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Virus-Based Sensors

‘/iruses have recently proven useful for the detection of target analytes
such as explosives, proteins, bacteria, viruses, spores, and toxins with
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1. Introduction

Chemical and biological sensors are analytical devices
that can provide quantitative or semiquantitative information
by exploiting a chemical or biological recognition element.!'*!
In the sensors, the recognition element is either integrated
within or is closely associated with a transducer interface that
can convert chemical, physical, or biological interactions into
a measurable output. During the past two decades, sensors,
especially biosensors, have become necessary for detecting
different analytes such as explosives,”® proteins,’*
DNA.P!' cancer markers,'"'? bacteria,'>'¥ viruses,'>'°
and toxins!"”*¥ in food processing, environmental monitoring,
clinical diagnostics, and the fight against bioterrorism.?1*]
In terms of the transducer properties, biosensors can be
classified as optical, thermometric, piezoelectric, magnetic,
micromechanical, and electrochemical.?"?? Since the trans-
ducers normally do not have specificity against a target
analyte, how to introduce target-specificity to the sensors is a
daunting challenge.” In addition, the samples to be analyzed
are always complicated by the broad range of concentration
over which the analytes might be present, the limited volumes
of the samples, and the heterogeneous nature of the samples.

As aresult, there is a pressing need for the development of
target-selective sensors. Viruses, which can specifically infect
their host, are being employed to overcome such a challenge.
Although the natural function of the viruses is to store and
transport genetic material, they have recently been demon-
strated to act as templates for the synthesis and assembly of
nanomaterials,®?" as vehicles for targeted drug and gene
delivery,®%! and as probes for sensing and imaging.’*>?
Three types of viruses may be used as platforms for these
applications: bacteriophages, plant viruses, and animal
viruses.™** The use of viruses in sensing is being actively
developed, and many opportunities are left for scientists to
explore in this area.
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Of the different viruses being stud-
ied for chemical and biological sensing, bacteriophages
(shortened to phages)—viruses that specifically infect bac-
teria—have proved to be the most powerful candidates for
several reasons. The most important reason is that a well-
established technique, called phage display,”>* can be used
to identify target-recognizing peptides or proteins from a
combinatorial phage-displayed random peptide or protein
library, which in turn results in the selection of target-specific
virus particles. In addition, phages are robust, thermally and
chemically stable, easy to conjugate with other motifs such as
biomolecules or nanoparticles, and can be immobilized on a
transducer surface. Therefore, we review here the use of
phages in sensing applications.

Phages can be engineered to bear target-specific peptides
or proteins for biorecognition. However, they do not them-
selves have physical properties that can be exploited to
generate a readable output upon binding to a specific target
analyte. Thus, the current application of phage in developing
sensors relies on the integration of the probe (target-specific
phage or phage-derived peptides or proteins) into an ana-
lytical device that can convert the recognition process
between the probe and a target analyte into a readable
output. Therefore, we focus in this Review on how phages can
be integrated into and coupled with traditional analytical
techniques to develop advanced sensors with high selectivity
and sensitivity for different applications. We will also discuss
the application of other viruses in the development of sensors,
and finally we propose some future directions for the area of
virus-based sensors.
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2. Phage as a Bacteria-
Specific Virus and Phage
Display

pVIIl

2.1. Phages :
display

Phages—bacteria-specific
viruses—are made of an outer
protein coat that encases genetic
material (DNA or RNA).[

Wild-type phage

- pVII
: e plll s PIX
There . are two m.ajor types .of EVI ® 8 = displayed peptides
phage in nature: lytic and nonlytic.
When the lytic phages such as the double display

~ pViII
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; : pllI+pVIII plI+pVIII+pIX
T4 anq MS2 phage infect bacterl'a, double display iiple display
bacterial cells are lysed (that is, S N "-'f _
broken open) and killed after the (= ~

virions are replicated.'! When the
bacterial cells are destroyed, the
new phages will infect new host
cells. It is the lytic phage that has
been proposed for use as an anti-
bacteria treatment strategy (phage
therapy).["*?l However, the non-
lytic phages such as fd and M13
phage (Figure 1) do not break the
host bacterial cells when they
infect their host cells. Instead, the
phages undergo lysogeny—the
phage genome is integrated with the host DNA and repli-
cated. The host cells thus continue to survive and reproduce,
and the phages are reproduced and amplified. Therefore,
nonlytic phages such as M13 phage are often used in
recombinant DNA engineering.

For chemists and materials scientists, it will be very helpful
to consider the morphological differences in the different
types of phages when designing phage-based nanosyntheses
and sensor applications. In terms of morphology, there are
three different types of phage:® 1) filamentous (rodlike)
phages such as fd and M13 (Figures 1 and 2); 2) icosahedral
phages such as MS2 and ®174; and 3) prolate icosahedral
phages with helical tails such as T4 and T7. All three types of
phages have nanometer-sized structures. For example, the
filamentous fd and M13 phages are nanofibers about 1 um
long and 7 nm wide (Figures 1 and 2), the icosohedral MS2
phage is a nanosphere with a diameter of about 23-
27 nm,***1 and the T7 phage is made of a spherical protein

Figure 1. Structure of filamentous phage (M13 or fd) and the genetically engineered version. The
phage DNA is encased in a capside made of four minor coat proteins (plll, pIX, pVl, and pVIl) located
at one of the two distal ends of the phage and one major coat protein (pVIIl), several thousand copies
of which constitute the side wall of the phage. The arrows indicate different modes of displaying a
peptide or protein on the surface of the phage by fusing it to plll or pIX (at the tip) and/or pVIII (on
the side wall). One, two, or three peptides or proteins can be displayed on the surface of the phage,
thereby leading to the site-specific modification of the phage surface by genetically altering the phage
DNA. The foreign peptide or protein fused to the coat protein is highlighted in red.

Figure 2. Transmission electron microscopy (TEM) image of stained
M13 phage. The morphology of the fd and the M13 phage is almost
the same in the TEM images.
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to site-specifically genetically modify their surfaces by
displaying a peptide or protein places the phages (Figure 1)
in a unique position for templating the synthesis and assembly
of nanomaterials as well as in the development of advanced
Nanosensors.
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2.2. Filamentous Phage as a Genetically Modifiable Biomolecular
Nanofiber

Filamentous M13 and fd phages are the most successful
phages used in templated nanosynthesis and the development
of biosensors. This results from the fact that the well-
established phage display technique is mainly based on
filamentous phages. M13 and fd phages both have an almost
identical structure and morphology (Figures 1 and 2). They
have a cylindrical structure composed of about 3000 highly
ordered copies of the major coat protein (pVIII) which
surrounds a circular single-stranded DNA genome
(Figure 1).1*! The difference between M13 and fd phages
lies in the 12th amino acid of the 50 amino acid long pVIII:
the N in M13 is substituted by D in the fd phage. The single-
stranded DNA encodes pVIII on the major coat and four
other structural proteins at two tips: pIII, pVI, pVII, and pIX.
At one tip of the cylinder there are five copies each of pIII
and pVI, while at the other tip there are five copies each of
pVII and pIX. By inserting DNA that encodes foreign
peptides into the genes of the coat proteins, the peptides are
themselves displayed on the outer surface of the phage at the
tips (for example, pIII or pIX display) and/or along the length
of the filamentous scaffold (pVIII display; Figure 1). This is
the principle of displaying a peptide or protein on a phage;
namely, by DNA engineering, a peptide or protein can be site-
specifically displayed at the tip and/or along the side wall of
the phage through fusion to the minor and/or major coat
protein. This leads to the single, double, or triple display of
different peptides or proteins on a single virus particle
(Figure 1). Therefore, the filamentous phage is in fact a
nanofiber (Figure 2) whose surface chemistry can be site-
specifically modified by genetic means (Figure 1).°!

2.3. The Phage Display Technique for Genetically Identifying a
Target-Specific Peptide or Protein

Foreign peptides or proteins can be displayed at the tip
(for example, pIII) and/or along the side walls (namely,
pVIII) of the filamentous phage simply by inserting DNA that
encodes the foreign peptides or proteins (Figure 1). Thus, a
library made of billions of M13 or fd phage clones can be
constructed where each phage clone displays a unique foreign
peptide or protein sequence. Such a library can be used to
identify a peptide or protein (out of the billions of candidates)
that can specifically bind to a target (for example, a protein, a
cell, or a crystal) through a biological evolutionary selection
process called biopanning (Figure 3).P>4-#]

Currently, there are two major types of phage-displayed
random peptide or protein libraries:®>*! One is the pVIII
library, such as the landscape phage library,”” where each
peptide sequence is displayed along the side wall by fusion to
several thousand copies of pVIII (Figures 1 and 3).°" It
should be noted that the fusion of longer peptides to pVIII
may not favor the assembly of pVIII along DNA to form a
mature phage particle. Thus, there is a limitation on the length
of the peptide that can be fully displayed on the major coat.
Depending on the sequence of the peptide, a peptide with up
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Figure 3. Schematic illustration of the biopanning procedure used in
phage display to identify a target-specific binding peptide or protein.
a) The analyte (blue circle) is immobilized on the dish; b) a library
made of billions of phage clones is allowed to interact with the
analyte; c) the unbound phages are washed away with a buffer and the
bound phages remain attached to the target; d) the binding phages
are eluted away from the analyte with a buffer; e) the binding phages
are amplified by infecting bacteria in the culture to obtain an enriched
library, which is used as an input for (b) in the next round of selection;
f) after several rounds of selection (b—c—d—e—b), the best target-
binding phage clones are propagated. g) The coding region of the
phage DNA is sequenced to obtain the sequence of the target-specific
binding peptide or protein. h) The structure of landscape phage
showing the fusion of a foreign peptide to each of several thousand
copies of pVIIl. PCR=polymerase chain reaction.

to 12 amino acids may be displayed on the major coat.”® The
alternative is the pIII library,™?*) where each peptide or
protein is displayed at the pIII tip through fusion to the five
copies of pIII at the tip (Figure 1).*! The landscape phage
library was pioneered by Petrenko, Smith, and co-work-
ers.”% Figure 3 illustrates the biopanning process, whereby a
peptide that can specifically bind to a target can be identified
from a landscape phage library.

The general procedure used in biopanning for selecting a
target-specific phage from a random phage library includes
the following steps (Figure 3). First, a library containing
billions of phage clones with each phage clone carrying a
unique peptide or protein (either at the tip or on the side wall
of the phage, Figure1) is allowed to interact with an
immobilized target. During interaction, some phages will
bind to the target and others will not. The unbound phage is
then washed away using a washing buffer such as a detergent.
An elution buffer is then used to elute the bound phage from
the immobilized target. The eluate contains the binding
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phage, which will be amplified through infecting E. coli
bacteria, thereby leading to the formation of an enriched
library (namely, with reduced phage clones), which is an
output in biopanning. To find the best target-specific phage
(namely, carrying the best target-specific peptide or protein),
the enriched library is treated as a new input and allowed to
interact with the same target again. After several rounds, an
enriched library with significantly reduced phage clones is
sequenced to determine the peptides or proteins that are
carried by the phage clones and survive in the biopanning
process. As the peptides or proteins carried by the phage
clones are fused to the coat protein of phages, they are
genetically encoded by the DNA inside the phage. This allows
DNA sequencing to be used to determine the sequence of the
target-specific binding peptides or proteins displayed on the
surface of the phage. In essence, the phage display technique
is an evolutionary selection process. In theory, a specific target
will correspond to the identification of a unique peptide or
protein specific to this target. A change in the target will
result in a change in the sequence of the target-specific
peptide or protein. The phage display technique has been
summarized in several reviews™>*> and books.***¥ It has
been applied successfully in the development of vaccines and
antibodies, the study of protein—protein interactions, and
protein engineering.?>37:4:%

Wild-type virus pVvill Engineered virus
(no engineered engineered nucleating
insert) virus inorganic nanocrystals

20 nm

Figure 4. Top: Wild-type phage (left) can be genetically engineered to
display crystal-specific peptide on major coat pVIII (middle), which
can further induce the biomimetic mineralization of nanocrystals on
the major coat (right). Bottom: High-resolution TEM images of phage
nanofibers with ZnS nanocrystals nucleated on the side wall. The
insets are electron diffraction patterns of the mineralized nanofibers,
and indicate a preferred crystal orientation.? !
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2.4. Phage-Templated Synthesis of Nanostructures

Filamentous phages are unique templates for nanosyn-
thesis and assembly. There are two reasons for this:*?* First,
phages can express foreign peptides or proteins on the surface
through insertion of genes that encode the foreign peptides or
proteins into phage DNA (Figure 1), and then serve as a
platform to test the nucleation of nanocrystals. Second,
similar to wild-type phage,*** nanoparticle-coated phages
have a uniform size and shape, and thus can self-assemble into
a 3D free-standing material with different architectures (for
example, through the formation of a lyotropic liquid crys-
tal).?>?*%1 Peptides, which were identified by a combinatorial
library screening (biopanning) and specific to inorganic
materials such as ZnS or CdS, were displayed on the major
coat of the M13 phage, which resulted in the site-specific
nucleation of nanocrystals with controlled organization and
orientation of the crystal along the length of the phage
(Figure 4).*2 More importantly, such mineralized phage can
be assembled into a 3D ordered, nanostructured bio-inor-
ganic hybrid material (Figure 5).%**! This example shows that
phages are powerful templates for the controlled synthesis
and assembly of nanomaterials. Engineering DNA allows
different material-nucleating peptides to be displayed on the
major coat so that different nanocrystals can be nucleated and
organized on the phage.

(a)

() ®

Figure 5. Examples of nanostructures that can be assembled from
mineralized phage nanofibers through the formation of liquid crystals:
a) cholesteric, b) smectic. c) Photograph of a liquid-crystalline thin
film. d) Schematic illustration of the thin film in (c). e) AFM image of
the top surface of the thin film, and f) SEM image of the side surface.
The location of nucleated nanocrystals will be dictated by that of the
binding or nucleating peptide on the phage.l*®!

3. Virus and Sensors: The Case of Phages
3.1. Phages in Sensor Development

Although phage display has been applied since the 1980s
for the identification of target-specific peptide or protein
probes, the use of phages in the sensor area is new. Target

specificity is always a key issue in the development of

Angew. Chem. Int. Ed. 2009, 48, 6790 - 6810
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chemical and biological sensors.”” Phages can be employed to
identify target-specific peptides or proteins and can be
engineered to become specific to a target analyte. Lytic
phages can specifically kill bacteria and cause the release of
the contents of the bacterial cell into the medium; thus, lytic
phages may be applied to specifically detect bacteria. Since
phages lack the physical properties for generating a readable
output, the phage and the target-specific peptides or proteins
identified by phage display have to be combined with an
analytical technique that can convert the biorecognition of a
target by a phage into a readable signal.

Phages have several desirable chemical and biological
properties for the development of a real-time sensor to
rapidly and selectively detect and monitor antigen molecules.
First, phage display can be applied to select peptides or
proteins that can specifically recognize a target and display
the target-specific peptide or protein on the surface of the
phage, thereby enabling the phage to become a target-specific
probe. Second, nonlytic phages such as M13 and fd can be
cost-efficiently mass-produced by infecting bacteria. Third,
phages are stable in a variety of harsh conditions, such as
under acidic or basic pH ranges, and in the presence of
nucleases or proteolytic enzymes.”®”! Fourth, phages are also
thermally stable (up to 180°C),!*"! and chemically stable (for
example, in non-aqueous media).[>%! Such excellent stability
along with the genetically tunable target specificity enables
the use of phages as a powerful biorecognition probe in
biosensors.

So far, phages have been used in four ways in the
development of sensors: 1) nonlytic phages (M13 or fd)
selected by phage display and displaying the target-specific
peptides or proteins as a target-recognizing sensing probe
serve as an antibody substitute; 2) target-recognizing pep-
tides, proteins, or antibodies identified by phage display are
chemically synthesized or genetically produced, and directly
used as probes; 3) lytic phages (T4 or T7) can act as bacteria-
sensing probes by breaking its bacteria host strain specifically
and releasing the cell-specific contents from the bacteria,
thereby leading to the detection of the specific bacteria strain;
and 4) the phage nanofibers can be conjugated with other
organic or biological molecules and/or assembled with other
nanomaterials to form a composite device that can be
responsive to some external stimuli.

3.2. Sensors Based on Phages and Bioanalytical Methods

Phage-based biorecognition has to be combined with
analytical methods to develop a working sensor. In the
following sections, we will review how a sensor can be
developed by combining phages and phage-derived proteins
with traditional analytical methods, including the quartz
crystal microbalance (QCM) and enzyme-linked immuno-
sorbent assay (ELISA) as well as optical and electrochemical
methods. The detection of a great variety of target analytes
through such a combination is summarized in Tables 1-4.
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3.2.1. QCM Biosensors Based on Phages

A QCM can respond sensitively to nanogram-changes in
mass. A QCM sensor is made of a disk-shaped, AT-cut
piezoelectric quartz crystal, which is coated on both sides with
metallic electrodes (such as gold). A reduction in the
resonance frequency of the piezoelectric crystal will be
observed in response to the adsorption of a small amount of
mass onto the electrode surface, with the frequency reduction
being proportional to the adsorbed mass. The change in the
resonance frequency (Af) of the crystal is directly related to
the mass change (Am) according to the Sauerbrey Equation

[Eq. (1)].7""

_ —2nfjAm

Herein, n is the overtone number, u is the shear modulus
of the quartz (2.947 x 10" gecm's™?), f; is the frequency of the
resonator, A is the piezoelectrically active crystal area, and p
is the density of the quartz (2.648 gcm™?). Thus, the QCM is
actually a very sensitive balance that can measure mass on the
nanogram scale and can be used for the real-time analysis of
biomolecular interactions."! A QCM sensor can be used to
evaluate the binding between the analyte to be detected and a
sensing probe immobilized on the surface of the piezoelectric
crystal. Such QCM sensors have been developed for immuno-
assays'’>™ as well as for bacterial,"**¥ virus, and toxin
detection.[5*#56]

The main drawback of this method is that it lacks
selectivity. Thus, target-specific phages or proteins identified
by the phage display technique can be immobilized on the
QCM transducer surface to eliminate this disadvantage
(Table 1). Figure 6 illustrates schematically the set-up of a
quartz crystal microbalance with phage immobilized on the
piezoelectric transducer.*!

QCM sensors can be used to detect bacteria if the target-
specific phage is immobilized on the QCM transducer
(Figure 6). The sensitive detection of bacteria is difficult to
achieve by the traditional QCM method in the absence of
phage. Furthermore, the direct binding of bacteria to the
transducer will cause internal friction or the trapping of water
by the cells, which results in a dampening of the oscillation of
the crystals.*”! Consequently, there is a need to find a method
to allow the strong attachment of bacteria to the QCM
transducer surface for the detection of bacteria by using a
QCM sensor—for example, the immobilization of bacteria-
recognizing phages on the QCM transducer surface. The rapid
detection of S. typhimurium bacteria in solution was achieved
by using fd phage, which was affinity-selected by the phage
display technique (Figure 3) and physically adsorbed onto the
piezoelectric transducers, as a detection probe.[® First,
approximately 3 x 10'° phage particles per cm?® were adsorbed
onto the surface of the QCM transducers over 1 h at room
temperature. The specific binding of bacteria by the phage
immobilized on the transducers then caused a change in the
resonance frequency of the QCM sensors. It was found that
the phage-bearing QCM sensors had a very short response
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Table 1: Summary of phage-enabled QCM sensors (n.a. indicates not available).
Probe Analyte Detection Ref.
limit

branched polymers of maltose

anti-pVIII antibody

fd phages displaying VTPPTQHQ on pVIII from a landscape f8/8 phage library

through affinity-selection
fd phages displaying -gal-binding peptide on pVIII
spheroid fd phage displaying S. typhimurium-binding peptide on pVIII

MOMPE! fragment from Legionella pneumophila

M13 phage displaying maltose-binding
protein on plll

20 phages [64]

M13 phage 10° pfumL™  [65]

Salmornella typhimurium 10% cellsmL™" [66]

B-gal from E. coli 3pm [67]

Salmonella typhimurium 10% cellsmL™" [68]

M13 phage displaying anti-MOMP n.a. [69]
fragment

[a] MOMP = major outer membrane protein.
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Figure 6. Schematic representation of the set-up of the quartz crystal
microbalance. The target-specific phage can be immobilized on the
surface of the piezoelectric substrate.

time (less than 180s) and a detection limit as low as
10? bacteria cells per mL.[*!

There are several ways to immobilize phages on the QCM
transducer surface, for example, by physical adsorption, by
use of the Langmuir-Blodgett (LB) technique, and by
molecular self-assembly. Among them, physical adsorption
is the simplest and most cost-efficient. However, the sensor
performance is comparable for the three different immobili-
zation techniques.*” For example, affinity-selected p-galacto-
sidase-binding fd phages were physically adsorbed onto the
QCM sensor for the detection of B-galactosidase (B-gal).”
The use of the phage as a probe resulted in the detection limit
of the sensor being as low as a few nanomoles and in short
response time of approximately 100 s. In addition, the sensor
showed an amazing selectivity for (3-gal over BSA, even when
the concentration of BSA in the mixture was about 2000 times
that of B-gal.””! In another example, phages affinity selected
for streptavidin or S. typhimurium by using the phage display
technique were immobilized on the QCM sensors by using the
LB technique. It was found that the QCM sensor was very
selective and the sensor responded to increasing concentra-
tions of target analytes (streptavidin or S. typhimurium)
rapidly and with high sensitivity. Instead of directly using
affinity-selected phage as probes in QCM sensors, phage

www.angewandte.org
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display selected peptides were successfully immobilized on
the QCM sensors to detect cell-surface cross-species markers
in tissue homogenates.”

QCM sensors can also be used to directly detect phage
from a solution if the probes that can bind to the phage are
immobilized on the transducers.***! A molecular layer
containing branched polymers of maltose was chemically
coated on the surface of the QCM transducer through a Au—S
bond.[*! This maltose-bearing QCM sensor can specifically
bind M13 phage that displays a maltose-binding protein at the
tip (pIII). When the maltose-binding phages were detached
from the surface of the transducer because of the breaking of
the specific binding interaction between the phages and
maltose immobilized on the sensor surface by oscillating the
sensor surface, the resultant accoustic emission could be used
for the sensitive detection of the maltose-binding phage;
furthermore, the non-maltose-binding phages were found not
to interfere with the detection.™ It is claimed that the QCM
sensor can detect as few as 20 phages, thereby indicating the
potential application of the QCM for the sensitive and low-
cost detection of viruses.* Similarly, in an immunoassay
exploiting the specific interaction between the anti-M13
phage antibody and the M13 phage, the anti-M13 antibody
was first immobilized onto the chemically milled shear mode
quartz crystal transducer. The antibody-bearing QCM sensor
was then used to detect the M13 phage directly and
specifically. The specific attachment of the M13 phage onto
the sensor led to an increase in the signal to noise ratio by a
factor of more than 6 and the detection limit for M13 phage
being improved by a factor of 200.°%

The above results indicate that phage-based QCM sensors
can be used for the detection of bacteria and viruses in food
safety as well as for defense and homeland security applica-
tions.!®! Different spectroscopic techniques such as infrared
and fluorescence spectroscopy, flow cytometry, chromatog-
raphy, and chemiluminescence techniques have been used for
these purposes.’” Some advances have been made in devel-
oping sensors for the detection of pathogenic bacteria in
clinical diagnostics and environmental monitoring,” but it is
still a challenge to selectively detect food-borne pathogenic
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bacteria. Sensors based on phages and analytical techniques
such as QCM could allow the faster and more selective
detection of bacteria.[””!

Furthermore, phage display can be used to identify an
antibody fragment that specifically binds to the antigen. It is
important to determine the affinity of the recombinant
antibody fragment to its antigen. QCM sensors can be used
for this purpose. When the phage antibodies are bound to the
antigen immobilized on a QCM sensor, there will be a mass-
dependent decrease in the resonance frequency. In this way,
the apparent affinity of a single-chain Fv (scFv) antibody
against the antigen can be determined. It was found that the
apparent affinity obtained by this method was consistent with
the affinity of the scFv fragment estimated by other methods,
such as conventional equilibrium ELISA and surface plasmon
resonance methods."*?"

3.2.2. Phages in ELISA Biosensors

ELISA is generally used for detecting biological agents
and agent-specific antibodies.""”’ There are two types of
ELISA: In indirect ELISA, the target antigen is captured by
one antibody and detected by a second antibody, while in
direct ELISA, the antigen in the sample solution will compete
with labeled antigen to bind to the antibodies. Phage probes
can serve as antibody substitutes in direct ELISA (Table 2).
For example, fd phage probes that can capture their targets,
such as B-gal,®” streptavidin, and neutravidin,® can be used
in direct ELISA. Consequently, direct ELISA using phage
probes as antibody substitutes can specifically detect bac-
teria,”*¥ spores,[*” and viruses.*>11%]

Landscape phages are fd phages that display a foreign
peptide on each copy of the major coat protein constituting
the side walls of a single phage particle (Figure 1). Compared
to tip-engineered phages (Figure 1), where proteins are fused
to the five copies of the minor coat proteins at the tip of the
phage particles, the landscape phage has thousands of copies
of the highly ordered peptide on the side walls of the fd
phages. Thus, the affinity-selected landscape phages from a

Table 2: Phage-based ELISA sensors (n.a. indicates not available).
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landscape phage library (Figure 3) can serve as an antibody
substitute in ELISA that is more convenient than immuno-
globulin.®® For example, the most specific spore-binding
phage, which was selected from a landscape phage library by
using the phage display technique and which displayed a
peptide (EPRLSPHS) on its major coat, showed a binding
affinity to spores of B. anthracis Sterne 3.5- to 70-fold higher
than that to spores of other Bacillus species.*” This result
indicates that these phages could be used in continuous
monitoring devices and biosorbents.[*’

3.2.3. Optical Biosensors Based on Phages

There are two types of optical sensing. In the first type,
sensing is achieved by measuring the change in intensity at a
particular wavelength, and include techniques such as UV/Vis
spectrometry, fluorescence/phosphorescence spectrometry,
bio/chemiluminescence, and IR spectrometry. In the other
type, sensing is achieved by detecting the changes in the
chemical properties upon changing the wavelength, and
include techniques such as surface plasmon resonance
(SPR), fluorescence resonance energy transfer (FRET), and
colorimetry. In this section, we will focus on optical biosensors
based on immunofluorescence, FRET, and SPR (Table 3).

3.2.3.1. Immunofluorescence Assays

The immunofluorescence assay exploits fluorescence
spectrometry and specific biorecognition to obtain quantita-
tive results. The lytic phage will destroy bacterial cells and
cause the cell components to be released when it infects the
cells. If the cell-specific components released from the cells
can be detected, the lytic phage can be used as a probe to
detect bacteria. One method takes advantage of the fluores-
cence properties of the released cell components. Blasco et al
developed a sensitive and rapid assay to detect bacteria by
using E. coli and Salmonella newport as the model bacte-
ria."" In their assay, lytic phage specifically lysed the bacteria
and the released cell content was detected by ATP biolu-

Probe Analyte(s) Detection limit Ref.
fd phage displaying B. anthracis spore binding peptide Bacillus anthracis spores n.a. [80]
on pVllI

fd phage displaying target-binding peptides on pVIII streptavidin, avidin, and f-gal n.a. [88]
(selected by phage display)

T7 phage displaying mAbs F4, F5, and LT1 binding heptapeptide mAbs F4, F5, and LT1 (directed against the n.a. [89]
(selected by phage display) large T-antigen of mouse polyomavirus)

M13 phage displaying HBsAg binding heptapeptide on plll hepatitis B surface antigen (HBsAg) Ky=2.9nm [90]
(selected by phage display)

human scFv antibody protein antigens (e.g. ErbB2) K4=220 pm—4 nm [91]
(selected by phage display)

anti-atrazine antibodies atrazine 1-2 ppt [92]

(selected by phage display)
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Table 3: Phage-based optical biosensors (n.a. indicates not available).
Probe Analyte(s) Detection methods Detection limit Ref.
calcium-sensitive X-rhod dye connected Ca** calcium ion sensitive fluorescence 100 nm [98]

with a fused dye-binding peptide (selected

by phage display)

fluorescent bacteriophage LG1

fluorescent bacteriophage LG1

recombinant A511:luxAB phage

M13 phage displaying TNT binding pep-

tide (selected by phage display)

recombinant anti-TNT antibodies (isolated

from an antibody phage library)

Cy5 dye labeled M13 phage displaying SEB

binding peptide on pllil

M13 phage displaying HBsAg binding
peptide on plll

human anti-HBsAg antibody
(selected by phage display)

M13 phage tagged anti-HSV antibodies

phage displaying morphine-binding pep-

tide (selected by phage display)

phage displaying CPMV binding peptide

on plll (selected by phage display)

f-gal binding landscape phage

phage Lm P4:A8 displayed scFv antibody

(fused to plll)

lytic phage

anti-aflatoxin B, scFv antibodies (selected

by phage
display).

affibody ligands (selected by phage dis-
play)

lytic phage-mediated release of the enzyme

AK as a cell marker

E. coli O157:H7

E. coli O157:H7

Listeria cells

2,4,6-trinitrotoluene
(TNT)

2,4,6-trinitrobenzene
(TNB)

staphylococcal enter-
otoxin B (SEB)

hepatitis B surface
antigen (HBsAg)

hepatitis B surface
antigen (HBsAg)

herpes simplex virus
(HSV)

morphine

cowpea mosaic virus
(CPMV)

p-gal

L. monocytogenes actin
polymerization pro-
tein (ActA)

S. aureus ssp. aureus

aflatoxin B,

HIV-1 envelope glyco-
protein gp120

Salmonella enteritidis
E. coli

L phage with a luxI-based acyl-homoserine E. coli

lactone synthase attached

FBA
flow cytometry

immunomagnetic separation with fluo-

rescent stained bacteriophage assay
and flow cytometry

direct epifluorescent-filter technique

ELISA, fluoroimmunoassay

ELISA, fluoroimmunoassay

ELISA, fluoroimmunoassay

phage-Linked immunoabsorbant assay

ELISA

nitrocellulose filter assay

phage-linked immunoabsorbant assay

FRET

SPR

SPR

SPR

SPR

SPR

SPR

bioluminescence

bioluminescence
bioreporter

2.2 CFUg™ artificially conta-
minated ground beef

10* cellsmL™" in broth

n.a.

10 pgmL™

1 ngmL™!

1.4 ngmL™'

approx. 1 ng

1 pm

L. monocytogenes,
2x10° CFCmL™";
ActA, 4.5 nm.

10* CFUmL™

3ngmL™

K422100 nm for the univalent
affibody and 10 nwm for the
bivalent affibody

10° CFUmL™'

contaminated lettuce leaf
washings, 130 CFUmL™

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[

[112]

[113]

[114]

[115]

[116]

minescence.'"! The detection sensitivity was enhanced when
the bacteria’s adenylate kinase was used as the cell marker
instead of ATP, with this method detecting fewer than 10°
bacterial cells in less than 1 h.'") Wu et al used a biolumi-
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nescent method to detect adenylate kinase released from
lysed bacteria and determined the number of bacteria lysed
by phages that were specific to Salmonella enteritidis or
E. coli.™ 1t was found that the release of adenylate kinase
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was greatest when the multiplicity of infection was in the
range of 10 to 100. This assay allows for the detection of
bacteria faster (within 2h) and at lower Ilevels
(10° CFUmL™").'"™I The specific detection of bacteria by
lytic phage eliminates the need for time-consuming conven-
tional microbiological methods. It also removes the need for
using selective media, because the selectivity of phages for
bacteria is due to the natural, specific attachment of the phage
to its specific receptor.*212%)

A fluorescent bacteriophage assay (FBA) was developed
to detect E. coli 0157:H7 in ground beef and raw milk.” This
two-step assay includes the use of an immunomagnetic
method to purify the target organism from a mixed culture
and the use of a highly specific fluorescently labeled phage to
target the E. coli O157:H7 cells.””) The FBA could detect
between 10 and 10° CFUmL™! in artificially contaminated
raw milk after a 10 h enrichment step. This study shows,
therefore, that the FBA can be used to rapidly detect E. coli
0157:H7 in food and milk.”” The FBA was also employed to
detect E. coli O157:H7 at a concentration of 10* cellsmL ™" in
broth."™ A modified direct epifluorescent-filter technique
(DEFT) showed that a bacteria detection limit as low as 10—
10° cellsmL™" could be achieved with the FBA.["

In another study, phage display was applied to select a 12-
mer peptide that could bind to staphylococcal enterotoxin B
(SEB), which is a causative agent of food poisoning.'® Nine
SEB-binding phage clones were selected, and showed a
consensus sequence of Trp-His-Lys at the N-terminal end.
Fluorescently labeling the SEB-binding phages with Cy5 led
to a detection limit of 1.4 ng of SEB per sample well in a
fluorescence-based immunoassay."™ Similarly, a number of
biosensors were later developed to simultaneously detect
Bacillus globigii, MS2 phage, and SEB by a similar princi-
ple.!) These studies show that phage-based immunofluor-
escence assays can be applied to selectively detect species
with high selectivity for food analysis and clinical diagnosis
applications.

Phage-based immunofluorescence assays can also be used
for the sensitive detection of explosives.'® First, phage
display was used to identify peptides specific to the 2,4,6-
trinitrotoluene (TNT) derivative 2.4,6-trinitrobenzene. The
specific phage was then integrated into an immunosensor for
the specific detection of TNT.'"? The specific phage was
chemically labeled with the fluorescent dye cyanine 5 (CyS5),
and integrated with a flow-through sensor. The fluorescence
sensor could specifically detect 10 ygmL ™' TNT with a high
signal to noise ratio in a seawater sample (added to the sensor
by repeated injections)."” This was the first example where a
dye-labeled specific phage was used for the detection of TNT
in a continuous-flow sensor,'”? and with a very low detection
limit of 1 ngmL 2%l These results show that phage-based
sensors can be developed to detect TNT and related
compounds as well as other explosives. More interestingly, it
was recently found that the explosive-binding peptides
selected in the liquid phase by phage display showed selective
binding of the same explosive in the gas phase.l?”!

A hybrid material made of target-specific phages and
fluorescent species can result in a novel type of target-specific
fluorescent probe for sensing applications. For example, a
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ligand-displayed T7 ghost phage can be filled with a
fluorescent inorganic europium complex to form a hybrid
nanoparticle.®! A target-specific peptide (ligand) can be
genetically selected by using phage display and displayed on
the virus surface. This method offers a new approach to
fluorescently labeling a target-specific virus particle and/or to
biofunctionalize the fluorescent nanoparticles.’l When radio-
active or magnetic particles are used to fill the ghost phage,
the hybridized phages will serve as a new type of functional
probes for imaging and bioassays."

3.2.3.2. Fluorescence Resonance Energy Transfer

The observation of FRET processes has become a popular
method for studying biomolecular interactions, structure, and
dynamics.'>12Y To generate a measurable FRET signal, the
spacing between two fluorophores should be between 2 and
6 nm. Thus, the spacing between two antibody Fab fragments,
which form an immune complex (IC) binding pair, are ideal
for use in a FRET assay. Phage display selected specific
binding protein can be integrated with a FRET assay to
develop a single-step immunoassay for detecting small
analytes such as morphine. For example, anti-morphine and
anti-IC antibody fragments, which were selected from phage
display antibody libraries, were fluorescently labeled with
donor (europium) and acceptor (CyS5) fluorophores, respec-
tively, to develop a FRET assay.!'® This phage-enabled FRET
assay is rapid, sensitive, specific, easy to perform, and can be
applied to detect other small analytes. By this FRET assay, a
morphine concentration of 5ngmL™" could be detected
without showing cross-reactivity to codeine or heroin.!'*!
The anti-IC Fab antibody specifically recognizes the immu-
nocomplex formed between the M1 Fab and morphine
instead of the immunocomplexes between the M1 Fab and
the structurally similar substances heroin or codeine.”"

3.2.3.3. Surface Plasmon Resonance Sensors

SPR results from the light-induced excitation of surface
plasmons and is related to changes in the refractive index
induced by the molecules near the metallic surface.'” SPR
has been exploited in the development of sensors because it
enables the sensitive, rapid, real-time, and label-free detec-
tion of biomolecules in a small sample volume. Recently,
Haes et al reviewed optical nanosensors based on SPR.[*!
The set-up of a SPR sensor is shown schematically in
Figure 7.'% SPR-based biosensors (for example, from BIA-
core) have proven useful in studying biomolecular interac-
tions in real time.['"*'*") Phages can enable the development of
SPR sensors for target-specific detection in two
ways MO I312-1] - by immobilizing  the target-specific
phage on the sensor chip!!'®'*l or by immobilizing the
target-specific protein selected by phage display on the
sensor chip."13114

When target-specific phage is directly integrated into the
SPR sensor, the sensor performance is significantly improved.
For example, the $-gal-specific landscape phage identified by
the phage display technique (Figure 3) was immobilized on
the gold surface of an SPREETA SPR sensor chip through
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Figure 7. Top: The flow-through mode setup consisting of a source
point and a waste collector for solutions flowing in and out of the SPR
system, a peristaltic pump, and personal computer (PC) for collecting
data and offline analysis. Phage is immobilized on the gold-coated
SPR sensor chip in the system. Bottom: Typical dose/response curves
obtained from a phage-immobilized SPR sensor in the flow-through
mode. Curve A represents the responses obtained from the f3-gal-
specific phage 1G40 immobilized in one of the two channels of the
sensor against graded concentrations of 3-gal (0.0032-210 nm).

Curve B represents the responses obtained from the wild-type phage
F8-5 immobilized in the second channel. Even at the highest concen-
tration of 3-gal tested (210 nm), the response obtained from the -gal-
specific phage is approximately ten times greater than that obtained
from the wild-type phage.” RU =resonance units.

physical adsorption.''”! In a reference channel, a nonspecific
wild-type phage was immobilized on the surface of the sensor
chip. The optical response of the sensor was then monitored
to study the binding of different concentrations of [3-gal to the
sensor chip in both channels (Figure 7). The SPR sensor chip
with the immobilized (-gal-specific phage responded selec-
tively to the P-gal in the channel, whereas that with an
immobilized wild-type phage did not (Figure 7). The sensor
could detect B-gal at a concentration between 10~ nm and
107" um. From the time-dependent optical response of the
sensor, the SPR sensor could also determine the mean
K, value (1.3+£0.001 nm) and binding valences (1.5+0.03)
when a flow-through mode was used.!'!"

In another study,'*! a phage displaying a scFv antibody to
the virulence factor actin polymerization protein (ActA), was
immobilized on the SPR sensor chip by physical adsorption.
This SPR sensor chip was then used to specifically detect the
common food-borne bacteria L. monocytogenes. This study
showed that the SPR sensor had a detection limit for
L. monocytogenes cells of 2x10° CFUmL ™. The K, value
for the interaction between the phage-displayed scFv and
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soluble ActA in solution was determined experimentally to
be 4.5 nMm.'””! The ability to measure K, values and binding
valences is one of the major advantages of phage-based SPR
sensors over other types of sensors. Alternatively, a target-
specific peptide or protein selected by phage display can be
immobilized on the sensor chip to enable the biorecognition
that will result in detection.!"'*! For example, ScFv antibodies
specific to aflatoxin B1 (AFB1) could be selected from a
phage display library. The scFv antibodies could then be used
to develop SPR-based inhibition immunoassays for the
sensitive and selective detection of AFB1.'""! The proposed
SPR biosensor is much more rapid and simpler than conven-
tional ELISA analysis.

SPR sensors can also be used to verify the target-binding
specificity of phages or proteins selected by the phage display
technique. For example, glutathione peroxidase (GPX), an
antioxidant enzyme, is very important in scavenging reactive
oxygen species. Human GPX catalytic antibodies could be
selected from the phage-displayed library by biopanning, with
three haptens, S-2,4-dinitrophenyl tert-butyl ester, S-2,4-
dinitrophenyl fert-hexyl ester, and S-2,4-dinitrophenyl cyclo-
hexyl ester, used as the target.!'” Each antigen was then
immobilized on the gold surface of the SPR sensor chip by
chemical methods to form a membrane. The binding specific-
ity could be evaluated by challenging the antigen-containing
membrane with different phage antibodies and it was found
that the membrane specifically binds the corresponding phage
antibodies."*"!

3.2.4. Phages in Electrochemical Biosensors

Biosensors based on electrochemical methods have been
widely studied because they are simple, rapid, highly sensitive,
amenable to miniaturization, and can be operated in turbid
media."*?*! Such electrochemical sensors are proposed for
the detection of bacteria, viruses, and toxins.'¥’”! The surface
of the electrodes in an electrochemical sensor can be coated
with a variety of materials such as polymers, sol-gel,
ionophores, enzymes, antibodies, DNA, bacteria, viruses,
and toxins, which has led to the development of various
electrochemical sensors."*'*!1%] The immobilization of a
target-specific phage probe onto the surface of the working
electrodes of electrochemical sensors can enable the target-
specific detection of target analytes (Table 4).

3.2.4.1. Amperometric Sensors

Phages are electrochemically inactive species. However,
cell-lytic phages can cause the release of intrinsic cell-marker
enzymes when it meets a specific target bacterial cell; such
enzymes can further catalyze some substrates to produce
electrochemically active species. This process has been used in
the design of an electrochemical immunoassay for the
detection of bacteria or lytic phages.'3 1313150 For example,
infection by a virulent phage (phageAvir) and the cell-marker
activity of the intracellular enzyme f3-p-gal are both specific
for the bacterial strain E. coli (K-12, MG1655).*! The Iytic
phage specifically recognizes, infects, and lyses this bacterial
strain, which results in the release of the p-p-gal. The
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Probe Analyte(s) Detection methods Detection limit Ref.
lytic phage-mediated release of the E. coli K-12 release of enzymatic marker; amper- 1 CFU/100 mL [130]
B-p-gal as a cell marker E. coli MG1655 ometry
M13 phage with a gene for alkaline E. coli TG-1 amperometry 1CFUmL™ [137]
phosphatase
anti-MS2 1gG functionalized para-  bacteriophage MS2 paramagnetic bead based electro- 1.5x10'° MS2 phage [132]
magnetic bead chemical immunoassay particlesmL™"
anti-MS2/OVA 1gG functionalized =~ MS2 phage and ovalbumin amperometry 1.6x10" MS2 phage [133]
paramagnetic microbeads particlesmL™";
470 (ng ovalbumin) mL™".
phage-displayed antibodies lactose amperometry n.a. [134]
L. monocytogenes
enzyme MtKatG
phage displaying target- hPRL-3 and the mammary adeno- potentiometry, 0.04 nm hPRL-3 [135]
specific peptides carcinoma cell (MDAMB231) LAPS 10° MDAMB23TcellsmL™
M13 phage immobilized on elec- ~ PSMAF! EIS 120 nm [136]
trode
M13 phage immobilized on elec-  anti-M13 antibody EIS 20 nm 37
trode
M13 phage immobilized on elec-  anti-M13 antibody EIS, QCM 7 nm [138]
trode
phage-displayed antibody hal acid glycoprotein, ricin, redox enzyme amplified electro- attomole concentration 139
M13 phage, fluorescein, chemical detection
Bacillus globigii
DNA probe phage electric DNA chips 10’ phages [140]

Bacillus cereus and
Mycobacterium smegmatis

phage-displayed o- or B-glucosi-
dase

bead-based sandwich hybridization
with enzyme-labeled probes
amperometry with disposable screen- 10 viable cells mL'
printed electrodes

[147]

[a] PSMA = prostate-specific membrane antigen.

enzymatic activity of the 3-D-gal was then measured ampero-
metrically by using p-aminophenyl-B-D-galactopyranoside
(PAPG), which is an electro-inactive species, as a substrate.
p-Aminophenol (PAP), the product of this enzymatic reac-
tion, was then oxidized electrochemically to create a current
that can be measured, thereby leading to the detection of the
specific bacterial strain with a detection limit as low as 1 CFU/
100 mL within 6 to 8 h.l'*"l

A similar concept can be applied to detect phages.['*>1*]
For example, MS2 phage is a stimulant for biothreat viruses,
such as smallpox, and thus developing a method for detecting
this phage is of paramount important. An electrochemical
immunoassay based on the application of paramagnetic beads
was designed to detect MS2 phage by amperometry
(Figure 8).'"7 A biotinylated rabbit anti-MS2 IgG was first
attached to a streptavidin-coated bead, which then captured
the phage. A rabbit anti-MS2 IgG-f3-gal conjugate was then
attached to the other side of the phage. The [3-gal initiates the
conversion of PAPG into p-aminophenol (PAP), which can be
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oxidized electrochemically to p-quinone imine (PQI). The
current arising from this reaction is directly proportional to
the concentration of the antigen in the sample, and can be
measured by rotating disk electrode (RDE) amperometry by
using an interdigitated array electrode. The detection limit of
this electrochemical method can reach 3.2 x 10'° viral particles
per mL (RDE amperometry at an applied potential of
4290 mV versus Ag/AgCl and 3000 rpm)."* A fully auto-
mated fluidic system can be designed for a bead-based
immunoassay with amperometric detection of the MS2 phage
and ovalbumin (OVA).[™"

In addition to the use of lytic phages in developing an
amperometric sensor, a reporter phagemid system can also be
employed for the specific amperometric detection of bac-
teria.'® The M13KO7 helper phage and the commercial
plasmid pFLAG-ATS-BAP were used to construct the
phagemid system. This phagemid system includes a gene
that encodes for alkaline phosphatase (ALP), which serves as
a reporter gene.'™! The ALP can react with p-aminophenyl
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Figure 8. Schematic illustration of the bead-based immunoassay for
bacteriophage MS2. Biotinylated rabbit anti-MS2 1gG (biotin-1° Ab) is
attached to the streptavidin-coated microbead. Bacteriophage MS2 is
sandwiched between the biotin-1° Ab and rabbit anti-MS2 1gG labeled
with 3-galactosidase (conjugate). The enzyme label converts p-amino-
phenyl-B-p-galactopyranoside (PAPG) into p-aminophenol (PAP). PAP
is oxidized through a two-electron reaction to p-quinone imine (PQI)
at an electrode with an applied potential of 4290 mV versus Ag/AgCl
and PQI can be reduced to PAP at —300 mV.['*2

phosphate, which acts as a substrate in the enzymatic reaction
that occurs in the periplasmic space of the bacterial cells.!'*!]
PAP, which is the product of the enzymatic reaction, can leave
the cells and be oxidized at the working electrode at an
applied potential of 220 mV versus Ag/AgCl. The generated
current signals detection of the bacteria. The ALP activity can
be measured by using an electrochemical cell designed for the
specific amperometric detection of bacteria in the presence of
phage. The phagemid-based amperometric sensor can reach a
lower detection limit of 1 CFUmL ™" E. coli TG1 in less than
3 h. The use of ALP activity resulted in the sensitivity of the
sensor being increased by 10-fold compared to the lytic phage
based amperometric detection. It is possible to apply such a
phage-based amperometric sensor to rapidly detect any strain
of bacteria as long as the appropriate phage and reporter gene
are used.!*!

3.2.4.2. Light-Addressable Potentiometric Sensors

Light-addressable potentiometric sensors (LAPSs) are
semiconductor-based chemical or biological sensors that have
an electrolyte-insulator-semiconductor structure.® Many
measuring points are integrated on the sensing surface in
the LAPS which are individually accessed by a light beam.
When the measuring points are modified with different
materials, the sensor can be used to detect multiple analytes.
LAPS can be used to monitor the extracellular action
potential of single living cells upon stimulus. Since the
phage probes are stable under the testing conditions and
have a lower cost than antibodies, a target-specific phage can
be used to modify the measuring points of the LAPS to enable
the selective detection of the target analyte. In phage-based
LAPS, specific phages are covalently immobilized on the
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surface of a SizN, chip in a back-illuminating system. The
applicability of phage-based LAPSs was successfully demon-
strated by detecting two analytes at different concentrations.
One is the human phosphatase of regenerating liver-3 (hPRL-
3) at concentrations of 0.04 to 400 nMm, and another is the
mammary adenocarcinoma cell (MDAMB231) at concentra-
tions of 0 to 10° cellsmL~.'*! The cells gave a maximum
potentiometric signal of about 10 and 60 uV, respectively, in
response to the binding to the specific phages immobilized on
the surface of the sensor chip. Phage-based LAPS is a cell
assay that is better suited to the detection of cancer cells than
cancer biomarkers.'* It could find applications in the early
diagnosis and result in an improvement in the efficiency of
clinical treatment.

3.2.4.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a
method for studying the interfacial properties of electro-
des,"™ and has been used in combination with phages for the
development of a biosensor (Figure 9).137138.1521531 A Jayer of
M13 phages was first covalently conjugated to the surface of
the gold electrode to form a covalent virus layer (CVL).['*?!
The impedance of the CVL-coated electrode was then
measured as a function of the concentration of anti-M13
phage antibody (p-Ab) in a buffer solution at a frequency
range between 0.1 Hz and 1 MHz; this resulted in the
recording of the electrochemical response of the CVL to p-
Ab. The change in the resistive impedance (AZ,., relative to
the initial impedance of the original CVL coated electrode)
measured at high frequencies (between 4 and 140 kHz) was
directly proportional to the concentration of p-Ab in the
solution (Figure 10).*” When a nonbinding antibody (n-Ab)
such as the anti-FLAG M2 antibody was used as an analyte,
AZ,. was almost independent of the antibody concentration.
Therefore, the phage-based EIS can be employed to selec-
tively detect p-Ab with high sensitivity (Figure 10). This
method is very reproducible.'”” When prostate-specific
membrane antigen (PSMA) was used as the target in the
biopanning to identify a PSMA-binding M13 phage, the
phage in the CVL was able to specifically bind PSMA. The
EIS biosensor using a CVL made of PSM A-binding phage can
be applied to selectively detect PSMA.™ Since target-
specific proteins can be genetically identified by phage display
and displayed on the surface of phages, the use of phage in
EIS can result in the biosensors having enhanced affinity and
specificity for the detection of almost any target analyte.>!

3.3. Phages in Humidity Sensing: Applications of Virus—
Nanomaterial Composites

Gold nanoparticles (AuNPs) exhibit interesting localized
SPR which can be exploited in optical sensors.™> Virus-
templated assembly of nanoparticles***! and layer-by-layer
assembly (LBL)!'**'*) have been used separately to prepare
bio-nanoarchitectures. Recently, we integrated both
approaches to fabricate nanocomposite films from anionic
AuNPs and cationic M13 viruses genetically engineered to
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Figure 9. Virus electrode: A 3 mm diameter gold disk electrode onto
which engineered M13 phage particles are covalently attached

(steps 1-3 shown in (e)). The status of this electrode was determined
by measuring its resistive impedance Z;, at high frequency (2-

500 kHz) versus a large-area platinum electrode immersed in the same
salt-based buffer solution. Prior to the attachment of phage particles
(a), the Zg, of the system, at all frequencies, was relatively low. b) A
dense virus layer was then covalently bonded to the gold surface
according to steps 1-3 shown in (e). This produces a dense phage
layer that completely insulates the gold surface electrically from
contact with the buffer solution. c) Exposure of this virus electrode to
a “negative” antibody (n-Ab, blue) causes no change to either the
imaginary component of impedance Z,, or to Zg,. d) Exposure to a
“positive” antibody (p-Ab, red) that is selectively recognized and
bound by the phage causes a significant increase in Zg, at high
frequency, but little change in Z,,, (at any frequency). e) Schematic
view of the step involved in the preparation of the virus electrode.

1) An electrochemically activated gold electrode was exposed to
thioctyl N-hydroxysuccinimide (NHS) NHS ester to form a thiol-gold
bonded self-assembled monolayer (SAM). 2) M13 phage was cova-
lently tethered to the self-assembled monolayer, through formation of
amide bonds between free amines on the phage and the activated
carboxylate. 3) Gaps in the monolayer and unreacted NHS esters were
capped with BSA. 4) The virus electrode is ready to be used for
analyses.!"*
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Figure 10. Resistive impedance change AZ, versus the concentration
of anti-phage antibody (p-Ab) and a nonbinding antibody (n-Ab)."*”!
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display a positively charged peptide (tetraArg) on the side
wall."®! First, a quartz slide was precoated with two bilayers
of anionic poly(vinyl sulfate) potassium salt (PVS) and
cationic poly(diallyldimethylammonium chloride) (PDDA).
The LBL assembly of the composite structures was achieved
by immersing the quartz slide in an anionic AuNP solution
and tetraArg-M13 phage solution alternately and repeatedly
for 30 minutes. Interestingly, the SPR spectra were tunable to
the environmental humidity."*!

The change in the SPR spectra of the (PVS/
PDDA),(AuNPs/M13), nanocomposite film with the relative
humidity (RH) at 25°C is shown in Figure 11. As the humidity

09}
08}
07}

086

05 L . ) . A
400 480 560 640 720 800 880

Alnm

Figure 11. SPR spectra of (PVS/PDDA),(AuNPs/M13),-coated quartz
slide as a function of ambient relative humidity."®"

decreases, the 1,,,,, value of the SPR spectra is red-shifted. The
response is fairly linearly dependent on the RH within a range
between 19% and 86 %. When the sensor was exposed to
moist air at 98 % RH and then to 70 % RH air, the absorbance
of the sensor rapidly reached a relatively stable value within
20s (Figure 12); no further change in the SPR spectra
occurred after 15 minutes. We also found that the humidity
sensing is reversible in air." This film composed of
genetically engineered M13 phage and AuNPs exhibits
unique humidity-dependent SPR spectra, and thus has led
to the development of a spectrophotometric phage-based
humidity sensor.['®"

The humidity-dependent SPR spectra of the phage—AuNP
nanocomposite films can be explained by considering two
well-known phenomena: 1) the SPR spectra of the AuNPs are
dependent on the interparticle spacing, and 2) the phage
bodies flatten as the humidity decreases. During the LBL
assembly, the AuNPs are organized along the phage through
electrostatic interactions. When the phage—AuNP nanocom-
posite film is dried in air, the reduction in the amount of water
inside the film results in a flattening of the AuNPs-wrapped
cylinder-like M13 phage. This flattening leads to a reduced
spacing of the AuNPs along both the vertical (for AuNPs
above and beneath a cylinder lying on the film) and horizontal
(for AuNPs bound to two neighboring cylinders) directions
(Figure 13). This reduced spacing causes the red-shift of the
maximum absorbance of the SPR spectra of the film.
Conversely, an increased AuNP separation under high
humidity will cause a blue-shift of the SPR spectra. The
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Figure 12. Response time of the humidity sensor of the (PVS/
PDDA),(AuNPs/arg-M13), film on a quartz substrate. a) SPR spectra
of the film in air with 98 % RH and at a different time after being
switched to air with 70% RH. b) Enlargement of the absorbance peaks
in (a). The time on the arrow in (b) shows the time at which the SPR
spectrum of the film was recorded after the film was switched from
98% to 70% RH."

In Water
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AuNPs  MI13 Virus
Figure 13. Schematic illustration of the change in the arg-M13/AuNP
nanocomposite in water and in air (not scaled). In air, the rodlike virus
is flattened to some extent, resulting in a change of its cross-section
from a circle to an oval shape, that is, the height of the virus is
changed. The side wall of each virus is made of about 2700 copies of
protein pVIIl, and thus the pVIII conformation will be changed if the
virus is flattened.

phage—AuNP nanocomposite film exhibited better response
to the water content than a composite made of amphiphilic
triblock copolymer and gold nanorods."®”)
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4. Other Viruses for Sensing Applications

Similar to phages, other viruses, including the tobacco
mosaic virus (TMV),®!! cowpea chlorotic mottle virus
(CCMV) ' red clover necrotic mosaic virus (RCNMV),16
and cowpea mosaic virus (CPMV),'l have been used for
templating the synthesis of nanomaterials. Inorganic materi-
als can be formed either outside the coat or inside the core of
rodlike viruses such as TMV. For example, copper nanowires
(3nm wide and up to 150 nm long) were prepared by
electroless deposition within the central channel of TMV
particles.” Nanomaterials can be synthesized either outside
the coat or inside the core of icosohedral viruses such as
CCMV. For example, the gated entrapment of inorganic
minerals and an organic polymer can occur inside the CCMV,
thereby leading to the formation of hybrid materials.!"*?

There are, however, very few reports on using other
viruses for sensing applications. TMV viruses coated with
palladium nanoparticles were proposed as a sensing material
to develop surface acoustic wave (SAW) hydrogen sensors by
using two-port SAW resonators at 315 MHz.'®! It was found
that the adsorption and desorption of hydrogen from the Pd-
TMYV sensing layer resulted in the perturbation of the SAW
device, which further caused variation in the wave velocity
and resonant frequency of the device, and which is directly
related to the hydrogen concentration. Hydrogen with a
concentration as low as 0.2-2.5% can be detected with a
response time of 30 seconds. In this gas sensor, TMV serves as
a scaffold to organize and support the palladium nano-
particles.

The modification of other viruses have afforded new
hybrid materials that could be used for future sensing studies.
Functional molecules can be conjugated to viruses for the
detection and imaging of biological analytes. For example, the
surface-exposed carboxylate groups on CPMV particles can
be modified to increase the number and types of addressable
surface groups on the surface.l' The carboxylate groups
could be modified with the fluorescent dye N-cyclohexyl-N'-
(4-(dimethylamino)naphthyl)carbodiimide or conjugated
with approximately 180 redox-active methyl(aminopropyl)-
viologen moieties. Such virus-based novel constructs can be
applied to develop novel electron-transfer mediators in redox
catalysis, biosensors, and nanoelectronic devices.'® It was
also reported that fluorescent dyes can be conjugated to the
subunits of CPMV to form a virus particle with a high density
of fluorescent dyes on the surface.'® Thus, the modified
viruses can be used for the imaging of deep tissue inside living
organisms. The fluorescently labeled CPMV does not show
any detectable quenching, and can thus serve as very bright
particles for high-resolution intravital imaging of vascular
endothelium for periods of at least 72 h. They were used to
image the vasculature and blood flow in living mouse and
chick embryos at a depth of up to 500 pm.[*

Recently, the rodlike TMVs were used as templates to
grow conducting polymers such as polyaniline on the coat of
the viruses.""”! The virus templating results in the polyaniline
nanowires formed being monodisperse. Although the bio-
sensing applications of such virus—polymer composites have
not been demonstrated, the use of conducting polymers as a
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sensing and biosensing material has been well estab-
lished!'®17! and such virus—polymer composites should be
explored to develop new types of sensors. On the basis of
these results, it can be imagined that a sensor with improved
performance could be designed if other functional molecules
or nanomaterials were conjugated to the viruses and com-
bined with modern analytical methods.

Nanoparticles (NPs), quantum dots (QDs), nanowires,
and nanotubes have extraordinary physical and chemical
properties,'”"'™! which allow them to serve as active compo-
nents or sensing materials in sensors with enhanced sensitiv-
ity. 1441761771 AuNPs can selectively bind to the ends of TMV to
form gold-virus—gold dumbbells.? The selective attachment
of AuNPs to the viruses may indicate some future possibilities
in applying the composite to sensing. This can be supported
by the fact that colorimetric biosensors can be designed by
using nucleic acid enzyme-directed assembly of nanoparti-
cles.'

Exploring the physical and chemical properties of the
virus—nanomaterial composites could lead to the design of
novel sensors based on other viruses. Scientists can learn from
the success of the phage-based sensors for this unexplored
area. This is possible because, similar to phages, other viruses
can also be genetically modified to display a specific peptide
or protein on the surface and form a complex with other
nanomaterials. In addition, the inorganic nanomaterials can
confer physical or chemical properties to the composite,
which can lead to the generation of measurable signals upon
binding of the target analyte to the composite. For example,
Medintz et al. described methods for conjugating luminescent
QDs to CPMV by taking advantage of biotin—avidin bind-
ing.'"! Specifically, the CPMV was biotinylated by conjugat-
ing biotin groups to the lysine residues on the surface of the
virus and then immobilized onto a substrate through neu-
travidin-biotin interactions. The biotin groups exposed on the
surface of the immobilized CPMYV could be used as sites for
capturing QDs that were conjugated with both avidin and a
second protein such as a maltose-binding protein.'” The
resultant virus—QD conjugate may find possible application in
the detection of maltose.

Recent progress has also been made in using enveloped
viruses for the development of novel bio-nanomaterials that
can be used for biosensing.'™'* For example, lipid-envel-
oped rubella virus (RV) can bind to its host cell surface and
induce endocytosis and fusion with the late endosomal
membrane. The RV membrane protein E1, which forms a
complex with another outer membrane protein of the RV
(called E2), mediates the binding and fusion process. A low
pH value can trigger the fusion competence of the E1 protein.
RVs lacking the virus genome, described as rubella-like
particles (RLPs), can be used to decorate LBL colloids.!"s!
Toward this end, a polyelectrolyte multilayer is first assem-
bled onto a colloidal core through an LBL process, followed
by adding a lipid bilayer onto the polyelectrolyte layer. The
resulting particles are then interacted with RLPs at a low
pH value to trigger the fusion of the RLPs with the lipid
bilayers. The RLPs are electrostatically attached to and then
fused with the lipid bilayers, thereby leaving the RV envelope
proteins E1 and E2 displayed on the surface. After removal of
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the colloidal core, a capsule is formed with virus proteins
displayed on the surface. This strategy can be used to form
virus-coated LBL colloids, which can be used as a multiplex
suspension array for the detection and quantification of virus-
specific antibodies.'*?! For example, authentic viruses (chi-
meric and wild-type) such as baculoviruses and influenza A
viruses were coated onto lipid-bilayer-surrounded color-
coded beads to catch and quantify virus-specific antibodies
in a flow-cytometric analysis. Immunofluorescence was used
to detect the specific binding between the viruses presented
on the bead surface and the chosen antibodies. It was
demonstrated that such bead-based multiplex suspension
arrays could give positive results for primary antibodies
diluted by up to a factor of 10°. This method was competitive
with ELISA for the fast and easy analysis of virus-specific
antibodies,®” and serves as an approach for the detection of
major viral infections in humans.

5. Future Opportunities for the Incorporation of
Viruses in Sensors

Sensors based on viruses have been actively studied in
recent years and have become increasingly attractive as the
area of nanotechnology has developed. Phage-based sensors
are still the most popular in this field because selectivity is a
very important property of a chemical and biological sensor,
and phage can be engineered to bear a target-specific motif by
using the well-established phage-display technique. More and
more viruses are being used as templates for nanomaterials
and in biosensors. We believe that the following three areas
need more attention for the development of advanced real-
time chemical and biological sensors with improved sensitiv-
ity and selectivity: 1) Combining viruses with new analytical
methods and the fabrication of micro- and nanofunctional
devices; 2) developing and applying virus-like nanomaterials
(VLNs); and 3) exploiting supramolecular materials self-
assembled from viruses and nanomaterials.

5.1. Integrating Viruses into New Analytical Methods and Their
Incoporation into Micro- and Nanofunctional Devices

Our previous discussions indicate that viruses themselves
cannot be used as sensors, but have to be used as key
components, such as sensing probes. With the development of
new techniques such as lab-on-a-chip, microfluidics, as well as
micro- and nanofabrication, viruses can be integrated as
sensing probes into new devices. For example, very recently a
new sensing device, termed an optofluidic ring resonnator
(OFRR), was developed by combining the ring resonator with
a microfluidic system for the real-time detection of biomol-
ecules."™ The OFRR uses a microsized quartz capillary as the
microfluidic channel, whose cross-sections form ring resona-
tors. As a proof of concept, filamentous phage with a
streptavidin-binding peptide displayed on the major coat
was chemically immobilized on the inner surface of the
capillary, thereby resulting in the immobilization of strepta-
vidin-specific phage probes on the walls of the microfluidic
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channel. The waveguide modes (WGMs) circulate along the
circumference (that is, the resonator surface). The evanescent
field of the resonant WGMs can extend into the microfluidic
channel and interact with the target analyte (in this case,
streptavidin) in the channel. The target in the channel will be
specifically bound to the phage probes immobilized on the
inner channel surface. The interaction between the evanes-
cent field of the resonant WGMs and the target analyte bound
to the inner channel surface generates a readable signal (a
shift in the WGM spectrum), thus enabling the detection of
the target analyte without the need for fluorescent or
radioactive labeling. In OFRRs, photons circulate around
the circumference of the ring resonator many times, which
significantly increases the interaction between the evanescent
wave and the surface-bound analyte (the phage-bound
streptavidin) and results in enhanced sensitivity. The detec-
tion limit for an OFRR with phage was about 100 pm
streptavidin and the K,value was 25 pm.'®! The ease of
generating target-specific phage by the phage display tech-
nique means that the phage-based OFRR biosensor can be
extended to detect different target biomolecules with high
sensitivity, low cost, and selectivity.

Viruses can serve as templates to organize nanomaterials
with different functionalities, such as magnetic and metallic
nanoparticles and quantum dots (Figure 4). The virus-nano-
material composites can serve as new building blocks for
micro- or nano-functional devices. The advantages of using
such virus-based composites include the monodisperse and
precise size and morphology that cannot be achieved by other
synthetic templates. Recently, for example, Pt nanoparticles
were formed on the surface of rodlike TMVs.'®! The virus—
nanoparticle nanowires were placed into the gaps between
two electrodes in microelectronic devices. The memory effect
of the TMVs coated with platinum nanoparticles was
observed, which enabled the development of a memory
device. This effect results from the entrapment of the charge
in the nanoparticles assembled along TMV (which serve as
data-storage media) and electron tunneling between the
nanoparticles.'® This study indicates that the virus-nano-
particle composites can be integrated into micro- and nano-
functional devices, which can enable the development of
sensors based on the nanoelectronic properties of the
composites. In addition, if M13 phage is used, its two distal
ends can be engineered to bear proteins that can specifically
recognize target materials on the devices (Figure 1). Hence, it
will be possible to precisely place such virus—nanomaterial
composites into the desired position (for example, in between
two electrodes made by electron-beam lithography).

5.2. Developing and Applying Viruslike Nanomaterials

Viruses such as M13 or T7 phage can be viewed simply as
a protein coat assembled around a nucleic acid (DNA or
RNA). There is electrostatic interaction between the nucleic
acid inside the virus and the protein coat, which is made of
many copies of protein subunits. Thus, the formation of such a
virus particle can be simplified as the assembly of protein
subunits around a nuclei acid template driven by the electro-
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static interaction. Therefore, if the nucleic acid in the virus is
replaced by an inorganic nanomaterial (spherical nanoparti-
cles or filamentous nanorods or nanowires) and the inorganic
nanomaterial surface is functionalized to mimic the electro-
static behavior of the nucleic acid, a viruslike nanomaterial
(VLN) will result from the electrostatic self-assembly of
proteins around the nanomaterial. Viral protein purified from
the virus particle is needed to form such a VLN. The self-
assembly of viral protein around nanoparticle templates to
form viruslike particles (VLPs) has recently been successfully
demonstrated.!"** "I For example, the coat protein from a
brome mosaic virus (BMV) can self-assemble around a
functionalized AuNP core to form a VLP (Figure 14).1%

Figure 14. a) TEM images of negatively stained viruslike particles
obtained from functionalized AuNPs (black centers, 12 nm diameter)
and BMV capsid protein. b) Comparison of encapsidation yields for
citrate-Au, Au-TEG, and native RNA. Averaged transmission electron
micrograph of c) empty BMV capsid, d) citrate-coated VLP, and

e) TEG-coated VLP. The averages have been obtained by superposition
of 10 individual images in each case.®

The functionalized AuNPs mimick the electrostatic behavior
of the nucleic acid component of the native virus and initiate
the assembly of proteins around the AuNPs.'® The assembly
of virus proteins around nanomaterials will allow the
resultant VLNs to bear target-specific peptides or proteins
on the surface.'”! Furthermore, the functionalized spherical
magnetic nanoparticles could be encapsulated by viral protein
cages even when the size of the nanoparticle was larger than
that of the inner cavity of the native capsid of BMV.'*!
Recently, Petrenko and co-workers demonstrated that
phage-display-selected target-specific coat protein can be
presented on the liposome surface."™ This finding suggests
that the target-specific protein identified by phage display can
be presented on the nanoparticle surface for specific target
binding.

5.3. Self-Assembled Supramolecular Materials from Viruses and
Nanomaterials.

It is known that rodlike viruses can self-assemble into 3D
lyotropic liquid crystals as a result of their monodisperse size
and anisotropic shape,?>?*%1% whereas spherical viruses can
self-assemble into a 2D superlattice because of their uniform

Angew. Chem. Int. Ed. 2009, 48, 6790 - 6810


http://www.angewandte.org

Virus-Based Sensors

size and shape.'®1>1%] The ordering of the 2D and 3D viral
assembly can be imparted to that of the inorganic nano-
materials if nanomaterials such as nanoparticles are assem-
bled on the surface of the rodlike viruses or inside the core of
the icosohedral viruses. In addition, the rodlike virus—nano-
particle composite can self-assemble into a 3D liquid crystal,
which can be transformed into a free-standing film after
evaporation of the solvent from the liquid-crystalline suspen-
sion (Figure 5).*¥) These results indicate that free-standing
supramolecular materials can be self-assembled from viruses
alone or from composites of viruses and nanomaterials.
However, to the best of our knowledge, there has been no
report on the sensing applications of such virus-based free-
standing supramolecular materials. Recently, the self-assem-
bly of the virus—nanoparticle composites was applied to the
construction of a lithium ion battery with enhanced perfor-
mance, thus suggesting the power of using such materials in an
electrochemical device."””

The applications of nanomaterials such as nanoparticles,
nanowires, and nanotubes in sensing have been successfully
demonstrated."*'] The application of supramolecular mate-
rials self-assembled from target-specific viruses and one or
more of these nanomaterials should be pursued in the
development of chemical and biological sensors. In free-
standing supramolecular materials (films or bulk materials)
assembled from target-specific viruses and functional nano-
materials, many physical phenomena, such as electron
tunneling (when semiconducting nanoparticles are in close
contact in the materials) and surface plasmon resonance
(when metallic nanoparticles are in proximity in the materi-
als), can occur as a result of the individual and collective
properties of nanomaterials. The combination of the target
specificity of the viruses and the physical properties of the
nanomaterials in the composite materials should be explored
when developing a sensor with enhanced analyte specificity
and sensitivity.

6. Summary and Outlook

Viruses have been exploited in the development of
chemical and biological sensors, with phages being the most
successful viruses used. Nonlytic phage such as M13 phage
can be engineered to display target-specific peptides or
proteins by using well-established phage display techniques
(for universal target detection), while lytic phage can be used
to specifically kill the bacteria to release cell markers (for
bacteria detection). Phages enable virus-based target-selec-
tive sensing in four ways: First, the target-specific peptides or
proteins selected from a random phage-displayed peptide or
protein library can be used as a sensing probe. Second, the
phage that displays the target-specific peptides or proteins
can be directly used as a sensing probe. Third, the lytic phage
can specifically kill bacterial cells, which results in the release
of cell-specific markers for the detection of bacteria. Fourth,
the phage can serve as a scaffolding material to carry, support,
or organize other functional molecules or nanomaterials for
use in sensing devices. To develop a useful sensor, the phages,
phage-derived proteins, or phage-nanomaterial composites
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should be coupled with or integrated into modern analytical
devices that can generate and report a measurable signal for
sensing.

Sensors based on viruses other than phages have not been
widely studied, but more examples using other viruses can be
imagined if the viruses are modified by chemical conjugation
with functional molecules or assembled with inorganic nano-
materials which offer unique physical properties (optical,
electronic, and magnetic). Such composites, which can offer
target specificity by displaying a target-specific protein on the
capsid, can form a complex that can be used as a sensing and/
or transducing material.

Further advances in the field of virus-based target-
selective sensing could be made by combining viruses with
new analytical and micro- or nanofabricated devices, the
development of viruslike sensing nanomaterials, and the use
of free-standing supramolecular materials assembled from
target-specific viruses and functional nanomaterials. In addi-
tion, new sensing materials and devices could be developed by
learning lessons from virus-related biological processes, such
as how enveloped viruses bind and fuse with cell membranes.
Such a biomimetic strategy could lead to biosensors that
combine the target-specific recognition of authentic viruses
and the functional properties of nanomaterials. Virus-based
sensors will lead to new strategies for the rapid, selective, and
sensitive detection and monitoring of chemicals, explosives,
proteins, bacteria, spores, viruses, and toxins for analytical
chemistry, food storage and processing, medical diagnosis,
and environmental protection applications as well as in the
fight against bioterrorism.
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