell imaging probes, and immunoassays. Finally, current issues and 
challenges remaining in this field were discussed and future perspectives were also proposed.
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Introduction

In 1985, Professor George Smith first invented phage display 
technique [1]. By inserting foreign DNA into the genome 
of phages, endogenous fusion proteins can be displayed on 
the outer surface of phages. A phage display library can be 
generated by incorporating a mixture of such phages, each 
displaying different proteins. Ever since its invention, phage 
display technique has enabled various in vitro evolution for 
the selection of protein/peptide with desired properties. 

This powerful technique won Nobel Prize in 2018, bringing 
more knowledge about M13 phage to the public [2]. Now, 
we know that, as the most frequently used phages for con-
structing phage display library, M13 phage acts more than 
just basic elements for library construction; it has become 
a versatile building block for various applications includ-
ing sensing, imaging, therapeutics, and energy harvesting. 
As a type of bacteriophage, M13 phage specifically infects 
bacteria; thus, it is safe for humans, which brings benefit 
for applying M13 phages in the field of in vivo imaging 
and therapeutics. In this review, we mainly focused on the 
application of M13 phages in the field of analytical chemis-
try. The chemical/genetical manipulations of other virions 
and their applications in nanoscience, medicine, or material 
engineering are out of the scope of this review. The readers 
can find related content in some excellent reviews [3–5]. We 
emphasized the advantages of M13 phage either in its unique 
structure or its functionalization versatility in improving the 
analytical performance of the phage-based method. We also 
addressed the limitations of the currently developed method 
and proposed possible trends in this field.
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Generalities of M13 phage

Structure of M13 phage

M13 phage is a type of non-lytic filamentous bacteriophage, 
with a diameter of ~ 6 nm and a length of ~ 880 nm (Fig. 1A). 
Its well-defined genome was packaged in five capsid proteins 
(pIII, pVI, pVII, pVIII, pIX) and determines the length of 
M13 phage [6]. Among the five capsid proteins, minor cap-
sid proteins pIII and pVI are capped on one end, while pVII 
and pIX are on the other. Each minor capsid protein has 3–5 
copies. Major capsid protein pVIII consists of about 2700 
copies, which accounts for 98% of the whole mass of M13 
phage and contains 50 amino acids (AA). Each pVIII is com-
posed of three domains: positively charged domain (40–50 
AA) that interacts electrostatically with phage genomic 
DNA, intermediate hydrophobic domain (21–39 AA), and 
the N-terminal domain (1–20 AA). A total of 2700 copies 
of pVIII protein are helically wrapped around phage DNA 
through electrostatic interaction between phage genomic 
DNA and the positively charged domain of pVIII protein, 
leaving the M13 surface with negative charge.

Minor capsid protein pIII is responsible for the recog-
nition and infection of host cells. Although pIII has only 
3 ~ 5 copies, it is one of the most widely used sites for the 
display of polypeptides as its unconstrained protein structure 
allowed insertion of exogenous polypeptides of more than 
100 AA [7]. Besides capsid proteins, there are several func-
tional proteins responsible for the replication and assembly 
of M13 phages. As their functions are out of the scope of 
this review, readers might find more details in some excel-
lent book chapters [8–13]

Genetic engineering of M13 phage

One unique advantage of phages over other artificial bioma-
terials is its ability to display protein/peptide on the desired 
coat proteins through genetic modification. There are mainly 
two ways to genetically modify M13 phages, surface display 
via phage vector or through phagemid.

Phage vector‑based display system

Unlike genome DNA of M13 phage, the phage vector is a 
closed double-stranded circular DNA molecule (Fig. 1C). 
After molecular biological transformation in vitro, phage 
vectors can be easily purified and transformed into host cells 
according to general protocols. A phage vector successfully 
transformed into a host cell replicates to produce a complete 
phage particle, which contains only single-stranded DNA 
( +). Phage vectors overcome the difficulty that ssDNA is not 
suitable as a substrate for most commercial restriction endo-
nucleases or DNA ligases, and enables the DNA of M13 
phage to be constructed and recombined by conventional 
molecular biology methods (site-directed mutagenesis, 
exogenous recombination, Sanger sequencing, etc.). Diverse 
phage vectors were developed, aiming to insert peptide on 
pVIII or pIII, in the manner of either mono-display or mul-
tiple-display. One of the most frequently used commercially 
available phage vectors, M13KE, derived from the M13mp 
vector series [14], was originally designed for displaying 
peptides on pIII and can also be facilely recombined for 
inserting peptides in other desired sites. The insertion of 
gene fragments into M13KE vector for displaying short 

Fig. 1   A Illustration of the structure of M13 phage and the amino 
acid sequence of pVIII protein. B  Schematic showing the infection 
and production process of natural M13 phage. C  Illustration of the 

mechanism of phage vector-based display system. D  Illustration of 
the mechanism of phagemid-based display system
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peptides on pVIII was described in detail as a general pro-
tocol by Seung-Wuk Lee’s group [15].

Angela M. Belcher’s group has been engaged in engi-
neered M13 phage for nanomaterials with elevated perfor-
mance used for energy, the environment, and medicine for 
several decades. Capsid protein pVIII has been engineered 
to alter charge, add binding sites for metals or nanomaterials, 
or enable protein–protein interactions to direct their self-
assembly into defined structures. For example, they recom-
bined M13 vector to display tetraglutamic acid (EEEE-) at 
the N-terminus of the pVIII protein [16]. The resultant phage 
particles had more negative surface charge, thus interacting 
more efficiently with positively charged moieties, such as 
positively charged iron oxide nanoparticles. On this basis, 
the gene-encoded SPARC-binding peptide was inserted into 
the coding region of pIII protein of pVIII-EEEE M13 for 
in vivo targeting of prostate cancer [17].

Phagemid vector‑based display system

While using phage vectors to display exogenous peptides 
offers once-and-for-all advantages, the method suffers from 
several fetal drawbacks. First, cloning exogenous DNA into 
the M13 phage vector carries the risk of deletion mutations, 
and the longer the length of the exogenous DNA fragment, 
the higher the instability of this recombinant phage vector. 
Second, engineered phages that inserted with large exog-
enous gene fragments grow much slower than those inserted 
with smaller ones or wild-type phages, which is hard to 
survive under the pressure of natural selection, thus diffi-
cult to be propagated in large scale with high purity. These 
drawbacks can be partially solved by phagemid vector-based 
display system.

Phagemid is a hybrid vector that carries both the M13 
and plasmid origin of replication, and the recombinant coat 
protein gene. Phagemids can be conveniently propagated 
as plasmids. Because the phagemid lacks the phage protein 
genes required to produce a complete phage, cells bearing a 
phagemid must be infected by a helper phage that encodes 
proteins required to replicate and package phagemid DNA 
into an M13 phage particle (Fig. 1B, D). Of even greater 
interest is that phagemids can incorporate more complex 
sequences of DNA (as long as 10 kb) or larger fragments of 
protein than traditional phage vectors [18, 19]. This advan-
tage not only facilitates the convenient fabrication of phage 
display libraries, especially phage display antibody libraries 
[20], but also promoted large-scale production of ssDNA 
[18], for instance, DNA origami. In addition, by altering 
the size of the phagemid, the length of M13 nanofibers can 
be finely tuned from 50 to 1300 nm, which was used for 
constructing stiffness-tunable nanofoams and ultra-small 
M13 for in vivo targeted glioblastoma imaging and therapy 
[21, 22].

Although phagemid display system achieved success in 
constructing phage display libraries, it may not be the perfect 
choice for fabricating M13-based functional materials due 
to the low yield of recombinant M13. During phage particle 
packaging, wild-type pVIII protein from helper phage would 
compete with pVIII-fusion protein. This leads to ~ 90% of 
the resultant phage particles to be “bald phages” without 
fusion protein [23]. Several modified helper phages were 
developed to solve this issue. One of the most successful 
examples is a helper phage named hyperphage®. As the pIII 
gene of the hyperphage® genome is incomplete, only when 
the plasmid coexist can a complete phage particle be pro-
duced [6]. In this way, the fusion protein can be displayed 
in all five copies of pVIII with high yield. By using the 
hyperphage® for recombinant M13 rescue, M13 bearing 
EGFR-targeting peptide (epidermal growth factor receptor 
targeting peptide) on pIII was fabricated, which were further 
decorated with photosensitizing molecules for anticancer 
photodynamic therapy [24].

Chemical functionalization of M13 phage

From a chemist’s point of view, various types of amino acids 
contained in the proteinaceous surface of M13 phage provide 
various reactive sites for bio-orthogonal chemical reactions 
[25]. Typically, several amino acids are employed as target 
residues such as N-terminal alanine, lysine, aspartic/glu-
tamic acid, cysteine, N-terminal serine/threonine, and tyros-
ine. By reacting with these reactive sites, M13 phages can 
be functionalized with DNA strands, antibodies, nanoparti-
cles, fluorophores, and drugs for wide applications including 
biosensing, biomedicine, issue generation, and even energy 
harvesting (Fig. 2).

Natural amino acid reaction

Among them, -NH2 groups in N-terminal alanine and lysine 
(Lys8) on pVIII protein are the most frequently used reac-
tive sites for M13 functionalization, and NHS chemistry is 
extensively used as it is efficient and does not require harsh 
reaction conditions. NHS ester is formed by carbodiimide 
activation of carboxylate molecules. NHS ester activated 
cross-linkers and labeled compounds react with primary 
amines to form stable amide bonds under physiological 
to weakly alkaline conditions (pH 7.2 to 9). For example, 
Xiong’s group used a NHS ester named N-succinimidyl 
3-(2-pyridyldithio) propionate (SPDP) to react with the 
amine groups on M13 surface and obtained thiol modified 
M13 phage. The thiolated M13 was further coupled with 
AuNPs@Ag to endow M13 with catalytic ability, which 
significantly improved the sensitivity of the immune sensor 
[26]. Similarly, Dirk Rothenstein’s group used a heterobi-
functional NHS ester cross-linking agent (sulfosuccinimidyl 
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(4-iodoacetyl) aminobenzoate (sulfo-SIAB)) as an interme-
diate to covalently conjugate urease to phage and obtained a 
reliable and easy-to-use tool for enzymatic catalytic applica-
tion [27]. Except for the widely used NHS chemistry, amine 
group could also be functionalized through isothiocyanate 
or succinimidyl formylbenzoate.

In general, the reactive carboxyl groups on the pVIII pro-
tein were provided by glutamate and aspartate side chain 
(Glu2, Glu20, Asp4, Asp5). Those carboxyl groups usu-
ally react with activated carbodiimide cross-linker (e.g., 
1-ethyl-3-(3- (dimethylamino) propyl) carbodiimide hydro-
chloride (EDC) or dicyclohexylcarbodiimide (DCC)) to 
produce O-acylisourea intermediate, followed by reacting 
with amino groups to form stable amido bond under the 
mild acid environment. For example, Itai Benhar and co-
workers developed a kind of nanodrug of phage-dox via the 
coupling of the carboxyl side chain of M13 phage with the 
primary amine of neomycin to remarkably enhance the drug-
carrying ability and improve the targeting performance of 
the nanoparticle towards cells [28–30]. The pVIII protein of 
IgG-targeting M13 phage was also chemically modified with 
thiol group for further AuNP conjugation using EDC and 
cysteamine for amplified IgG detection via visible plasmon 
shifts of AuNPs [31].

The phenol groups on two tyrosine residues (Tyr 21 and 
Tyr 24) of the pVIII protein are reactive with azo salts. The 
use of chemoselective modification of tyrosine residues 

requires incorporation within the N-terminal hydrophilic 
domain for chemical access. For example, Mao’s group 
prepared photo-responsive organic nanowires Azo-M13 
by using M13 phage as a template to genetically display 
tyrosine-end peptide on the surface of pVIII protein and spe-
cifically react with aromatic amines-functionalized dyes via 
diazotization reaction. The Azo-M13 complex showed excel-
lent reversible photo-response performance [32]. Wang’s 
group modified M13 phages with alkynylated group via the 
reaction between phenol groups on the pVIII protein and 
alkynylated diazo. In the presence of Cu2+, the alkynylated 
M13 was further conjugated with folic acid via click chem-
istry for cancer cell imaging [33].

Cysteine is often used as alkylation site for electrophilic 
halides or maleimides. However, pVIII protein does not 
contain cysteine. Cysteine only presents in the minor cap-
sid proteins pIII, pVII, and pIX to form disulfide bonds for 
maintaining protein structures. Through genetic engineering, 
cysteine can be embedded in the capsid proteins to produce 
reaction handles [34].

N-terminal serine and threonine, which are absent in 
wild-type M13 phage, also need to be genetically displayed 
for oxidation into aldehyde by NaIO4. As 20–30% of the 
peptide-displayed M13 phages in the commercially avail-
able random peptide libraries contain N-terminal serine and 
threonine, glycopeptide libraries were prepared by NaIO4 
oxidation of the N-terminal serine and threonine, which 
further undergone oxime ligation to introduce glycan [35].

Non‑canonical amino acids (ncAAs) integration

As the same kind of reactive group may exist in more than 
one type of amino acid residues on M13 capsid protein, 
cross-reactions would inevitably occur, which would greatly 
reduce the modification efficiency of the desired sites. To 
realize site-specific modification, non-canonical amino 
acids (ncAAs) can be integrated into the capsid protein of 
M13 phage [36, 37]. Selenocysteine (Sec), the 21st amino 
acid, was displayed on the pIII protein of M13 phage using 
a natural selenocysteine opal suppressing tRNA. As Sec 
displays stronger nucleophilicity and reactivity than Cys 
at physiological pH, it allowed selective tethering of small 
molecules to Sec in a seleno-pIII displaying phage [38, 39]. 
Later, Schultz group reported a series ncAA systems incor-
porating phenylalanine-derived ncAAs into M13 phages 
to label proteins expressed on phage through azide-alkyne 
cycloadditions and Staudinger ligations [40, 41]; they also 
used the similar system to evolve single-chain antibody vari-
able fragments (ScFvs) with chemical warheads and proteins 
that chelate metal ions [42–44]. While this ncAA displaying 
system only incorporates a single type of ncAA in response 
to a single amber codon in the gene of interest, Chin’s group 

Fig. 2   Common chemical modifications of the inherent functional 
groups presented on the major coat protein of M13 phage
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developed a system enabled encoding of multiple, structur-
ally and functionally diverse ncAAs [45].

Recently, a Nϵ-acryloyl-lysine (AcrK) was genetically 
encoded in a phage-displayed peptide library for cyclization 
with a pre-installed cysteine via a proximity-driven Michael 
addition reaction between cysteine and AcrK, solving the 
problem encountered in cysteine conjugation [46].

Phage display

An important way to get M13 phages displaying exog-
enous protein/peptide is through phage display technique, 
or so-called biopanning [47]. Phage display technique, the 
Nobel Prize-winning technique first invented in 1985, is an 
evolutional approach via the high-throughput selection of 
peptide ligands of diversity, which has become an indis-
pensable tool for exploring specific biochemical molecular 
interactions [48]. To select specific ligands through phage 
display, a broad and efficient method of affinity enrichment, 
commonly referred to as biopanning, is widely used, includ-
ing multiple rounds of positive selection, counter selection, 
washing, elution, and amplification. With the increase of 
biological screening cycles, high-affinity ligands are gradu-
ally enriched. The sequence of these high-affinity ligands 

can be obtained by DNA sequencing of the corresponding 
phage monoclone [49]. For instance, an angiogenin-targeting 
phage was selected in vitro from a random 12-mer peptide 
library for tumor angiogenesis suppressing [50]. In vivo bio-
panning through the intraperitoneal injection of the peptide 
library facilitated the discovery of peptides able to target 
drug uptake by a vast array of neurons of the autonomic 
nervous system (ANS) [51].

While conventional in-plate biopanning suffers from 
drawbacks of high repetition, time-consuming process, 
labor-intensive operation, and risks of contamination, micro-
fluidic technology offers several unique advantages to solve 
these problems. Zhu’s group has developed several microflu-
idics-based biopanning platform for rapid and efficient selec-
tion of target-binding phages. By using a droplet microfluidic 
system, single M13 phage was embedded into one droplet 
for phage amplification, target-beads interactions, and high-
affinity phage identification, which can obtain target-binding 
phages within 24 h (Fig. 3A) [52]. They further developed 
a molecular selection system “SCOPE” using a determin-
istic lateral-displacement (DLD) microfluidics, aiming at 
achieving highly efficient and affinity-discriminated molec-
ular selection. The collision of phage-bound target beads 
effectively removes phages with low affinity. By combining 

Fig. 3   Microfluidic-based biopanning strategies for the screening 
of target M13 bacteriophages. A  Mechanism of droplet microflu-
idic-based double monoclonal display (dm-display) system. Copy-
right 2021 Royal Society of Chemistry [52]. B Scheme of the SCOPE 

system-based phage screening for micropillar array and particle trac-
ing. Copyright 2022 National Academy of Science [53]. C Schematic 
illustration of the μCellect methodology. Copyright  2022 American 
Chemical Society [54]



3932	 Wang R. et al.

1 3

the collision-based force effect with the two-dimensional 
separation-based concentration effect to increase the biopan-
ning stringency, phages with high-affinity can be screened 
within only 6 h (Fig. 3B) [53]. Professor Shanna O’ Kelley’s 
group has developed a biopanning platform “Cellect” based 
on their previously fabricated immunomagnetic cell sorting 
microfluidic chip, aiming at identifying high-affinity binders 
against challenging targets using minimal rounds of selec-
tion. As shown in Fig. 3C, cells presenting target antigens 
were mixed with background cells to mimic the in vivo bind-
ing environment. The biopanning stringency can be tuned 
by changing the ratio of cell types. With the assistance of 
machine learning and next-generation sequencing (NGS), 
binders with picomolar affinity can be identified with only 
two rounds of biopanning [54].

Engineered phages for elevated analytical 
performance

Phages are such a unique nanomaterial that functional 
groups can either grow (genetic engineering) or decorated 
(chemical modification) on their surfaces. While genetic 
engineering can achieve site-specific functionalization of 
particular types of coat protein, chemical modification pos-
sesses the advantage to further expand the functionality of 
phages beyond natural peptide and proteins. By taking merit 
of the genetic engineering and chemical modification, dif-
ferent types of coat protein can be manipulated to possess 
desired functionality, endowing M13 phages as a multi-
functional sensing platform with various function regions 
conducting their functionality without mutual disturbance. 
Due to the unique feature of M13 phages, such as filamen-
tous morphology and flexibility, particular benefit has been 
gained engaging engineered M13 phages in analytical appli-
cations. In the following, some representative applications 
to use M13 phages in the construction of analyte isolation 
sorbent and the fabrication biosensor, as well as in immu-
noassay and cell imaging will be introduced, with working 
principles, advantages/disadvantages and benefits from M13 
phages discussed in detail.

Analyte isolation and separation

With the unique feature of the filamentous morphology and 
the orthogonal reactivity, M13 phages can be used as an 
ideal alternative for the construction of immunosorbents for 
analyte isolation. The target binding ability can be obtained 
by decorating the binding ligands (antibodies, aptamers, etc.) 
on the surface of phages through chemical conjugation. In 
order to achieve better analyte separation, phages were usu-
ally immobilized on a solid substrate. Gil U. Lee et al. [55] 
have systematically evaluated several coupling strategies to 

immobilize M13 phage on the surface of magnetic beads and 
found that chemical coupling through EDC/NHS reaction 
or neutravidin-biotin conjugation results in relatively larger 
phage coverage, but in a side-on manner. On the other hand, 
by genetically modifying M13 phage to display 6His on the 
pIII protein, the end-on anchoring of M13 can be realized 
through 6His-NTA interaction with the advantage of strong 
yet reversible assembly. The end-on manner also facilitated 
the construction of bioinspired architectures mimicking the 
cellular threadlike structures and allows high degree of con-
jugation with functional molecules. By displaying a 14-mer 
biotin acceptor peptide on the pIII protein, M13 phages 
were biotinylated with the assistance of biotin ligase BirA 
for end-on anchor of M13 on streptavidin-functionalized 
microbeads. The pVIII protein was further functionalized 
with antibodies through Staudinger ligation for constructing 
immunoassays. The resultant phage-decorated microbeads 
outperformed the non-phage counterparts in terms of both 
sensitivity and selectivity. The low non-specific binding of 
the phage-decorated microbeads was mainly due to the gold 
layer coating, whereas the improved sensitivity was attrib-
uted to the increased antibody loading and enhanced inter-
action between target molecules and flexible phages [56].

Similarly, anti-HER2 antibody was tethered to every 
amine group the pVIII protein using 6-arm PEG15000-NHS 
as linkers [57]. The antibody-loaded phages were subse-
quently anchored to the magnetic beads via specific recogni-
tion between pIII protein and anti-gp3 antibody modified on 
the surface of the magnetic beads. Approximately 162,000 
antibody molecules were loaded on M13 anchored magnetic 
beads, which is 2.4-fold higher than that of conventional 
immune-magnetic beads. These nanotentacle-structured 
magnetic beads had high affinity towards HER-2 positive 
cancer cells, with high capture purity and efficiency. The 
author claimed that the increased target binding affinity 
was mainly due to the multivalent interaction between the 
antibody molecules on the flexible M13 and receptors on 
the target cell. According to the estimation provided by the 
author, ~ 157 antibody molecules were functionalized on 
M13 phages. Considering the distance between two N-ter-
mini of the pVIII protein is 2.4–3.2 nm and 2700 copies of 
pVIII proteins on each M13, the distance between two anti-
body molecules was ~ 40–54 nm. For such a long distance, 
multivalent effect might not be predominant enough for 
multiple antibody molecules to bind with the same receptor 
molecule/cluster on cell surface. Aiming at taking advan-
tage of the flexibility feature of M13 to achieve enhanced 
multivalent interaction, we recently constructed a dual-
functionalized M13 phages, with pIII protein genetically 
displaying 6His tag for end-on anchoring onto magnetic 
beads, and pVIII protein conjugated with MUC1-tageting 
aptamers through click reaction. As the size of aptamers 
was only 1/10 of that of antibodies, more than 600 aptamer 
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molecules can be conjugated on the surface of M13. The 
aptamers target the variable number tandem repeat (VNTR) 
region of MUC1, where the 200–500-nm-long MUC1 pos-
sesses about 20–120 VNTR repeats. This indicated that 
the density of aptamer on M13 surface fitted well with that 
of VNTR on MUC1 molecule. With nanoscale matching 
between VNTR repeats and corresponding aptamers, sub-
micron-scale matching between MUC1 and M13 nanofib-
ers, and the topological interaction between cancer cells 
and dual-functionalized M13-anchored magnetic beads, 
our cancer cell isolation platform resulted in six magnitude-
improvement in cancer cell binding affinity with respect to 
that of free aptamer.

While the decoration of binding ligands requires com-
plicated reaction procedure, biopanning from the peptide 
library provides easier way to obtain target binding ability. 
Our group has developed a simple and effective Cr(III) pre-
concentration approach using Cr(III)-binding-M13 as rec-
ognition element. The Cr(III)-binding-M13 were obtained 
through repeated biopanning from a 7-mer random peptide 
library. Besides conventional positive biopanning, negative 

biopanning against blank resin and foreign metal ions were 
added to improve the binding selectivity (Fig. 4A). For the 
ease of sample separation, the Cr(III)-binding-M13 were 
further immobilized on microbeads through electrostatic 
interaction. By eluting the retained Cr(III) with HNO3, and 
measuring the eluted Cr(III) by ICP-MS, a limit of detection 
(LOD) of 15 ng/L was achieved for Cr(III) [58].

The analysis of low abundance proteins in serum samples 
faces great challenge due to the enormous dynamic range of 
protein concentrations. Yu-Kui Zhang’s group developed a 
facile protein abundance equalization approach using scFv 
displaying M13 phage library (scFv@M13) [59]. As an scFv 
displaying library is an antibody pool with a diversity of up 
to 106, it is efficient for the binding of all proteins in complex 
samples. By immobilizing scFv@M13 onto magnetic micro-
spheres through glutaraldehyde cross-linking, the scFv@
M13 immobilized magnetic microspheres (scFv@M13@
MM) were firstly co-incubated with human serum to capture 
the target proteins, and then were separated and enriched by 
protease release and digestion for SDS-PAGE and MS anal-
ysis. Excessive high abundant proteins cannot be retained 

Fig. 4   Representative examples of M13-based recognition strategies. 
A Graphic of the biopanning procedure to obtain the Cr(III) binding 
phages. Copyright 2015 American Chemical Society [58]. B  Chi-
meric M13 phage decorated with AuNPs for detection of bacteria. 
Copyright 2019 American Chemical Society [71]. C Construction of 
TC-phage-FlAsH structure for bacterial detection. TC-tag displaying 

M13 phage recognized and infected the host bacteria and then labeled 
with the fluorescent dye FlAsH-EDT2.  Copyright  2014 Wiley–VCH 
GmbH [72]. D Schematic illustration of PhaNGS approach. The phage 
particles were designed to specifically binding to target proteins and 
identified by unique sequence through NGS. Copyright 2018 National 
Academy of Science [78]
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on scFv@M13@MM, whereas low abundant proteins were 
gradually enriched by overloading. The separation efficiency 
of proteins in serum samples by scFv@M13@MM reached 
100%, which could effectively remove high abundance pro-
teins, reduce protein concentration differences in serum, and 
identify more kinds of low abundance proteins. Compared 
with peptide library, scfv@M13 has stronger strong bind-
ing capacity and high specificity and can be regenerated to 
provide sufficient binding sites.

Immunoassay

Immunoassay is the most predominant form of phage-
based analysis approaches, where the target-binding M13 
acts either as “capture antibody” or as “signaling antibody.” 
The M13-based capture antibody leverages the multivalency 
of the pVIII display system for enhanced analyte capture, 
whereas the M13-based signaling antibody benefits from 
the 5:2700 molecular ratio between pIII and pVIII to achieve 
signal amplification.

M13 phage as capture antibody

In immunoassays where M13 phages act as capture antibod-
ies, sandwich type assay was the most frequently adopted, 
in which M13 phages that can specifically bind to the target 
(usually immobilized on a solid surface) first capture the 
target molecules and the latter were then labeled by suitable 
probes for signal output. Biopanning from peptide librar-
ies is the most straightforward way to obtain target-bind-
ing M13 phages. By combining the phage peptide library 
screening technology with enzyme-linked immunosorbent 
assay (ELISA), the phage ELISA method was developed. 
Liu’s group [60] screened the f8/8 phage peptide library to 
obtain a phage monoclone with pVIII protein displaying 
ERNSVSPS with high specificity towards free-PSA, and 
then introduced anti-PSA-mAb to recognize the free-PSA 
captured by the phage. Benefiting from multivalency of 
pVIII-displaying phage, a LOD of 0.16 ng/mL was achieved 
together with a detection range between 0.825 and 165 ng/
mL. Based on the conventional pIII-based display system 
phagemid pComb3XSS, Hua et al. [61] constructed cyclic 
8-, 9-, and 10-residue peptide libraries using phagemid 
pCom-pVIII, which can not only achieve high-density dis-
play of peptides but also avoid potential loss of diversity 
of peptide libraries caused by restriction endonucleases. 
Through blended biopanning of cyclic peptide libraries, 
phages with high specificity towards clothianidin were 
obtained, which were successfully used to develop com-
petitive phage ELISA and non-competitive phage ELISA. 
Besides conventional enzyme-based colorimetric signal out-
put, the M13 phage with specific recognition ability could 

be conjugated with nanoparticle to build SERS sensing plat-
form. A phage containing a highly specific peptide sequence 
(RKIVHAQTP) for U937 cells was obtained by biopanning 
from a 9-mer pVIII M13 random peptide library. Phage-
AgNPs network was subsequently formed for the label-free 
Raman analysis of U937 cell [62]. Similarly, by biopanning 
from a 9-mer peptide library, three types of phages targeting 
three different pathogens were obtained, which were further 
immobilized on magnetic beads for analysis with Raman 
spectrometry [63].

Besides biopanning, target-binding M13 phages can 
also be constructed by phage display. For instance, M13 
phage was engineered to display paraquat-binding peptide 
(BPWHW) on pVIII proteins for SERS detection of pesticide 
residues of paraquat [64]. By simply mixing the engineered 
M13 phage with silver nanowires (AgNWs) and vacuum 
filtered onto glass fiber paper (GFFP), a paper-based SERS 
sensing material was constructed. As AgNWs were stacked 
on top of GFFP to form multiple hot spots, the interaction 
between phages and the target pesticide residues can be 
reflected by SERS signals. This paper-based material is easy 
to prepare and can be used for in situ detection. In another 
example, a streptavidin-binding peptide was displayed on 
the pVIII protein of M13 phages for the label-fee optical 
detection of streptavidin [65]. Polymer biosensor PVA/M13 
fibers were prepared in a one-step process using a blend 
near-field electrospinning technique (blend NFES), with the 
streptavidin-specific M13 phage as affinity capture agent, 
and rhodamine 6G as a high-yield fluorescent signal source. 
The resonance cavity was excited with a 532-nm continu-
ous laser focused through the microscope and the spectral 
response was observed, causing a change in the whispering 
gallery mode resonance peak (i.e., red-shift) when strepta-
vidin was present, thus enabling real-time monitoring of 
streptavidin levels.

M13 phage as signaling antibody

By using M13 as signaling antibody, the pIII protein was 
usually displayed with target-binding peptide, whereas the 
pVIII protein was functionalized with signal reporting mol-
ecules like fluorescence tag, metal nanoparticles and DNA 
sequences. While each M13 can bind few target molecules 
through 3–5 copies of pIII protein, hundreds to thousands 
of signal reporting molecules on the phage surface can be 
labeled, which greatly amplified the signal. Jennifer N. Cha’s 
group has reported a series of M13-based signal amplifica-
tion system. They first functionalized the pVIII protein of an 
IgG-targeting M13 phage with thiol groups using EDC and 
cysteamine [31]. Due to the high avidity between thiol and 
gold, the addition of AuNPs into thiolated M13 results in its 
aggregation which can be used as a sensitive signal output. 
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However, the reactivity of -COOH on pVIII is relatively 
lower than -NH2; this chemical modification resulted in only 
136 thiol groups functionalized per phage. After that, they 
modified the pVIII protein with thiol groups by NHS ester 
reaction with -NH2 using SPDP. This led to a conjugation 
of 259 ± 19 maleimide functionalized DNA onto each M13. 
The DNA-phage was used to hybridize with AuNPs-DNA 
for quantification of targeted proteins based on colorimetric 
and nanoarray analysis [66]. Although EDC/NHS coupling 
method is the most frequently used bioconjugation method, 
it may cause intra-virus or inter-virus cross-linking that 
would reduce the DNA linking efficiency. Aiming at solv-
ing this issue, they incorporated benzaldehyde into the pVIII 
protein of M13 by NHS ester reaction, and then coupled with 
hydrazide derived DNA via the hydrazone bond. With this 
method, each phage can be conjugated with 460 ~ 675 DNA 
molecules, significantly improving the fluorescence signal 
[67]. In order to further enhance the signal, the DNA-phage 
conjugation system of hydrazone bonds was further labeled 
with DNA-functionalized Au@Ag SERS tag through DNA 
hybridization to detect target proteins. The Raman intensity 
of the DNA-phage system was nearly 75 times higher than 
that of the DNA-antibody, which greatly improved the sen-
sitivity [68]. Our group has obtained a S. aureus-binding 
phage pSA-1 from the 12-mer peptide library and decorated 
pSA-1 with AuNPs in situ. The labeling of Raman active 
molecule DTNB endowed AuNPs with SERS activity, facili-
tating rapid and sensitive detection and simultaneous inacti-
vation of S. aureus [69].

Besides colorimetric and SERS signal output, chemilumi-
nescence (CL) was also incorporated in phage ELISA with 
advantages of high sensitivity. Very recently, a SARS-CoV-
2-specific phage displaying the peptide sequence NFWISP-
KLAFAL was biopanned from a pIII phage library using the 
S protein of SARS-CoV-2 as a target protein [70]. While the 
pIII protein was used for target capture, the pVIII protein 
provided multiple binding sites for high-density modifica-
tion of the signaling antibody anti-M13-HRP mAb. Hence, a 
sandwiched phage-based enzyme-linked chemiluminescence 
immunoassay (ELCLIA) assay was established, which can 
detect SARS-CoV-2 down to 78 pg/mL and can be used to 
detect heat-inactivated SARS-CoV-2 pseudovirus (D614G) 
at 60 TU/mL in 50% saliva, demonstrating the advantages 
of phage sensing tools that are resistant to high temperatures 
and can be sensitively detected in complex matrices.

As the naturally existing phage is the result of long-term 
evolution by nature, the affinity between naturally existing 
receptor binding proteins (RBP) of phages and the host cells 
is very tight and specific. Therefore, other than obtaining 
target-binding phages through biopanning from peptide 
libraries or genetically displaying target-binding peptide/
antibody/nanobody on phages, Irene A. Chen’s group dis-
played the RBPs for constructing phages with high affinity 

towards six types of host bacteria (Fig. 4B). These chimeric 
phages were further thiolated for the binding of AuNPs as 
signal output, which resulted in sensitive detection limit of 
down to ~ 100 cells [71].

In addition to the chemical conjugation of signaling moie-
ties, genetic engineering approach can also be used to enable 
signal labeling. For example, Wu et al. inserted an optimized 
tetracysteine sequence (TC-tag) into the minor coat protein 
coding region of M13KE. The displayed TC-tag was dis-
played on M13 and entered the host cell via infection. Strong 
fluorescent signal generated upon the binding between 
TC-tag and fluorescein arsenical helix binder (FlAsH), a 
membrane-permeant biarsenical dye, facilitating host cell 
monitoring and viability identification under the detection 
of flow cytometry (Fig. 4C) [72, 73].

One of the unique features of phages compared with other 
biomaterials is the correspondence of the genotype and the 
phenotype. As the peptide is genetically coded and displayed 
on the phage particle that packed the peptide gene inside, 
the peptide coding region can be used as signal output for 
the recognition and quantification of this peptide-bearing 
phage. By using phage as the antibody-DNA analogue, sev-
eral phage display mediated immune-PCR (PD-IPCR) meth-
ods were developed [74, 75]. For instance, an anti-idiotypic 
nanobody-phage was used for the construction of a competi-
tive ELISA assay for aflatoxin. Phage DNA was released by 
heat lysing and the nanobody encoding sequence was used 
as template for real-time quantitative PCR (qPCR) [75]. A 
LOD of 0.02 ng/mL was achieved, which is fourfold more 
sensitive than traditional phage ELISA. In addition to qPCR, 
several nucleic acid amplification strategies were also suc-
cessfully integrated into PD-IPCR, including rolling circle 
amplification (RCA) [76] and loop-mediated isothermal 
amplification (LAMP) [77]. As the analogue of antibody-
DNA, recombinant phages are easier to get, i.e., from phage 
display peptide library. By combining the NGS technique 
with phage display, James A. Wells’ Group [78] proposed 
genetically barcode antibody for phage antibody next-gen-
eration sequencing (PhaNGS) for proteomics research. As 
can be seen from Fig. 4D, antibodies with specific fragments 
bound to specific targets were first screened from a large 
library of synthetic Fabs (about 1010 unique sequences). The 
selected Fab was encoded and displayed on phage particles 
to construct the Fabs-Phage system. Not only can a single 
Fab-phage bind to its corresponding antigen-binding site, but 
the H3 loop of the complementarity determining part (CDR) 
can also be used as a recognition barcode for special labeling 
and quantification to achieve multiple quantification of the 
proteome surface. In this work, 144 preselected antibodies 
against 44 receptor targets displayed on filamentous phage 
(Fab-phage) were used to evaluate the changes of proteins 
and oncogenes. The results were similar to those obtained 
by flow cytometry and mass spectrometry, indicating the 
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reliability of the study. At the same time, the low cost and 
hundreds of antibody tags make Fab-phage widely used in 
high-throughput sequencing. By further integrating this 
phage barcode with microfluidic system, Shana O. Kel-
ley’s group [79] achieved protein expression analysis on the 
surface of single captured circulating tumor cell (CTC). In 
this work, cobalt-based magnetic alloy guides were com-
bined with chips to achieve efficient capture and separation 
(~ 90%) of CTCs by antibody-functionalized magnetic nano-
particles under magnetic guidance. Fab-phage barcode tags 
were injected into the chip to monitor their expression in situ 
in single captured H460 cell. For quantification, unbound 
Fab-phages were washed by PBS, flushed out of the capture 
zone and the phage was incubated for a night to propagate. 
Four single H460 cells individually captured by phage bind-
ing onto the chip were sequenced as biological replicates to 
assess changes in single-cell bound FZD2 levels, indicat-
ing a correlation between FZD2 expression and the cellular 
microenvironment. Aviv Regev’s group [20] also developed 
a method based on phage high-throughput sequencing nano-
antibodies-labeled single-cell mapping sequencing. Phages 
genetically displayed with nanoantibodies were used for the 
labeling of various proteins on cell surface and quantified by 
NGS via the unique hypervariable complementarity deter-
mination region 3 (CDR3) barcode. Multimodal single-cell 
analysis was achieved by integrating the phage-based multi-
plex protein measurements and chromatin accessibility pro-
filing into the droplet-based single-cell sequencing system.

Sensing

While immunoassay provides general method for analyte 
detection, it always suffers from complicated operational 
procedure and time-consuming drawbacks. On the con-
trary, by measuring the analyte-induced signal transduction 
(optical or electrochemical signal), M13 phage-based sens-
ing method was regarded to be more attractive due to its 
advantage of simplicity and rapidness. Nevertheless, due to 
the coexistence of interferences, sensing method might not 
be suitable for the direct analysis of samples with complex 
matrix. As M13 phages can be multi-functionalized, sensors 
built on M13 phages can be more integrated and simplified.

Optical sensing

Colorimetric sensing  Colorimetric sensing attracted much 
research attention due to its simplicity and the potential to 
be developed into naked eye detection method. The well-
defined structure and reproducible feature of phages make 
them ideal building block for the assembly of regular struc-
tures. Seung-Wuk Lee’s group reported the self-assembly 
of genetically engineered M13 phage into target-specific, 
colorimetric biosensors. The sensors were composed of 

quasi-ordered phage-bundles with viewing-angle independ-
ent color attributed to coherent scattering from the fiber bun-
dle structures. The existence of volatile organic chemicals 
led to the swelling of structures along with distinct color 
changes (Fig. 5A). By displaying trinitrotoluene (TNT)-
binding peptide motifs on the phages, selective detection 
of TNT with LOD of down to 300 ppb was achieved [80]. 
They further assembled M13 phages into liquid-crystalline 
bundled nanofibers for the rapid and sensitive colorimetric 
detection of humidity [81]. By further engineering pVIII 
protein with target responsive short peptides, the discrimi-
nation and identification of endocrine disrupting chemicals, 
cells, and antibiotics were achieved with the assistance of 
sensing array technique by Jin-Woo Oh’s group [82–84].

While sophisticated skills are required for the assembly of 
M13 into regular structured alignments, our group reported a 
simple colorimetric method for Hg sensing by the formation 
of a phage-nanoparticle network. The M13 phage that spe-
cifically binds to Hg2+ was obtained by biopanning from a 
peptide library, and then, AuNPs were grown in situ on M13 
surface to form a phage-AuNPs network. Upon the addition 
of Hg2+, the reductive sites on M13 surface reduced Hg2+ 
into Hg0, which further deposited onto AuNPs and induced 
a color change from light purple to dark pink [85]. Due to 
the inherent avidity between gold and mercury and the speci-
ficity of the Hg2+-binding phage, this approach allows for 
selective sensing of Hg2+ with high interfere ion tolerance.

Albeit extensively adopted by analytes, the sensitivity of 
colorimetric sensing is usually limited. By combing enzy-
matic reactions with colorimetric sensing, the sensitivity can 
be largely improved. Mao’s group [86] recently constructed 
a hybrid sensing platform by appointing M13 phage as a 
bio-carrier, which showed high sensitivity and specificity 
for circulating microRNA (miRNA) quantification. Artifi-
cial enzymes (Hemin/G-quadruplex DNAzymes) were inte-
grated through the HCR reaction triggered by target miRNA 
(Fig. 5B and C), which subsequently catalyzed the oxidation 
of ABTS2− and led to an absorbance signal that indicated 
the level of miRNA. Furthermore, magnetic nanoparticles 
(MNPs) coated on the side wall of the M13 phage could 
achieve the separation of miRNA and minimize the back-
ground signal in the clinical sample.

Surface plasmon resonance (SPR) sensing  Surface plasmon 
resonance (SPR) biosensors measure the refractive index 
changes caused by the interaction between analyte and bio-
sensor surfaces, which has the advantage of rapidness and 
label-free detection [87]. The surface-displayed peptides 
of M13 phage can specifically recognize and interact with 
targets and thus can be used to replace antibodies in SPR 
sensing applications. For instance, Nitsara Karoonuthaisiri 
established an SPR assay based on 12-mer peptide-displaying 
phage to detect the foodborne bacterium Salmonella [88]. 
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Seung-Wuk Lee’s group reported a phage chip for the SPR 
monitoring of cell proliferation and morphology. Phages were 
first engineered to display integrin-binding peptide (RGD) or 
the biotin-like peptide (HPQ) for conjugating growth fac-
tors. The recombinant M13 were then self-assembled into 
monolayer on gold-coated glass substrate. As the interaction 
between phages and cells affected the SPR optical charac-
teristics, cell responses to physical and chemical cues can 
be detected [89]. Compared to randomly alignment of the 
recognition molecules, grating patterns on the surface of the 
SPR sensor can enhance the efficiency of the SPR sensor. In 
this regard, Jin-Woo Oh’s group assembled HPQ-displaying 
M13 into a nematically oriented fibrous structure for the 
SPR sensing of streptavidin [90]. The regular alignment 
of M13 fibers effectively enhanced the sensitivity of SPR, 
with the nematically aligned HPQ phage film perpendicu-
lar to the incident light possessing the highest sensitivity. 

As a powerful technique capable of monitoring the speci-
ficity, affinity, and kinetic behavior of interactions between 
SPR sensor surface and the analyte, the potential of the M13 
phage-based SPR sensor to study the interaction between 
receptor-ligand, protein-DNA, virus-host, and etc. should be 
further explored, rather than just measure the concentration 
of the analyte.

Fluorescence sensing  Fluorescent signals are common out-
put signals in sensors due to its high sensitivity. Sung jee 
Kim’s group developed a fluorescence “turn on” TNT sensor 
based on the binding strength difference of the TNT-binding 
M13 phages towards TNT and the quencher. A quantum dot 
(QD)-recombinant M13 phage hybrid composite film was 
constructed through layer-by-layer assembly. The presence 
of the quencher “turned off” the fluorescence of QD, while 
TNT molecules can displace the quencher on M13 surface  

Fig. 5   Optical sensors for specifical determination of biomarkers 
based on M13 phage particles. A  Construction of volatile chemical 
biosensor inspired by the color-shift characteristic of turkey skin. TNT 
specific engineered M13 phage could self-assemble into the structure 
of mimic collagen fibers, which produces different colors through 
swelling or deswelling to indicate the concentration of TNT in the air. 

Copyright 2014 Springer Nature [80]. B  Construction of M-phage-
DNAzymes for miRNA quantification. The HRP-mimic hemin/G-
quadruplex DNAzyme could catalyze the oxidation of ABTS2− under 
the C  HCR reaction triggered by target miRNA. Copyright 2022 
Wiley–VCH GmbH [86]
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and “turned on” the fluorescence. Sensitive detection of TNT 
can therefore be achieved down to the sub ppb level [91]. 
Förster resonance energy transfer (FRET) is one of the most 
extensive sensing mechanisms among fluorescent probes. 
The appropriate distance between two adjacent pVIII proteins 
makes M13 phage the perfect platform for conducting FRET 
sensing. Qian Wang’s group used M13 phage as a scaffold to 
construct a ratiometric fluorescent nanoprobe based on FRET. 
Fluorescein isothiocyanate (FITC) and rhodamine B (RhB) 
were tethered on the N-terminus of M13 phage pVIII protein 
as FRET donor and acceptor, respectively. -Cyclodextrin (-CD) 
was first coupled to the N-terminus on M13 surface through 
carbodiimide chemistry for further anchoring adamantly 
(Ada)-derived FITC and RhB via the host–guest interaction. As 
the distance between two neighboring N-termini (2.4 ~ 3.2 nm) 
is within the Forster distance, FRET process occurred between 
neighboring Ada-FITC and Ads-RhB. This M13-based FRET 
platform was further used for the ratiometric pH sensing [92]. 
Jin-Woo Oh also developed an M13 phage-based on/off FRET 
sensor for TNT sensing. Water-soluble CdSSe/ZnS nanocrystal 
quantum dots as the donor and fluorescein isothiocyanate as 
the acceptor were modified on the surface of M13 phage, 
respectively. In the presence of TNT, the M13 phage (pVIII 
displaying TNT-binding peptides) specifically captured TNT, 
causing a mismatch in the distance between the donor and 
the acceptor molecules, thereby inhibiting energy transfer 
and triggering the on/off of FRET [93]. Based on the flexible 
feature and chemical modifiability of M13 phage, our group 
recently constructed a dynamic deformable nanointerface 
for the sensitive detection of pathogen. M13 phages were 
genetically engineered to display 6His tag for anchoring on 
the nanointerface. The pVIII proteins were conjugated with 
multivalent aptamers for the selective pathogen capture. The 

binding between aptamers and target pathogens released 
pre-hybrized complementary strands and initiated the RCA 
reaction for fluorescence signal output. The sway motion 
of M13 nanofibers effectively accelerated the diffusion of 
the solution and promoted RCA reaction efficiency, thereby 
enhancing the sensitivity of this method (Fig. 6) [94].

Electrochemical sensing

Electrochemical impedance spectroscopy (EIS) is an effec-
tive tool for rapid and sensitive monitoring of small changes 
at the electrode interface. Early detection of discriminat-
ing fecal coliforms E. coli XL1-Blue and K12 was realized 
using a M13 phage-based EIS sensor [95]. M13 phage was 
functionalized with 3-mercaptopropionic acid to immobilize 
on AuNPs-posited electrode. The sensor was stable over a 
wide pH range (3.0–10.0) under high temperature condi-
tions (45 °C) due to its non-cleavable nature. Liu Aihua’s 
group [96] screened two phages bearing specific octapeptide 
against free/total prostate-specific antigen (f-PSA/t-PSA) 
and immobilized them on the surface of gold electrodes, and 
constructed a pair of label-free EIS biosensors for f-PSA and 
t-PSA. The phage-based biosensors can be regenerated by 
elution with Gly-HCl (pH 2.2) and reused for 6 cycles. Simi-
larly, the assembly of ovomucoid-binding phages on a gold 
electrode resulted in sensitive detection of ovomucoid with 
a LOD of 0.12 μg/mL [97]. In a recent work, a competitive 
immuno-electrochemical sensor was fabricated using HRP-
labeled phage as competitor for the determination of organo-
phosphorus pesticides (OP). The GCE was modified with 
doped carbon quantum dots and graphene oxide and then 
assembled with anti-OP antibody. The phage that mimic OP 
was decorated with anti-M13 mAb-HRP for signal output. 

Fig. 6   Dual functional M13 phage for pathogen capturing and sensing. 
A Fabrication of dynamic deformable nanointerface using flexible M13 
phage and biotinylated-aptamer. B Procedure of bacterial capturing and 

sensing. C Schematic illustration of the significantly enhanced binding 
affinity and accelerated mass transport through sway motion of flexible 
M13 phage. Copyright 2022 Wiley-VCH GmbH [94]
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By taking advantage of the unique structure of M13, plenty 
of anti-M13 mAb-HRP can be decorated, resulting in ampli-
fied signal and a LOD of down to 0.003–0.014 ng/mL [98]. 
Although M13 phage-based electrochemical sensor provided 
simple and label-free detection for sensitive analysis, two 
issues should be taken into consideration. First, current stud-
ies immobilized M13 phages on the electrode surface in a 
non-site-specific way, which might lower the effectiveness of 
M13 phages to bind and interact with the analytes. Second, 
the immobilization of M13 phages might increase the rough-
ness of electrode surface thus the biofouling issue should be 
appropriately solved, for instance, by displaying anti-fouling 
peptide on M13 phages.

Cell imaging

Cell imaging is a characterization method to detect the 
presence of specific biomarkers in cells and to map their 
spatial distribution. It is widely used in the early diagnosis 
of cancer and other diseases. However, imaging is limited 
by spontaneous high imaging background, poor penetration 
depth, and low stability. By using M13 as a multifunctional 
scaffold, several cell imaging probes aiming at solving these 
issues were constructed for elevated performance in the fluo-
rescence imaging, magnetic resonance imaging, and near-
infrared fluorescence imaging.

Fluorescence imaging

Fluorescence imaging is the most widely used imaging tech-
nique among others. M13 as imaging probes has several 
advantages over conventional fluorophore-labeled antibod-
ies, i.e., nanoscale size, high solubility, multivalency, and 
orthogonal display. The multivalency facilitates the multiple 
presentation of both targeting agents and signaling agents, 
whereas the orthogonal display feature guarantees the two 
types of agents are functionalized without interfere. Wang’s 
group [33] simultaneously modified the pVIII protein of 
M13 phage with fluorescent dye and targeting motif through 
selective modification of two different reactive groups for 
cancer cell imaging. The dual-modified M13 phage showed 
an obviously higher fluorescent signal than that of small 
molecule fluorescent probe.

Although M13-fluorophore complex was highly specific, 
the low absorption cress-section and moderate quantum 
yields of fluorophore resulted in poor sensitivity. Angela 
M. Belcher’s group proposed a method to enhance the fluo-
rescence by taking advantage of the plasmon-enhanced 
fluorescence. As shown in Fig. 7A, the pVIII protein of 
E3 displayed M13 was co-assembled by Cy3 and AgNPs 
(E3-Cy3-AgNPs complex), producing a 24-fold fluores-
cence enhancement. A spacer was inserted between pVIII 
and AgNPs to adjust the distance between Cy3 and AuNPs 

as their distance is crucial for fluorescence enhancement. 
The modification of M13 with molecular precision provided 
a facile platform for evaluating the effect of dye density on 
the fluorescence enhancement [99]. This M13-based probe 
was further used for in vitro bacteria detection.

Magnetic resonance imaging (MRI)

Magnetic resonance imaging is a noninvasive cell imaging tech-
nique for detecting disease progression. Angela M Belcher’s 
group demonstrated the M13 phages can be used as scaffold for 
MRI-tag-modification to enhance imaging selectivity. They 
displayed poly-glutamatergic peptide motifs on pVIII protein 
to link the positively charged magnetic nanoparticles based 
on electrostatic interaction for enhanced light–dark contrast 
magnetic resonance imaging, and displayed pIII protein with 
SPARC-binding peptide for tumor targeting. Compared with 
SPARC-binding peptide functionalized magnetic nanopar-
ticles, the contrast of this approach was enhanced due to the 
multivalent delivery of contrast agents by M13 [17].

Xe is an attractive MRI contrast agent due to the hyperpo-
larization property, low toxicity and chemical inertia. Alex 
Pines’ group modified pVIII with cryptophane-A (CryA) 
for Xe binding through an N-terminal specific bioconjuga-
tion method. About 1050 CryA copies were loaded on each 
M13, which improved the sensitivity of M13-CryA to 230 
fM [100]. By further displaying scFvs against the EGFR on 
pIII for targeting, molecular targeting against EFGR-positive 
cancer cells was achieved [101].

Near Infrared (NIR) imaging

Compared with the high background, photobleaching, and 
low stability characteristics of fluorescence imaging, the 
NIR possesses the advantages of deep tissue penetration, 
low autofluorescence, and reduced scattering. Angela M. 
Belcher’s group assembled single-walled carbon nanotubes 
(SWNTs) onto the surface of multifunctional M13 phage 
for the cancer cell NIR imaging. The prepared M13-SWNTs 
can be detected even at a low dosage of 2 μg/mL and up to 
2.5 cm in tissue-like phantoms. Meanwhile, the uptake effi-
ciency of the specific M13-SWNTs by the prostate cancer 
cell was improved by 4 times than nontargeted ones [102]. 
Subsequently, the same group further used this system to 
target ovarian tumor to the depth of 9.7–19.2 mm using 
reflectance imaging system [100]. This system could also be 
used for real-time image-guided surgery with a limited pixel 
resolution of 200 μm [103]. By replacing tumor-targeting 
peptide with antibodies against bacteria, NIR imaging of 
pathogenic infections can also be realized. Compared with 
conventional dyes, SWNT imaging had about 1.4 times more 
signal amplification and provided 5.7-fold enhancement in 
the imaging of staphylococcus infection (Fig. 7B) [104].
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Remaining issues and future perspectives

Albeit great success has been achieved in the application 
of M13 phages in the field of analytical application, some 
issues still exist.

First, the specific affinity towards the target by M13 phage 
is the key to realize highly selective analysis. However, the 
binding affinity (Kd) of the mono-peptide screened from the 
phage display library is usually in the level of 1 × 10−6 M, 
which is far from satisfactory to achieve highly selective 
analysis. Several possible ways might be useful to improve 
the binding affinity. (1) Developing more effective peptide 
libraries, such as cyclic peptide library which possesses 
more complex spatial configuration thus has better interac-
tion with the target. (2) As the lengthy natural evolution is no 
doubt more powerful than artificial evolution from limited 
libraries with only several rounds of biopanning, naturally 
existing phages possess stringent specificity towards its host 
bacteria. Therefore, the construction of secondary peptide 
libraries from naturally existing receptor binding proteins 
(RPBs) may also provide more opportunities to get phages 
with higher affinity towards bacteria. (3) Improve the way of 
biopanning. Currently, in a standard biopanning procedure, 
phages that bind with the target were stripped with eluates 
and regarded as the one that bind tightly with the target. 
But actually those cannot be eluted may have higher affinity 

towards the target, but was lost during the biopanning pro-
cess. Besides, current biopanning approach is not capable 
of selecting phages that bind to a particular site of the target 
molecule. The way how the target molecule is immobilized 
during biopanning also determines which parts of the target 
interact with the phages and what kind of phages is finally 
selected. All these issues needs systematic exploration. Sec-
ond, the existing studies mainly used M13 phages as a more 
effective alternative for signaling molecule-labeled antibody. 
Researchers always focused on the chemical properties of 
M13, but omitted its physical/mechanical properties. Our 
recent study revealed that the flexibility property of M13 
facilitated enhanced multivalent interaction between bacteria 
cells and aptamer-decorated M13 nanofibers. Besides, the 
swaying motion of this long and flexible nanofiber can also 
accelerate the mass transport around them, thus improving 
the sensitivity of our bacteria sensing system. However, it 
is worth noting that the current length-diameter ratio and 
stiffness of native M13 may not be the optimal case, where 
entanglement between M13 nanofibers may occur. A recent 
study by Belcher’s group manipulated the length of M13 
to change in the range of 50 ~ 1300 nm [22]. This opens 
possibilities to assemble M13 nanofiber array with different 
length and stiffness, which might be useful in mimicking 
the extracellular matrix (ECM) and in studying the effect of 
machinal cues on cell behaviors.

Fig. 7   A Illustration of the synthesis of E3-Cy3-AgNPs complex 
(upper) and the super resolution fluorescence images of E. coli 
stained with the E3-CTPEG2K-Cy3-AgNPs probe (below). Scale 
bar is 1  μm. Copyright 2019 Wiley–VCH GmbH [99]. B  Structure 

of SWNT-based M13 phage (upper) and the imaging examples of 
E. coli-infected mice with SWNT probe (below). Copyright 2014 
Springer Nature [104]
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Third, there are still rooms to improve for achieving accu-
rate functionalization of M13 phages at the molecular preci-
sion. This is particular important, as studying the interac-
tion between cells or between receptors and ligands on one 
cell always need analysis tools with molecular precision. 
However, as chemical modification is chemoselective, the 
reaction usually takes place in all available reactive sites 
instead of desired regions or coat proteins. The incorporation 
of ncAAs with biorthogonal reactive sites onto the surface 
of M13 can realize site-specific chemical modification, but 
the currently available ncAA arsenal is still limited. The 
direct insertion of foreign genes facilitates 100% display of 
the endogenous peptide on M13 surface, but only within 
short peptide. With the assistance of transpeptidase, for 
instance, Sortase A, the size of peptide/protein displayed 
on M13 surface can be facilely expanded [25, 105, 106]. 
However, Sortase A-based displaying strategy faced another 
issue of reaction reversibility [107]. Efforts are still needed 
to achieve functionalized M13 with definite molecular 
composition.

In general, although several issues remain to be solved, 
this field is still in the ascendant. This requires the joint 
effort from researches in multiple research field including 
biology, chemistry and material science. As modern analyti-
cal science now becomes a multidiscipline of more than just 
quantification, novel strategies to measure weak interactions, 
sense the invisibles and monitor the dynamic process are 
required, where the versatile M13 can also make contribu-
tions in the near future.
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