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BACTERIOPHAGE-BASED ELECTROCHEMICAL BACTERIAL SENSORS, SYSTEMS,
AND METHODS

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of and priority to U.S. Provisional Application
Serial No. 62/427,377, having the title "“BACTERIOPHAGE-BASED ELECTROCHEMICAL
BACTERIAL SENSORS, SYSTEMS, AND METHODS”, filed on November 29, 2017, the
disclosure of which is incorporated hergin by reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
This invention was made with Government support under Grant No. CBET-1637863
awarded by the National Science Foundation, The Govermnment has carfain rights in this

invention.

BACKGROUND

Bacterial pathogens are universally present in the environment and can sasily
contaminate food or water o cause serious food-borne illness to humans. Centers for
disease control and prevention (CDC) estimates that one in six Americans get sick from
contaminated food or beverages, 128,000 are hospitalized and 3000 die each year in the
United States. Foods that sickened people were contaminated with pathogenic bacteria or
toxing. In 2015, 11cases of food-borne outbreaks were investigated on pathogens including
Salmonelia spp., E. coli 157, and Listeria monocyfogenes. The prevention of such
outbreaks of food-borne diseases is critical and raquiras an accurate and sensitive detection
of contaminations before distribution in the market.

Bacterial pathogens are imporiant targets for detection and identification in various
applications, such as food safety, environmental pollution, and public health. Conventional
methods for bacterial identification include standard microbiology or biochemical procedures,
such as culture and cell counting of bacteria, enzyme linked immunosorbent assay (ELISA),
polymerase chain reaction (PCR), flow cviometry, etc. While being highly reliable, these
methods are also laborious, time-consuming, typically expensive, and require special
laboratory environments to avoid contamination, making them unsuitable for rapid screening
purposes by an unskilled user outside the laboratory set up.

SUMMARY
Embodiments of the present disclosure include g method of detecting bacteriain a

sample, including the sieps of. a) providing magnetic particles functionalized with a first
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plurality of bacteriophages specific for a target sirain of bacteria to be detected. The
bacleriophages are immobiized {o the magnetic particle such that & majority of the phages
are oriented in a head-in configuration relative to the magnetic particle such that a head of
the bacteriophage can be coupled to the magnetic particle; contacting the phage-
functionalized magnetic particles with a sample contaminated with the farget bacteria, such
that the bacteriophages bind {o bacterial cells of the {arget sirain in the sample thereby
coupling the bacterial celis to the phage-functionalized magnetic particies; b) applving a
magnetic field to the sample to separate the magnetic particle-coupled hacterial cells from
other components in the sample to provide an enriched sample comprising a greater
concentration of the target bacteria than the original sample; ¢) contacting the enriched
sample with a bacteriophage-modified electrode. The electrode can include an slecirode
material,  layer of multh-walled, carbon nanctubes JAWCONTS) on a surface of the electrode
material, and a second plurality of bacteriophages specific for the target strain of bacteria,
wherein the majority of the phages on the elecirode are oriented in a head-in, tail-out
configuration relative to the electrode surface such that a head of the bacteriophage is
coupled to the multi-walled, carbon nanotubes, wherein the second plurality of
bacteriophages are capabile of binding the target bacteria in the enriched sample; and &)
applying an electrical signal to the bacteriophage-modified electrode such that binding of the
target bacleria 1o the phage-modified electrode produces a deteclable impedimetric signal.
Embodiments of the present disclosure also include a system for delecling bacleria
in a sample, including a) magnetic particles functionalized with bacteriophages specific for a
target strain of bacleria {0 be detected. The bacteriophages can be immobilized {o the
magnedtic particle such that a majority of the phage are oriented in a head-in configuration
refative 1o the magnetic particle such that a head of the baclericphage is coupled to the
magnetic particle and the tail of the bacleriophage is free {0 recognize bacterial cells of the
target strain in a sample containing the target bacteria, thereby coupling the bacterial cells to
the phage-functionalized magnetic particles. Embodiments of the system also include: b) a
magnet capable of providing a magnetic field to the sample to separate magnetic pariicle-
coupled bacterial cells from other components in the sample {0 provide an enriched sample
comprising & greater concentration of the target bacteria than the original sample; ¢) a
bacteriophage-modified electrode including an electrode material, a laver of multi-walled,
carbon nanotubes (MWCNTSs) on a surface of the electrode material, and bacteriophages
specific for the target strain of bacteria immobilized to the MWCNT's, wherein the majority of
the phages on the eleclrode can be oriented in a head-in, {ail-out configuration relative to the
electrode surface such that a head of the bacteriophage is coupled to the multi-walied,
carbon nanotubes, wherein the second plurality of bacteriophages are capable of binding the
target bacteria in the enriched sample; and d) a three-glecirode electrochemical cell, in
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which the bacteriophage-modified elecirode is a working electrode. The cell can further
inciude a counter electrode and a reference electrode in electrochemical communication with
the working electrode, and a potentiostat {0 supply an electrical signal to the elsctrochemical
cell. The potentiostat can monitor changes in electrochemical parameters of the working
glectrode, wherein binding of target bacteria to the phage-maodified elecirode produces a
detectable impedimetric signal.

Embodiments of the present disclosure also include a method of making a system for
detecting bacteria in a sample, including a) providing hacteriophages specific for a target
strain of bacteria to be detected, where the bacteriophages include a head and a tail, by
immobilizing the bacteriophages o magnetic particles such that a majority of the phages are
oriented in a head-in configuration relative to the magnetic paticle, where the head of the
bacleriophage is coupled o the magnetic particle; and ¢ preparing a bacteriophage-
modified electrode. In embodiments, preparing the bacteriophage-muodified elecirode
inciudes modifying a surface of an electrode to form a layer of muiti-walled, carbon
nanctubes (MWOCNTs) on a surface of the electrode material, adding a positively charged
charge modifying compound to the surface of the electrode to provide the electrode with a
positive charge, applying a posilive polential to the MWONT modified electrode to provide &
positive surface charge io the electrode, contacling the posilively charged electrode with a
composition comprising a second plurality of bacleriophages specific for the arget sirain of
bacteria, such that the positive surface charge of the eleclrode facilitates coupling of the
bacteriophages to the eleclrode surface in a head-in, tail-out configuration in manner where
the second plurality of baclericphages can bind 10 the target bacternial species in a sample.

Embodimenis of the present disclosure include a method of enriching a sample,
inciuding: a) providing phage-functionalized magnetic particles {o a sample wherein each
magnetic particle is non-covalently coupled to at least one target-strain specific
bacteriophage such that 2 majority of the phages are oriented in a head-in configuration
refative to the magnetic particle such that a head of the bacteriophage is coupled to the
magnetic particle; b) infroducing the phage-functionalized magnetic particles to a sample
containing the target bacleria, wherein the iail of the bacleriophage is free to atlach to
bacterial cells in the sample, thereby coupling the bacterial cells to the phage-functionalized
magnetic particles; and ¢ providing a magnetic field to the sample to separate the magnetic
particle-coupled bacterial cells from other components in the sample, thereby providing an
enriched sample comprising & greater concentration of the {arget bacieria than the original
sample.

Embaodiments of the present disclosure also include a phage-funclionalized particle
inciuding at least one bacteriophage and a magnetic particle, wherein the majority of
bacteriophages can he non-covalently coupled to the magnelic particle in a head-in, tail-out
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configuration and wherein each magnetic particle can be coupled to at least one
bacteriophage.

Embodimenis of the present disclosure also include a method of making a phage-
functionalized particle, including contacting at least one bacteriophage 1o a magnetic
particle, such that the majority of baclteriophages couple to the magnetic particle in a head-
iny, tail-out configuration and wherein each magnetic particle is coupled to at least one
bacteriophage, and wherein the coupling 15 via a non-covalent linkage.

Other compositions, apparatus, methods, features, and advantages will be or
become apparent o one with skill in the art upon examination of the following drawings and
detailed description. It is intended that all such additional compositions, apparatus, methods,
features and advaniages be included within this description, be within the scope of the

present disclosure, and be protecied by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Further aspects of the present disclosure will be more readily appreciated upon
review of the detailed description of its various embodiments, described below, when taken
in conjunclion with the accompanying drawings.

FIGS. 1A~1B lllusirate schematic drawings of the methodology for magnetic
separation of bacterial celis from & sample using phage funclionalized magnetic
nanoparticles, FiG. 1A illustrates surface funclionalization of the magnetic particle with
phage(s; specific for (e.g., that specifically binds) a target bacterial cell, and FIG. 1B
fiustrates binding and magnetic separation of bacterial celis from a sample. FIG. 1C
iliustrates bacterial cell detection using the phage modified elecirode of the present
disclosure.

FIGS. 2A-28 and 2D illustrate schematic drawings of the electric-field induced,
charge directed immobilization of bacteriophage onto PEICNT surface, and the use for
bacterial cell detection in FIGS. 2B and 2D. FIG. 2C illustrates random immobilization of
bacteriophage onto CNT suirface without electric-field-induced immobilization.

FIG. 3 is an ATR-FTIR spectrum confirming the successful modification of MWCNT
with PEL

FIG. 4 illustrates SEM images of CNT before (left) and afier (right) PEI modification.
Inset; Images of water droplet on the substrates and their contact angles.

FIGS. 5A-5D illustrate fluorescent images of. (5A-B) surface immobilized phage
particles by slectric-field induced covalent altachment; (8C-D) surface immobilized phage by
covalent attachment without electric-field induced attachment. Red marks (dots in FIG. 5B)
indicate surface immobilized phages. 140 phage particles were detecled in 5B, and 8 were
detected in 5D using the method described above. The laser intensity used was 114 Wiem?2,
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FIGS. 8A-6B are digital images of petri dishes that illustrate the infectivity of
immobiiized phage. FIG. 8A) Lysis rings (pointed with arrows) were formed around the ITC
electrode with immobilized phages; (FIG. 6B) No plague was formed around the [TO
electrode without surface immeobilized phages.

FIG. 7A is a Nyquist plot for T2 page-modified electrode in the absence and
presence of £ colf B at different concentrations. {Inset: Randles equivalent circuity, FIG. 7B
iHustrates variations of charge transfer resistance at different £ ¢oli B concentration in the
sample.

FIGS. 8A-8F are representative images of bacterial cell lysis monitored by
fluorescence microscope using the Backlight bacteria viability kit. (A) 10 min; (B) 15 min; (C)
20 min; (D) 25 min; (E£) 30 min; (F) 35 min. Green dots {(dots n FIGS. 8A-8C) represent live
bacteria, and red dois (dots in FIGS. 8D-8F) represent lysed bacleria. The scale baris 10
um.

FIG. 9 shows Nyquist plots of a T2 page-muodified electrode for the detsction of £
coli K strain.

FIG. 10 shows digital images illusirating magneslic separation of £ coji cells from
solution using non-funclionalized Fe,0s microbeads.

FIG. 11 is a bar graph illustrating Listeria monocytfogenes capture efficiency by
different quantities of MNP150 magnetic nanoparticles (150 nm in diameter) chemically
bonded to P100 phage particles,

FIG. 12 is a bar graph illustraling Lisferia monocytogenes capture efficiency by
different quantities of MNP5SO0 magnetic nanoparticles (500 nm in diameter) chemically
bonded io P100 phage particles.

FIG. 13A Is an example of MP modification with bacleriophage via chemical and
physical immobilization methods; FIG. 138 is an example of magnelic separation of Lisferia.
monocyfogenes captured on PMMP from bacterial suspension.

FIG. 14 graphs the capture efficiency of PMMP for the separation of L,
monocylogenes from a suspension of 10° CFU/mL.

FiG. 15A plots the mean capture efficiency of phage-modified MP from cell
suspension containing variable concentrations of L. monocytogenes (10%-10° CFU/mL); FIG.
15B provides images of transmitied (top) and fluorescence microscopy (botiom) imagss
showing capiure of bacteria using 1 pm MNP, Three spols were selected to show the
captured bacteria on MP surfaces. The scale baris 2 um.

FiG. 16 shows SEM images of PMMP used for the caplure of L. monocyiogenes. (left
150 nm, middie 500 nm and right 1 ym M),
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FIG. 17 provides results of a selectivity study of phage-modified 1 pm MP with
selected bacteria strains. Red bar represents P100 chemically-immobilized MP; biue bar
reprasents P100 physically-immobilized MP.

FIG. 18 illustrates the stability of physical/chemical functionalized magnetic particles.
The blue dotied line represents the phage tic aclivity of PMMP-1000Ch, and the yellow
solid line represents the phage hytic activity of PMMP-1000Ph.

FIG. 18 illustrates separagtion of L. monocylogenes fraom pre-contaminaled beef and
milk samples (10° CFU/mL) using PMMP-1000Ch and PMMP-1000Ph.

DETAILED DESCRIPTION

Before the present disclosure is described in greater detall, it is {o be understood that
this disciosure is not limited {0 particular embodiments described, and as such may, of
course, vary. ltis also to be understood that the terminology used herein is for the purpose
of describing particular embodiments only, and is not intended to be limiting.

Where a range of values is provided, #t is undersiood that each intervening value, to
the tenth of the unif of the lower limit unless the context clearly dictates otherwise, between
the upper and lower limil of that range and any other stated or inlervening value in that
stated range, is encompassed within the disclosure. The upper and lower limits of these
smaller ranges may independently be included in the smaller ranges and are aiso
encompassed within the disclosure, subject to any specifically excluded limit in the siated
range. Where the stated range includes one or both of the limils, ranges excluding either or
both of those included limits are also included in the disclosure.

Uniess defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly undersiood by one of ordinary skill in the art {6 which this
disclosure belongs. Although any methods and materials similar or equivalent to those
described herein can also be used in the practice or testing of the present disclosure, the
preferred methods and materials are now described,

All publications and patenis cited in this specification that are incorporated by
reference, as noted in the application, are incorporated by reference o disclose and
describe the methods and/or materials in connection with which the publications are cited.
The citation of any publication is for ifs disclosure prior {0 the filing date and should not be
construed as an admission that the present disclosure is not entitied to antedate such
publication by virtue of prior disclosure. Further, the daies of publication provided could be
different from the actual publication dates that may need to be independently confirmed.

As will be apparent {o those of skill in the art upon reading this disclosure, each of the
individual embodiments described and iHusirated herein has discrete components and
features which may be readily separated from or combined with the features of any of the
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other several embodiments without departing from the scope or spirit of the present
disclosure. Any recited method can be carried out in the order of events recited or in any
other order that is logically possible.

Embodiments of the present disclosure will employ, unless otherwise indicated,
techniques of molecular biology, microbiology, organic chemistry, biochemistry, virology,
electrochemistry, and the like, which are within the skill of the art. Such techniques are
explained fully in the Hterature,

It must be noted that, as used in the specification and the appended embodimeants,
the singular forms “a,” "an,” and “the” include plural referents unless the context clearly
dictates otherwise. Thus, for example, reference {0 “a support” includes a plurality of
supports. In this specification and in the embodiments that follow, reference will be made {0
a number of terms that shall be defined (0 have the following meanings uniess a contrary
intention is apparent.

As used herein, the following terms have the meanings ascribed to them unless
specified otherwise. In this disclosure, "consisting essentially of” or "consists essentially” or
the like, when applied to methods and compositions encompassed by the present disclosure
refers 1o compositions like those disclosed herein, but which may contain additional
structural groups, composition components or method steps (or analogs or derivatives
thereof as discussed above). Such additional structural groups, composition components or
method steps, elc., however, do not materially affect the basic and novel characteristic(s) of
the compositions or methods, compared to those of the corresponding compaositions or
methods disclosed herein, "Consisting essentially of" or "consists essentiaily™ or the like,
when applied to methods and compositions encompassed by the present disclosure have
the meaning ascribed in U.B. Palent law and the term is open-ended, allowing for the
presence of more than that which is recited 5o long as basic or novel characteristics of that
which is recited is not changed by the presence of more than that which is recited, but
excludes prior art embodiments.

Prior to describing the various embodiments, the following definitions are provided

and should be used unless otherwise indicated.

Definitions

in describing the disclosed subject matter, the following terminology will be used in
accordance with the definitions set forth below.

As used herein, “about,” "approximately,” and the like, when used in connection with
& numerical variable, generally refers o the value of the variable and to all values of the
variable that ars within the experimental siror (e.g., within the 85% confidencs interval for the

mean} or within +/- 10% of the indicated value, whichever is greater.
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As used herein, “isolated” indicates removed or separated from the native
environment. An isclated virus, bacterial cell, peplide, protein {&.g., an enzyme), or other
biclogical compound indicates the virus, cell, peptide, efc. is separated from its natural
environment. Isolated virus particles, cells, peptides, etc., are not necessarily purified.

The term “polypeptides” and "protein” include proteins, such as enzymes, and
fragments thereof. Polypeptides are disclosed herein as amino acid residue saguences.
Those sequences are wrilten lefl {o right in the direction from the amino o the carboxyl
ferminus. In accordance with standard nomenclature, amino acid residue sequences are
denonminated by either a three letier or a single letter code as indicated as follows: Alanine
(Ala, A), Arginine (Arg, R}, Asparagine {Asn, N), Aspartic Acid (Asp, D), Cysteine (Cys, C),
Glutamine (Gln, Q), Glutamic Acid (Gly, E), Glycine (Gly, G), Histidine (His, H), Isoleucine
{iie, I, Leucine {Ley, L}, Lysine (Lys, K}, Methionine (Met, M), Phenvialanine (Phe, F),
Prodine (Pro, P), Serine (Ser, 8), Threonine (Thr, T), Tryptophan (Trp, W), Tyrosine (Tyr, Y),
and Valine (Val, V).

Modifications and changes can be made in the structure of the polypeptides of this
disclosure and still obtain a molecule having similar characteristics as the polypeptide (e.g.,
a conservative amine acid substitulion). For example, certain aming acids can be
substituted for other amino acids in & sequence without appreciable loss of activity.
Because # is the interactive capacily and nature of a polvpeptide that defines that
polypeptide’s biological functional activity, certain amino acid sequence substitutions can he
made in a polypeptide sequence and nevertheless obtain a polypeptide with like properties.

As used herein “functional variant’ refers to a variant of g protein or polypeptide {(a.g,,
a variant of a plant enzyme) that can perform the same functions or activities as the original
protein or polypeptide, aithough not necessarily at the same level (e.¢., the variant may have
enhanced, reduced or changed functionality, so long as it retains the basic function).

“‘Identity,” as known in the art, is a relationship between two or more polypeptide
sequences, as determined by comparing the sequences. In the art, “identity” also refers {o
the degree of sequence relatedness between polypeptides as determined by the match
between strings of such sequences. “ldentily” and "similarity” can be readily caiculated by
known methods, including, but not limited to, those described in Computational Molecular
Biclogy, Lesk, A M., Ed., Oxford University Press, New York, 1888, Biccomputing:
Informatics and Genome Projects, Smith, D. W., Ed., Academic Press, New York, 1993;
Computer Analysis of Sequence Data, Part |, Griffin, A. M., and Griffin, H. G., Eds., Humana
Press, New Jersey, 1994, Sequence Analysis in Molecular Biclogy, von Heinje, G.,
Academic Press, 1987; and Sequence Analysis Primer, Gribskov, M. and Deversux, J.,
Eds., M Stockton Press, New York, 1991, and Carifio, H., and Lipman, D., SIAM J Applied
Math., 48; 1073 (1988).
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The terms “native,” “wild type”, or “unmodified” in reference to an organism (e.g.,
plant or cell), polypeptide, protein or enzyme, are used herein {0 provide g reference point
for a variant/mutant of an organism, polypeptide, protein, or enzyme prior {o its mutation
and/or modification (whether the mutation and/or modification occurred naturally or by
human design). Typically, the unmodified, native, or wild type organism, polypeptide,
protein, or enzyme has an aming acid sequence that corresponds substantially or completely
{0 the amine acid sequence of the polypeplide, protein, or enzyme as it generally ocours
naturally.

As used in the present disclosure, two materials are in “electrochemical
communication” when electrons generated by a chemical reaction of one material (e.g.,
analyte or chemical substance of interest) can be transferred to and/or accepted by the other
material (e.g., another chemical compound, & ransducer maternial, and/or an slecirode) or
vice versa,

As used in the present disclosure, a “transducer” or “fransducer matsrial” describes a
material capable of acling as an electronic transducer to transfer/deliver electrons from one
material/reaction to another. For instance, in embodimeants of the electrochemical sensors of
the present disclosure, a sensor may include a transducer (&.¢., a nanomaterial transducer)
that is in electrical communication beiween a phage/bacterial cell and the electrode. In
embodiments, the elsctrods is formed from and/or functionalized with a transducer material
and/or enzymes may be directly or indirectly associated with the transducer material (&.g., by
immobilization on the nanomaterial transducer).

The term “deteciable” refers (o the ability to perceive or distinguish a signal over g
background signal. *Detecting” refers to the act of determining the presence of and
recognizing a target or the occurrence of an event by perceiving a signal that indicates the
presence of a target or occurrence of an event, where the signal is capable of heing
perceived over a background signal.

As used herein, the term “phage coupling ratio” is a measure of the number of
phages coupled to a particular magnetic particle compared to the initial phage numbers. For
example, 5 out of 10 phages were coupled with magnetic particles, the phage coupling ratic
could be expressed as 0.6. In other examples, the phage coupling ratio refers to the average
number of phages coupled per magnetic particle in a sample compared to the initial number
of phages.

As used herain, “size” of a particle refers to the average diameter of a particle.

As used in the present disclosure, the term ‘caplure efficiency’ is a measure of the
number of bacteria cells captured by a particular phage-functionalized magnetic particle
compared to the initial bacteria cell number in the sample. For example, if 70 out of 100
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bacteria cells were captured by the magnetic pariicles, the capture efficiency could be
expressed as 70%.
Discussion

Embodiments of the present disclosure encompass methods and systems for
enriching and electrochemically detecting bacterial pathogens present in a sample, such as
a consumable product {(e.q., food or beverage). Embodiments include methods of detecting
bacterial pathogens present in & sampile, inciuding both enriching/concentrating any baclteria
present in the sample and electrochemically detecting the binding of bacterial celisto a
bacteriophage-modified electrode in an electrochemical sensor. Embodiments also include
systems for enriching and detecting the bacterial pathogens, as well as methods of making
the sensors,

Among the myriad of delection methods, biosensars offer a viable solution {o rapid
and cost-effective method of bacterial detection. Biosensors are devices that incorporate a
biological recognition element with high specificity towards target analytes. A typical
biosensor includes three components, biorecepior (e.g., enzyme, protein, antibody, DNA,
and/or viruses), a transducer element, and data processing unit. Typically, biosensors can
be calegorized by the type of bioreceplors, or by the mode of transduction element. The
fransduction mode could be optical, piezo-slectric or electrochemical. Elsctrochemical
biosensors are of particuiar interest because of thelr simplicity, fast response and high
sensitivity. The specificity and cost of an electrochemical biosensor is highly dependent on
the type of the bio-recognition element being used, such as enzymes, antibodiss, DNA/RNA,
aptamers, or bacteriophages. While aptamers, antibodies, and enzymes possess high
selectivity, they are highly susceptible {o damage or loss of aclivity in harsh environmental
conditions ofien used for bacterial cell detection. DNA-based detection methods cannot
distinguish viable cells from dead cells and require sample processing. On the other hand,
bacteriophage (or simply “phage™) viruses are inexpensive, ubiquitous in nature, and
possess robust stability.

As a bio-recognition element, bacteriophages offer high selectivity towards their host
bacleria and can aiso discriminate between viable and nonviable cells. A phage could
recognize its host bacterium through the bacterial surface receptor, followed by binding onio
the bacterial cell. Afler penetrating the bacterial cell, a phage injects iis genetic material
{(DNA/RNA), which initiate protein synthesis, phage assembly, and replication inside the
bacterium. This leads to bacierial celi lysis (breaking open) and the release of new virus
particles. The mechanism reflects a recognition system in which phage particles specifically
recognize and bind only to their host baclerial celis. Thus, bacteriophages represent useful
tools for specific binding of bacteria (Arya et al,, 2011, Edgar, et al., 2006).

10
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The present disclosure provides an slectrochemical biosensor using phage as a bio-
recognition element for whole cell detection constructed by immaobilizing phage particles on
electrode surfaces. The use of nanostructured electrodes for phage immobilization further
enhances the sensitivity of electrochemical detection. Towards this end, various approaches
have been proposed {0 immobilize phage on electrochemical biosensor platforms, from a
simple physisorption (physical attachment) to covalent crosslinking (Stevens, et al., 2004;
Nanduri, et al., 2007, Shabani, et al,, 2008, Singh, &t al, 2009; and Pearson, et al,, 2013).
Much of the effort in the published literature has been focused on increasing the number of
surface phage particles per unit area, in which the phage was randomly oriented on the
surface for either amperometric-based electrochemical biosensors, or for surface plasmon
resonance-based oplical biosensor construction (see, .¢., Ahn, et al., 2014; Tolba, et al.,
2010). Since 95% of phages isclated to date are {ailed, and possess asymmetric shape, itis
imporiant to achieve the desired orientation of phages on the iransducer surface o function
gffectively as a bio-recognition element (Hosseinidoust, et al., Gervais, et al., 2007} For
Myoviridae phages, that contain a distinct head (capsid)-tail structure such as the T4 phage,
it is important {o orient the phage in a manner that the majority of the caplure proteins {ail
fiber) are exposed o target the host bacterial cells. However, a vast majority of the published
literature on phage-based biosensors do noi address this problem satisfactorily.
Asymmetrical phage particles immobilized on biosensor surface withoul a preferred
orientation generally exhibit low bacteria capture efficiency as shown by Hosseinidoust &t al.
(2011} for T4 towards the capture of £ coli cells. This underscores the importance of
oriented immobilization of bacteriophage on electrode surface for biosensing purposes.

Some attempts reported in the literature for oriented immobilization were based on a
recombinant engineering of phage capsid proteins such as biotinylation of phage head
proteins which immobilize phage in capsid down ~ tails up Tashion (Gervais, et al., 2007,
Edgar, el al, 2006). This approach is fascinating but can be labor-intensive. Some altempts
have been made for oriented phage immobilization on surfaces without recombinant
engineering using electrophoretic method (see; Anany, &t al., 2011; Han, et al., 2015,
Richier, et al., 2018). Mosl phages have net negative charge, with a negatively charged
capsid (head) and positively charged tail fibers. This charge difference between the head
and tail fibers of the phage could be utilized for immaobilizing phage on slectrode surface
using electrostatic interaction and electrophoretic deposition. For example, H. Anany et al
proposed a method for the oriented immobilization of bacteriophage on positively charged
celivlose membrane that attracts large number of phage particles to its surface due 1o their
net negative charge. Han et al. proposed the capture of T7 hacleriophage on an indium tin
oxide surface through electrophoresis for virus detection. The electrophoretic trapping of
phage particles offers a simple method to achieve a controliable array of phages in the
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correct orientation. Richier et al. studied the behavior of phage upon aligned along the
eleciric field and applied the phage-modified substrate for flow cytometry.

In the methods and systems of the present disclosure, a charge-directed origniated
strategy for phage immaobilization on carbon nanotube modified electrode surface is provided
for electrochemical detection of bacterial cells. In embodiments, this approach is combined
with a sample enrichment {echnique, explained in greater detail below, which also employs
bacteriophage and couples them 1o magnelic particles (micre- or nanoparticles) for sample
separation to increase detection. The examples below describe a novel T2 bacteriophage-
assisted carbon nanotube-based impedimetric biosensor for £. coff detection, in which the
T2 was immobilized via electric fisld-induced immobilization as a bioclogical recognition
molecule on cationic polymer funclionalized multiwall carbon nanctube (CNT) based
elecirodes. T2 phage has an octahedral capsid of size of 65 nm and tail length of 100 nm. |
contains negative charge on the capsids (heads) and is positively charged on the iail fibers.
Using electric field-induced immobilization, T2 phages could be oriented on positive charge
functionalized CNT o enable the chemical anchoring of phage to the slectrode through
covalent linkage. The resulting T2 phage-modified CNT electrodes were used as biosensors
for the detection of £, coff B using electrochemical impedance speciroscopy as the detection
fechnigue.

The methods and systems described in greater detaill below also provide a method of
enriching bacterial cells present in a sample to increass sensitivity of detection using the
phage-modified electrochemical sensors of the present disclosure. In some embodiments,
the magnetic particles can be funclionalized (modified) using non-covalent linkages to a
bacteriophage. In embodiments, the same species/sirain of phage can be used o
funclionalize {modify) the magnetic particies as was used o funclionalize the
glectrochemical bacteria sensor. In some embodiments, although the same bacleriophage
strain is used in the enrichment and detection parts of the system/method, the phage used {o
functionalize the magnetic particle may also be genetically modified to include an affinity tag
io interact with a complementary linker on the surface of the magnetic particle. The two
methods can be used alone or together. Greater details are described below.

Embodimenis of the present disclosure provide methods of enriching a sample
including providing phage-functionalized (phage-modified) magnetic particles to a sample.
Each magnetic particle can be functionalized by coupling (e.g. via covalent (e.g., a
chemical) linkage, or by a physical, non-covalent linkage) to one or more bacteriophages
that are specific (o a targe! strain of bacleria, and the majority of the heads of the
haclteriophages are coupled o the magnetic particle. Because a majority of the tails of the
bacteriophages on the phage-functionalized magnetic particles are not bound o the
magnetic particles, they are free {0 attach o the target bacteria in the sample. This is
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referred to herein as a "head-in, tail-out configuration”. In embodiments, using a physical
linking method to couple the phage to the magnetic particle resulis in a high percentage of
the phage (e.g., a majority of the coupled phage) being coupled to the magnetic particle in
the head-in, tail-out configuration. Thus the bacterial cells are now bound/attached to the
phage that is coupled 1o the phage-funclionalized magnetic particles. A magnetic field can
be applied to the sample to separate the magnetic particle-coupled bacterial celis from other
components in the sample, thereby providing an enriched sample (8.¢ where the
concentration of the target bacteria is higher than that of the original sample). In
embodiments, the size of the magnetic particle is selected to achieve an optimal coupling
ratio for a specific target bacteriophage. In some embodiments a micro-particle or a
nanoparticle can be advantageous, depending on the phage selected. In embodiments, the
magnetic particle can be from about 50 nm o aboul 5 um {e.g. 150 nm, 500 nm, or 1 um}.
In various embodiments, the target strain of bacteria can be Listeria monocyfogenes and the
bacteriophage can be A511 phages, P100 phages, or genetically modified variations thereof.
Embodiments of the present disclosure provide for phage-functionalized particles
inciuding at least one bacteriophage and a magnetic particle. In embodiments, the majority
of the bacteriophages can be non-covalently coupled {o the magnetic particles in a head-in,
tail-out (e.g. head toward the particle, tail away from the particle) configuration and each
magnetic particle can be coupled 1o gt least one bacteriophage. in embodiments, the size of
the magnetic particle is selected to achieve an optimal coupling ratio for a specific target
bacteriophage. In some embodiments a microparticle or a2 nanoparticle can be
advantageous, depending on the phage selected. In embodiments, the magnetic particie can
be from about 150 nm to about 1 pm {&.g. 150 nm, 500 nm, or 1 um). In various
embodiments, the target sirain of bacteria can be Lisferia monocyfogenes and the
bacteriophage can be A%11 phages, P100 phages, or genetically modified variations thereof.
The present disclosure provides for methods of making phage-functionalized
particles, including contacting bacteriophages 1o magnetic particles. In embodiments, the
majority of the bacieriophages can be non-covalently coupled io the magnetic pariiclesin a
head-in, tail-oul configuration, and each magnetic particle can be coupled o at ieast one
bacteriophage. When the confacting occurs, the magnetic particles can be in a sterilized
suspension, and the contacting can cccur under stirring or rotation. In embodiments the
magnetic particles can be amine funclionalized. In embodiments, the size of the magnetic
particle is selected to achieve an optimal coupling ratio for a specific target bacteriophage or
an optimal number of phages coupled to each magnetic particle (e.g. greater than or equal
o 1). in some embodiments, a microparticle or a nanoparticle can be advantageous,
depending on the phage selectad. In embodiments, the magnetic particle can be from about
150 nmto about 1 um (e.g. 150 nm, 500 nm, or 1 um). In various embodiments, the fargst
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strain of bacteria can be Listeria monocyiogenes and the bacteriophage can be A511
phages, P100 phages, or genstically modified varigtions thereof,
Bacteriophage-based Sensors and Systems and Methods of Making

Embodiments of the present disclosure include hacteriophage-based sensors for
detecting bacterial cells in a sample of interest. Embodiments also include devices/systems
for enriching a sample to concentrate the amount of bacterial cells present in the sample
{2.q., separating target baclerial celis from atl least some components of the sample}. The
present disclosure also provides systems for combined enrichment and detection of bacterial
cells in a sample. In embodiments, the bacteria to be detected are pathogenic bacteria (2.9,
bacteria that cause disease in a subject, such as a human). In embodiments, the sample to

be tested is a consumable food product (e.g., food, beverage, flavoring, etc.).

Systems and devices for enriching & target bacleria in a sampie of interest include

magnedic particles {e.g., micro- and/or nanoparticles) funclionalized with a plurality of

bacteriophage specific for a target strain of bacleria io be detected. In embodiments, the

plurality of bacleriophage are coupled to the surface of the magnetic particle. In

embodiments, the magnetic particles are magnetic nanopariicles. In embodiments, the

magnetic nanoparticles are super paramagnetic nanoparticies (SPMNP), such as, but not

limited o, Fe 0s SPMNP. Depending on the phage selected, in some embodiments the

magnetic particles can be microparticies {e.g. about 1 um).

The hacteriophages are selected based on specific binding to a target bacteria. For

instance, some possible parings of various bacterial straing and bacteriophage are

presented in the Table below. Other bacteria/phage parings are known to those of skill in

the art.
. : N Phage
Bacteria Strain Bacteriophage morphology
S, typhimurium -
Salmonelia ATCC 19585 P22 Podoviridae
S. enterica Arizonae SPe P2z, ST104, Bodoviridae
CDC346-86 STE4T
ATCC 43888 PP Myoviridas
1432 el1/2 ed/ic Myoviridas
E. coli 0157 NCTC 12900 ATCC .
43895 CEV1 Myoviridae
E. coli O157:H7 1266 AR1 Myoviridae
WSLC
1001{ATCC19112), .
P100 Myoviridas
Listeria monocytogenes \él\:gif 20986 or WSLC y
WSLC 3009 A511 Myoviridae
WSLC 1001/1042 P35, ADDB, AS00 Siphoviridae
WSLC 1001/1042 P35 Siphoviridas
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The bacteriophages are coupled to the magnetic particle such that a majority of the
phages are orented in & head-in, {aik-out configuration relative 1o the magnetic particie such
that the head of the bacteriophage is coupled to the magnetic particle and the tail portion of
the bacteriophage is free to hind to baclerial cells of the target bacterial strain in a sample
containing the bacteria. An embodiment of this process is illustrated in FIG. 1A, In
embodiments, the bacteriophages are coupled to the magnetic particle via chemical bonding
(2.9, via a linking molecule). iIn embodiments, the bacleriophages are coupled (o the
magnetic particle via non-covalent linkages {(e.g. through hydrophobic and electrostatic
interactions).

in embodiments, the bacteriophages are modified (e.g., genetically or otherwise) to
increase the amount of phage oriented in the head-in, tail-out configuration (e.g.,
modification such that the head of the bacleriophage includes an affinity {ag on the phage
capsid). In embodiments, the magnetic particles are functionalized with a corresponding
linker on the surface of the particle, where the linker is specific for the affinity tag on the
phage capsid, such that the bacteriophage specifically couples 1o the magnetic parlticle via
the phage head in a head-in, tail-out configuration. In embodiments, the magnetic particle is
functionalized with sireptavidin and the bacteriophage are biolinylated for attachment 1o
streptavidin-functionalized magnetic particles, such as illustrated in FIG. 1A

in embodiments, the system also includes a magnet. As illustrated in FIG. 2A, the
magnet is configured to/capable of providing a magnetic field to the sample 1o separate
magnetic particle-coupled bacterial cells from other components in the sample to provide an
enriched sample comprising a greater concentration of the target bacteria than the original
sample. The phage-functionalized magnetic pariicles can be used, as described in greater
detail below {0 separate the bacleria of interest from the sample o provide an enriched
sample. The ‘enriched sample” includes a greaier concentration of the target bacteria than
the original sample.

Embodimentis of the devices and systems of the present disclosure also include a
bacteriophage-modified electrode capable of binding the target bacterial cells such as
fiustrated in FIGS. 2A-20. In embodiments, the bacleriophage-modified electrode of the
present disclosure includes an electrode material or substrate, a transducer material, and a
plurality of bacteriophage specific for the target strain of bacteria, where the majority of the
phage on the eleclrode surface are oriented in a head-in, tail-out configuration relative o the
electrode surface, as illustrated in FIGS. 2A and 2D, such that a head of the bacteriophage
is coupled 1o the slectrodefransducer material, leaving the el porlions free o bind the
target bacterial cells as shown in FIGS, 2B and 20,

In embodiments, the electrode matsrial can includs a substrate coupled o a

transducer material, such as, but not limited to, an electrically conductive nanostructured
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material, such as multi-walled carbon nanotubes (MWCNTS). Examples of electrode
materials include carbon, gold, platinum, sibver, ruthenium, palladium, rhodium, osmium,
iridium, or the like. In some embodiments, the nanomaterial transducer material can serve
as the slectrode and the transducer material. In such embodiments where the nanomaterial
serves as the electrode, the substrate does not have {o be electrically conductive and can be
made of materials including, without limitation, ceramic materials, such as oxides {s.g., silica,
fused silica, amorphous silica, fused amorphous silica, sapphire, ar the like), nifrides (e.q.,
silicon nitride, boron nitride, or the like), carbides, oxycarbides, oxyniirides, or the like;
polymeric materials {&.¢., epoxies, phenolic papers, polvesters, or the like), fiberglass, orthe
like. In embodiments, the electrode substrate can be carbon, such as, but not limited to a
modified screen printed carbon electrode (BRPCE).

in embodiments, the nanomaterial transducer material is selected from carbon
nanoparticles (e.g., multiwalled carbon nanoiubes (MWOCNTs}), metal nanoparticles, and
metal oxide based nanomaterials. In embodiments, metal nanoparticles can include, but are
not limited to, gold, silver, and/or platinum nanoparticles. In embodiments the electrode
inciudes a layer of MWCNTs on a surface of the electrode material. In such embodiments,
the piuraiity of bacteriophages are immohilized to the laver of MWCNT s, in embodiments,
the pluraiity of bacteriophages is attached {0 the layer of MWOCNT on the elsctrode via a
linker coupled to the transducer material {(e.g., MWCNTs). The linker can be, but is not
limited to, pyrenebutanocic succinimidy! ester (PBSE).

In yet other embodiments, the electrode is madified to have a net positive surface
charge, such that free bacteriophage will orient in a2 head-in configuration to couple 1o the
transducer material. In embodiments, this is achieved, or at least partially achieved, by
inciuding a charge-modifying compound coupled o the ransducer material on the electrode,
wherein the charge-modifying compound has a positive charge, thereby conferring a positive
surface charge to the electrode surface. In embodiments, the charge-modifying compound
is combined with a transducer material, such as MWOCNT’s before application of the
fransducer material {o the electrode surface. In other embodiments, the chargs-modifying
compound is coupled to the ransducer malerial afier the transducer material is added io the
electrode surface. In embodiments, the charge-modifying compound comprises
polyethylenimine (PED. In embodiments, PE! is combined with MWOCNT s such that the PEI
is coupled 1o the CNT’s, and then the PEl-modified CNT composition is coated on a surface
of the electrode. In embodiments the PEI-MWOCNT modified electrode is then also
funciionalized with a linker compound, such as PBSE for binding {o the phage particles.
Since PEI has a positive charge, it provides a net positive charge to the electrode surface to
encourage the phage particles to bind to the MWONT surface in a head-in orieniation, since
the head portion of a bacteriophage carries a negative charge.
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In other embodiments, the head-in orientation of the phage is also assisted by use of
eleciric fisld-induced immobilization to provide a positive charge {0 the electrode surface. in
such embodiments, a positive potential is applied to the slecirode to provide a positive
surface charge to facilitate charge-directed immobilization of phage to the elecirode surface
in & head-in, tail-out configuration. In embodiments, electric field-induced immobilization
methods are combined with the use of a charge-modifying compound to provide additional
charge-directed manipulation of phage parlicles during the immobilization process. As
ilustrated in FIG. 2C, without the use of some form of charge-directed manipulation of the
phage {e.g., charge-modifying compound or electric field-induced immobilization), the
phages couples 1o the electrode swrface in a random orientation. Even with the use of
charge-modifying compound alone, some random origntation of phage may cccur. The
combination of both provides improved probability that a majority of the phage pariicles will
orient in the desired configuration, with head in and {ail out.

In embodiments, the system includes both the phage-madified magnetic particles
and magnet device o enrich the sample of interest as well as the phage-modified elecirode
of the present disclosure, such that the enriched sampie can be applied to the phags-
modified electrode, for detection. in embodiments a first plurality of phage on the magnetic
particles binds farget bacterial cells in the sample to provide an enriched sample, and then a
second plurality of phage on the modified electrode bind the bacterial cells in the enriched
sample. Detection of the target hacterial cells then occurs when the eleclrode produces a
detectable electric signal indicating a binding event.

in embodiments of systems of the present disclosure, the system aiso includes a
three-electrode cell, of which the phage-mauodified electrode of the present disclosure
described above is the working elecirode. The three-electrode cell also includes counter
glectrode and a reference electrode in electrochemical communication with the working
electrode, and a current-source/potentiostat to provide a current o the cell, such that binding
of the target bacteria to the phage-modified elecirode produces a delectable impeadimetric
signal. In embodiments, the polentiostat supplies an electric current to the electrochemical
cell and monitor changes in the eleciric current generated at the working electrode, where
binding of target bacteria to the phage-modified electrode produces a detectable
impedimetric signal. In embodiments changes in the electric current in the electrochemical
cell are recorded as a cyclic voltammogram, differential pulse voltammogram, or other
current response to an applied potential or voltage.

In embodiments, the system also includes a signal processing mechanism in
operative communication with one or more elements of the electrochemical cell, the signal
processing mechanism having data transfer and evaluation sofiware protocols configured 1o
transform raw data from the electrochemical cell into diagnostic information regarding the
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presence or absence of the target bacteria. In embodimenis of bacterial detection sysiems
of the present disclosure, the phage-modified detection electrode of the electrochemical cell
is in fluid communication with the phage-modified magnetic bacterial enrichment sysiem
described above, such that the enriched sample, produced by phage-assisted specific
binding and magnetic separation of target bacterial celis, can be transferred o a detection
surface of the phage modified detection elecirode.

In embodiments, the signal processing mechanism can be, but is not limited 1o, a
parsonal computer, & mainframe, a poriable computer, a personal data assistani, a smait
phone, and g tabiel computer, or g combination thereof. in embodiments, the phage-based
bacterial detection system of the present disclosure is portable and adapted for sampling in
a field environment. Other embodiments include a smart phone application configured to
receive information from the signal processing mechanism and transform the information into
alerts, recommendations, or both for a user.

In general, detsction systems of the prasent disclosure include additional
instrumentation for the system (e.g., signal processing circuitry, a reference eleclrode, a
counter electrode, a potentiostat, and/or an electrochemical workstation), and a signal
processing mechanism {(8.¢., a personal computer, mainframe, portable computer, personal
data assistant, or the like), each of which could be in operative communication with one or
more of the other components. Forinstance, in embodiments, the electrochemical sensor
systems and phage-hased, bacterial detection systems of the present disclosure may
inciude or may be integrated with at least one of the following: a reference electrode and a
counter/auxitiary electrode; one reference electrode and one counter/auxiliary elecirode for
each phage-modified detection electrode in a system; an elecirochemical workstation; a
signal processing mechanism, wherein the signal processing mechanism comprises data
fransfer and evaiuation software protocols configured to transform raw data info diagnostic
information; a temperature control mechanism; or a fluid control mechanism.

By way of example, the phage-based bacierial detection system can be configured
such that the phage-modified detection electrode (working electrode) is coupled to counter
and reference electrodes and an electrochemical workstation that provides a current or
voltage source {o the slectrodes to affect a flow of electrons {o the slectrochemical cell that
is monitored and measured at the workstation by a computer, which reports and records the
voltammetric current. The voltammetric current, and changes therein, can be recorded as a
cyclic voltammogram. The computer system can include data transfer and evaluation
protocol capable of ransforming raw data from the phage-modified delection electrode into
information regarding the presence and/or absence of a target analyte {e.q., the target
bacteriay. The computer can also be capabie of providing diagnostic information regarding
the target analyte. In certain situations, the computer is a portable personal computer that
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inciudes data transfer and evaluation software capable of storing and analyzing the recorded
signals. Under these circumstances, the biosensor instrument can provide a diagnostic tool
that itself is portable and is powered from the [aptop computer. Additional details regarding
the methods of using the electrodes, sensors, and enrichment and detection systems of the
present disclosure will be described in greater detail below.

Methods of detecting bacleria in a sample

The present disclosure also provides methods of detecting target bacteria (such as,
but not limited to, pathogenic bacteria) in a sample of interest (such as, but not limited {o, a
consumable product). In embodiments the sample is a food or beverage and the target
bacteria is a pathogenic bacteria capable of causing disease in humans. in embodiments,
the methods of the present disclosure are capable of providing a delectable signal within 1
hour of providing a sample to the phage-modified bacterial defection systems of the present
disclosure.

in embodiments, the methods of the present disclosure include sample enrichment
and/or bacterial detection methods. In embodiments, the sample enrichment methods
inciude providing magnetic particies funclionalized with a first plurality of bacteriophage
specific for a target strain of bacteria to be detected. As described above, the bacteriophage
specifically binds o a target strain of bacternia. Examples of bacleriophage/bacteria binding
pairs include but are not limited {o, those provided in the table above. The magnetic
particles can be micro- or nanoparticles as described above. The bacleriophages are
immobiiized (o the magnetic particie such that a majority of the phages are oriented in a
head-in configuration relative to the magnetic particle such that a head of the bacteriophage
is coupled to the magnetic particle. This is accomplished by the methodologies described
ahove, such as, but not imited to using magnetic pariicles funclionalized with linking
molecules, genetically modified phage including affinity tags on phage capsid, and the like.

The sample enrichment methods of the present disclosure further include contacting
the phage functionalized magnetic particles with a sample of interest. The sample may be
from a food or beverage suspected of confamination with a bacterial pathogen, orit may be
routine screening of any sample, whether contamination is suspected or not. If the sample is
contaminated with the target bacteria (e.g., harbors a detectable amount of such bacteria),
the bacteriophage on the magnetic particle surface binds {o bacterial cells of the target strain
in the sample thereby capturing the target bacteria cells to the phage-functionalized
magnetic particles. To produce an enriched sample (for improved detection of bactenal
contaminanis), the method includes applying & magnetic field to the sample to separale
magnetic particle-coupled bacterial cells from other components in the sample. After such
separation, the bulk of the sample {(containing other components) can be discarded, leaving

19



WO 2018/102350 PCT/US2017/063605

an enriched sample having a greater concentration of the target bacteria than the original
sample.

Methods of the present disclosure also include phage-based detsction methods.
These methods can be used in conjunction with the enrichment methods described above or
with other samples. Detection will be quicker and more efficient when used with an enriched
sample, produced by the methods of the present disclosure or otherwise enriched with other
methods.

In embodiments, detection methods of the present disclosure include contacting a
sample (.¢., an enriched sample)} with a bacteriophage-modified electrode of the present
disclosure described above., As described in greater detail above, the bacteriophage-
modified electrode of the present disclosure includes an electrode material modified with a
transducer material (2.9, g nanostruciured transducer material such as MWCNTs), where
the transducer material is on a surface of the electrode material. The electrode further
inciudes a plurality of bacteriophage specific for the targe! strain of bacteria. As described
ahove, the majority of the phage on the elecirode are oriented in a head-in, tail-out
configuration relative to the electrode surface such that a head of the bacteriophage is
coupled to the transducer material (e.g, MWCNTs). This can be accomplished by the
methods and materials described above. The plurality of bacteriophage immobilized to the
elecirode surface/iransducer material are capable of binding the arget baclernia in the
enriched sample. The detection method further includes applving a current {o the
bacteriophage-modified electrode such that binding of the target bacteria to the phage-
maodified electrode produces g deleciable impedimetric signal. If used n conjunclion with
the enrichment methods of the present disclosure, the plurality of bacteriophage on the
magnetic particles can be referred (o as a first plurglity of bacteriophage and the plurality of
hacteriophage on the electrode can be referred to as a second plurality of bacteriophage. In
embodiments, the first and second plurality of bacteriophage may be the same strain/type of
bacteriophage, e.¢., a bacleriophage specific for the target bacteria. However, the first
plurality of bacteriophage may be further genetically modified to include an affinity tag for
coupling the phage to the magnetic particle surface. The detection methods of the present
disclosure also include applying a current to the electrode and monitoring changes to identify
binding between the bacteriophage and target bacterial cells. Thus, the detection system
also includes elements of an electrochemical celi/sensor along with signal processing
mechanisms and software for its use.

When the enrichment and detection methods are used together, the method also
inciudes transferring the enriched sample o the phage-modified electrode/detection
device/system. In embodiments, both methods may be performed in a single, integrated
system. The system may also include signal processing mechanisms to provide output, and
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such systems may be mobile to provide mobile detection methods for a field testing {e.g., on
site} environment.

As dascribed above, the phage-modified slectrochamical sensors of the present
disclosure are capable of providing a specific electrochemical excitation signal that is
optimized to yield the maximum diagnostic value. These systems thus can represent a
complete detection package with the capability to aid rapid analysis by a person who has
mrinimum technical iraining. in exemplary embodiments, the raw slectrochemical cutput from
the electrochemical sensor of the present disclosure is collected and transfeired {o the
memory of a computer, which includes a patiern recognition evaluation program that can be
“trained” to identify a specific binding event and also the degree of the matching between the
capture molecule and the target analyte (e.g., target bacterial pathogen), and thus recognize
the signature of a particular binding event for which it was "irained”. Such a delection system
provides a complete package whose purpose is to aid rapid screening, detection, and
analysis of a target analyte, without elaborate preparation, by a person who has minimum
technical training and to enable portability of such a system, bringing heretofore unavailable
diagnostic and monitoring capabilities to large and/or remote areas.

The various elecirodes can be in operative communication with an electrochemical
workstation that provides a current or voliage source o the three electrode cell. This
provides a fiow of electrons {0 the three-elecirode cali(s) that is monitored and measured at
the workstation by a signal processing mechanism, which reports and records the
voltammetric current. The voltammetric current, and changes therain, can be recorded as a
cyclic vollammogram. The workstation may provide a voltage source 1o the electrode and
measure a current, but it is also capable of working in reverse providing a current source and
measuring & voltage. Either set-up s accepiable for operating the biosensor instruments of
the present disclosure,

The signal processing mechanism can be a personal computer, mainframe, portabls
computer, personal data assistant, or the like. The signal processing mechanism can include
data transfer and evaluation protocol capable of transforming raw data from the biosensor
array info information regarding the presence, absence, and the extent of the interaction of a
target bacterial cell(s). The signal processing mechanism can also be capable of providing
diagnostic information regarding the target bacterial call(s).

Generally, the solid state electronics, including, for example, a potentiostat circuit
connected to working and reference electrodes, as described above for performing
electrochemical measurements, are external to the phage-modified deteclion elecirode (and
any printed circuit board package associated with the phage-modified detection electrode {o
enable connection to other elements of an electrochemical cell potentiostat circuitry, efc.).
Notwithstanding this, the phage-muodified detection electrode, reference, and
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counter/auxiliary electrodes, electrochemical workstation, and signal processing mechanism
can be arranged in a variely of configurations, when in combination with other components
that are known to those of skill in the art.

Again, the phage-modified dstection electrode can also include signal processing
circuitry, as discussed above. The electrode is then contacted with a sample to be analyzed
{e.g., in sufficient contact with the sample for a target bacterial cell contained in the sample
o interact with the bacieriophage on the phage-modified detection elecirode), and the
system is interrogated using standard electrochemical techniques. As discussed above, the
electrochemical sensor/detection system includes a current source to provide a flow of
electrons {o drive the electrochemical processes at the phage-modified deteclion slectrode
and a signal processing mechanism for detecting and reporting any change at the slectrods.
As discussed above, some embodiments of the phage-modified detection sysiem also
include a data analysis component {e.g., data analysis software on a computer system
coupled to the biosensor array described above) for storing and evaluating the
electrochemical signal produced by the phage-modified detection electrode,

Additional details regarding the msthods and compositions of the present disclosurs
are provided in the Examples below. The specific examples below are 1o be construed as
merely illusirative, and not limitative of the remainder of the disclosure in any way
whatsoever. Without further elaboration, it is believed that one skilled in the art can, based
on the description herein, utilize the present disclosure to its fullest exient. It should be
gmphasized that the embodiments of the present disclosure, particularly, any “preferred”
embodiments, are merely possible examples of the implementations, merely sel forth for a
clear understanding of the principles of the disclosure. Many variations and modifications
may be made {0 the above-described embodiment(s) of the disclosure without departing
substantially from the spirit and principles of the disclosure. All such modifications and
variations are intendsed to be included herein within the scope of this disclosure, and
protected by the following claims.

The following examples are put forth so as to provide those of ordinary skill in the art
with a complele disclosure and description of how 1o perform the methods and use the
compositions and compounds disclosed hergin. Efforts have been made to ensure accuracy
with respect to numbers (e.g., amounis, temperaiure, efc), but some errors and deviations
should be accounted for. Unless indicated otherwise, paris are parts by weight, temperature
is in °C, and pressure is ai or near atmospheric. Siandard temperature and pressure are
defined as 20 °C and 1 almosphere,

it should be noted that ratios, concentrations, amounts, and other numerical data
may be expressed herein in a range format. H is 1o be understood that such a range format
is used for convenience and brevity, and thus, should be interpreted in a flexible manner {o
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inciude not only the numerical values explicitly recited as the limits of the range, but also to
inciude all the individual numerical values or sub-ranges encompassed within that range as if
each numerical value and sub-range is explicitly recited. To illusirate, a concentration range
of “about 0.1% to about 5%” should be interpreted to include not only the explicitly recited
concentration of about 0.1 wi% to about 5 wi%, but also include individual concentrations
(e.g., 1%, 25, 3%, and 4%) and the sub-ranges (&.q9., 0.5%, 1.1%, 2.2%, 3.3%, and 4.4%)
within the indicated range. In an embodiment, the term “about” can include traditional
rounding according to significant figures of the numerical value. In addition, the phrase

“about ¥ to 'y includes “about X to about y".

EXAMPLES
Now having described the embodiments of the present disclosure, in general, the
following Examples describe some additional embodiments of the present disclosure. While
embodiments of present disclosure are described in connection with the following examples
and the comresponding text and figures, there is no intent 1o imit embodiments of the present
disclosure to this description. On the contrary, the intent is to cover all alternatives,
modifications, and equivaients included within the spirit and scope of embodiments of the

present disclosure

EXAMPLE 1—Charge directed Iimmobilization of Bacteriophage on Nanostructured
Electrode for Bacterial Cell Electrochemical Biossnsors

The present example describes development of a new type of carbon nanoctube
(CNT)-hased impedimetric biosensor for rapid and selective detection of live bacteria.
Studies were conducted using T2 bacteriophage-based biosensor for the detection of
Escherichia coli B. The T2 bacieriophage (virus) served as the bio-recognition element
which was immobilized on polysthylenimine (PED functionalized carbon nanoiube ifransducer
on glassy carbon electrode. Charge-directed, orientated immobilization of bacteriophage
particles on carbon nanoiubes was achieved through covalent linkage of phage-capsid on io
the carbon nanotubes, The presence of the immobiiized phage on carbon nanociube modified
electrode was confirmed by fluorescence microscopy. Electrochemical impedance
spectroscopy (EIS) was used to monitor the changes in the interfacial impedance due {0 the
binding of £ cofi B to T2 phage. The detechion was highly selective towards the B strain of
E. coli as no signal was observed for the non-host K strain of E. coli. The detection limit of
the biosensoris 10° CFU/mL

Experimental section
Materials and instruments
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The following chemicals were purchased and used without further purification:
sodium chioride and sodium phosphate dibasic (both from EMD chemicals), potassium
dihydrogen phosphate (EDH), magnesium sulfate heptahydrate (J.7T. Baker), 1-
pyrenebutancic acid, succinimidyl ester (PB3E) (Sigma Aldrich), polyethylenimine (PED
{Sigma Aldrich), veast exiract and agar powder {(all from Alfa Aesar), tryptone (Amresco).
Multi-walled carbon nanotubes (CNT) (diameter 8-15 nim) was obtained from Cheap Tubes
inc. SM buffer was prepared by mixing 5.8 g of NaCl, 2 g of MgSQC.-7H,0, 50 mb of 1M Tris-
HCEpH 7.5, and 1 mb of 10% (w/v) gelatin in deionized water. Luria-Bertani (LB) medium
was prepared by mixing 10 g of iryptone, 5 g of yeast exdract and 10 g of NaCl in deionized
water and adjusted to pH 7.0. LB-agar medium was prepared by adding 6 g of agar to 400
mi of LB media. 2 g of agar was added to 400 mlL of LB media to oblain soft agar medium.
10X phosphate buffered saline (PBS) was prepared by mixing 16 g NaCl, 0.40 g KCIL 2.8 g
NaHPO,4, and 0.49 g KHPO, in 200 ml deionized water vielding a buffer solution of pH 7.4,
The prepared PBS was further diluted to 1X before use. All media, buffer and glassware
were sterilized before use. £ cofi B and T2 phage were purchased from ATCC (11303 and
11303-B2, respectively). £ coff K strain was kindly providsd by Dr. Yajun Yan (University of
Georgia, Athens). Glassy carbon elecirode (GCE) obtained from CH Instruments was used
for all electrochemical experiments (3 mm diameter).

Scanning eleciron microscopy (SEM) images of the modified elecirode were obtained using
FEl Inspect FEG eleclron microscope. Attenuated Total Reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR) measurements were performed on carbon nanotube
coated silica wafer in Nicolet 6700 instrument. Fluorescence images were obtained using
EVOS fluorescence microscopy {Inviirogen). Surface charge of carbon nanotubes, bacteria
and phage particles were analyzed by ZetaSizer (Malvern). Contact angle measuremenis io
determine hydrophobicity of the CNT electrodes before and after PE! functionalization were
performed by a KriSs DSA 100 using a 1 pl drop of 18 MO waler (pH 7).

Bacteria preparation and phage propagation

E coli B (ATCC 11303} were grown in 4 mbL of LB medium overnight at 37 °C. 1 mL
aliquot of the overnight culiure was inoculated into 100 ml of fresh LB, followed by
incubation for 3 h at 37 °C in an incubator shaker. 1 mb of the culture was then centrifuged
at 4000 g for 10 min to remove medium and washed with 1X PBS buffer for twice before
gach experiment. Enumeration of bacteria was performed by plate count technigues and
expressed in CFU/mL.

TZ bacleriophage (wild type) was amplified using soft agar overlay techniques. T2
hacteriophage (wild type) was amplified using soft agar overlay techniques. Briefly, 250 ul
of bacterial host and 100 L of phage stock (~10'"° PFU/mL) were added to molten soft agar
(1.B containing 0.5 % agar), poured onto LB plates (previously prepared and incubated under
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37 °C) and incubated overnight at room temperature. SM buffer was then added to the
pigtes and the plale was shaken for two hours. The soft agar layer was scraped off the
surface and was centrifuged at 4000 g for 10 min to remove agar and bacteria debris. The
supernatant was passed through a 0.22 um Millipore filter to remove any remaining bacterial
celis, followed by centrifugation at high speed 17200 g at 4°C for three hours. The
supematant was removed and the phage pellet was re-suspended in SM buffer. Plague
assay was applied to measure the phage titer and was expressed in PFU/mL prior 1o use.
Briefly, phage was serially diluted with 1X PBS buffer and added {o a test tube containing 3
mi molten soft agar (8.5 %) with 250 yl of £ coli B host culture. The solution was poured
over LB agar plate and incubated overnight at room temperature. The visible plagques were
counted the following day.
Preparation of PElfunciionalized CNT

Multiwall carbon nanctubes (CNT) were functionalized with polyethylenimine (PED to
obtain positive surface charge as previcusly reported (see, Li et al., 2013, which is heraby
incorporated by reference herein), The PEI functionalized carbon nanotube (PEI-CNT)
modified GOE was used as the working electrode. Briefly, carboxyl functionalized multi
wailed ONT (COOH-CNT) was synthesized by adding 40 mg ONT {0 concenirated 20 mb
HNO2 and Ha804 (1.3, v/v) solution at 120 °C in an oil bath to react while string for 30 min.
The product was then washed with Dl water to a nsutral pH and vacuum dried at 70 °C. For
preparation of PEICNT, 30 mg COOH-CNT was dissolved in 15 mL dry DMF following
which the suspension was sonicated for 5 min and 6 mL 80CI; was added gradually in an
ice-bath {o acylste the COOH group. Afler 24 h refiux at 120 °C with continuous stirring, the
reaction mbdure was centrifuged at 10000 rpm. The pellet was washed with anhydrous THF,
dried under vacuum at room temperature for 2 h. The pellet was then resuspended into 5 mb
of DMF. After string for 1 h under N atmosphere at 80 °C, 100 mg PEl was added into
reaction flask and reacted with acylated COOH-CNT for 3 days. Finally, the reaction mixture
was centrifuged, washed with methanol and dried at 70 °C.
Phage immobilization and electrode preparation

To facilitate phage immobilization onto CNT modified electrode surface, a positive
potential was applied on working electrode for phage deposition, followed by covalent
linkage of phage through PBSE onto PELCNT (FIG. 2A). The tethering agent PBSE adheres
non-covalently to CNT and covalently 1o the proteins in the phage capsid, thereby linking the
phage and CNT for irreversible attachment (Ramasamy, et. al., 2010). 2 mg of PE]
functionalized multiwall carbon nanctube (PERCNT) was dispersed in 1 mb deionized water.
The suspension was ulira-sonicated for 10 min priorto use, 12 ul. PEICNT was dropeast on
glassy carbon electrode (GCE) surface and dried. Prior to phage attachment, the PEI-CNT
modified GCE was activated with succinimidy! ester (PBSE) as molecular tethering agent.?®
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%2 4 ul. of 10 mM PBSE solution (in DMF) was dropcast on electrode and aliowed to react for
15 min on ice. The excess unreacied PBSE was removed by rinsing the elecirode with DMF,
followed by PBS buffer. For electric field-induced immobilization, a positive potential of +0.5
V vs Ag/AgCT was applied o the working electrode in a 1X PBS buffer solution containing
with bacteriophage (~10° PFL/mL) for 1 h to facilitate the charge-directed immobilization
process. Finally, the electrode was rinsed using SM buffer and covered with 50 ul £ coli B
suspension for 30 min. After rinsing with buffer, the phage modified CNT electrode was used
as a biosensor to perform electrochemical impedance measurements. For control
experiments, the biosensor was tested in the presence of only buffer, only bacteria and
buffer containing £. cofi K strain, which is not a host bacteria for T2 phage. Seven-fold serial
dilutions (10%-10% CFU/mL) of £ coli B were prepared for bacterial cell detection
experiments.
Fluorescence imaging of bacteria and phage

To characterize the surface immobilized phage, 100 pi phage (10" PFU/mL) was
stained with SYBR gold, a fluorescent nucleic acid dye with EX/EM of 495 nm/537 nm, at a
final concentration of 5X for 20min at room temperature. Prior to the electric field-induced
attachment of phage onto elecirode surface, any free dye on phage particles was removed
by diluting 100 ub of the phage suspension and then centrifuging the sample across a 100
kiDa (EDM Millipore, UFC 910008 filter four times. Each centrifugation step led 1o a 40-fold
of dilution of dye, reducing the final concentration of dye. After 4-step of centrifugation, the
phage was resuspended in saline to the original volume of 100 puL.* Phage was then added
to elecirochemical cell for electric field-induced immobilization experiments using ONT
coated ITO glass slide as working electrode, since rod-shape glassy carbon electrode is not
suitable for flucrescence imaging. Same experimental procedures were applied {o
immobilize phage onto 1TO surface in dark. The resulting ITO was used for fluorescence
characterization (See detailed method in the Supporting Information) (Van Valen, et al,,
2012).
infectivity of immobilized phage

Phage immobilized CNT coaled iTG glass slide was prepared using the same
method fo study the infectivity of the immobilized phage. The infectivity of the immobilized
phage was verified using the disk diffusion technique as reporied in Andrews, et al., 2009
{herein incorporated by reference hereiny. The plates were inspected the subsequent day for
lysis rings around the disks. ITO glass slides with no phage were used as a negative control.
Eiectrochemical characterization

Electrochemical characterization was conducted using CHI-920¢ model poltentiostat
(CH Instruments Inc, Austin, TX). A conventional three-glectrode cell (a working electrode,
an Ag/AgC reference electrode and a Pl wire auxiliary electrode) was used for
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electrochemical measurements. All the slecirochemical measurements were carried out at
25°C + 2 °C in a 5 mL vollammetry cell containing 5 mM Fe(CN)> % (1:1) mixture in 1X
PBS buffer, unless otherwise stated. impedance was measured at the open circuit potential,
with a superimposed AC voltage of amplitude 5 mV between frequencies 100 kHz and 10
Hz.
Characterization of surfaces, bacteria and phage

Scanning electron microscopy (SEM) images of the modified electrode were oblained
using FEI Inspect FEG electron microscope. Atienuated Total Reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR) measurements were performed on carbon nanotube
coated silica wafer in Nicolet 6700 instrument. Fluorescence images were obtained using
EVOS fluorescence microscopy {nvitrogern). Surface charge of carbon nanctubes, bacteria
and phage parlicles were analyzed by ZetaSizer (Malvern). Contact angle measurements to
determine hydrophobicity of the CNT electrodes before and afier PEI functionalization were
performed by a KriSs DSA 180 using a 1 yb drop of 18 MO water (pH 7

Results and Discussion
PEi-functionalized CNT characterization

To confirm the successful functionalization of PEl on CNT, ATR-FTIR measurements
of the modified elecirode were performed o study the peaks characteristic of the functional
groups on the CNT surface and the resulling spectra are shown in FIG. 3. The presence of
carboxylic groups on CNT (from the acid treatment) was confirmed by C=0 streiching
vibration at 1690 cm'as well as O-H siretching vibration at 3440 e, In addition, two
absorption peaks at 2988 and 2893 cnv'in the spectra could be assigned to CH; stretching
in the alkyl chain of PEL The peak at 1580 cmv’ represent the N-H deformation vibration of
primary amine group present in PEI-CNT, Peaks corresponding to CN stretching was aiso
observed between 1107 and 1134 cnv'. The identification of these peaks confirms the
successful functionalization of CNT with PEL

FIG. 4 shows the SEM images of CNT before (left) and after (right) PEl modification.
Some aggregation occurred after PE! functionalization of CNT, with formation of many
mesopores as shown in the right-hand image in FIG. 4. The surface amine functional groups
increased the surface energy and make the surface more hydrophilic resuliing in the low
contact angle of 29° (see inset in FIG. 4) for contact between water droplet and the surface.
On the other hand, the surface functional groups also altered the surface charge and the
zeta potential of ONT. The zeta potentials of ONT, PEFCNT inpH 7.4 PBS were 2022 0.7
mv and +12.4 £ 0.8 mV, respectively, as shown in Table 1.1, below, Positively charged PEI-
CNT hence prepared was used as for the immobilization of negatively phage particles in
further studies.
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Table 1.1: Zeta potentials of biological particles and carbon nanotubes measured in
pH 7.4 PBE saline.

Sample Zeta Potential {mY}
£. coli (ATCC 11303) 97 %11

Phage (ATCC 11303-B2) -10.0+£ 0.8
Unmodified CNT -202 %07
PEI-CNT +124 %03

Characterization of immobilized bacteriophage

Zeta potential measurements elucidate the surface charge and colicidal stability of
biological particles. The zeta potential of T2 phage in PBS buffer was measured as -10.0 &
0.8 mV, resulling in 2 net negative charge (Anany, et al., 2011). £ cofi (ATCC 11303) has
zeta potential of -8.7 £ 1.1 mV. In order to achieve the highest capture efficiency of bacteria
with immobilized phage particles, T2 phage particles can be immobilized with ifs positively
charged tail-spike proteins exposed 1o negatively charged bacterial cells, The heads in - tail
out fashion on the electrode helps orient the phage towards bacterial cell capiure by the
exposed tall fibers and this orientation is facilitated through PEl functionalization of CNT and
subsequent electric field-induced deposition of phage onto PEILCNT. FIG. 2A shows the
electric field-induced immobilization of phage particles onto the surface of positively charged
PEI funclionalized CNT, which was also functionalized with a hetero-bifunctional molecular
{ethering agent PBSE. The aromatic pyrene moiety of the PBSE interacts with CNT side
walls through n-n stacking as demonstrated in our previous work (Ramasamy, et al., 2010;
Sekar, et al., 2014; Umasankara, et al., 2013; Zhou, et al., 2015}, while NHS ester moiety
binds with primary amine groups in the protein {of T2) to form amide bonds. The PBSE
based method for protein immobilization on ONT has been studied with various enzymes,
but fittle work has been related to phage particles immohilization (L, et al., 2013). During
electric field-induced immobilization, an electrical double layer could form in the proximity of
electrode surface on which the phage is deposited (FIG. 2A). The formation of this negative
ion layer may decrease the intensity of the electric filed inside the electrolvie, resulting in
disorientation of phage pariicles. The orientiation of the phage pariicle are related with Debye
length ("} on the CNT surfaces {Richter, et al., 20186). The phage particles will align along
the lines of the electric field within the volume when &' is larger than the size of the phage.
When <7 is smaller than the size of phages, the orientation of the phage particles occurs due
to electrostatic interaction (Sadeghi, et al., 2011, Zweckstetter, et al., 2004, In the present
case, T2 phage is much larger than the «' (few nanometers). Thus, the immaobilized phages
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were preferentiaily atiached on to the CNT modified electrode in head in-tail out orientation
as shown in FIGS. 2A and 2D.

To further visualize bacteriophage on electrode surface, T2 bacteriophage were
labeled using a DNA intercalating SYBR Gold dye. For a duration of 1h and phage
concentration of 10° PFU/mML, + 0.5 V vs Ag/AgCH was applied to the PEI-CNT electrode.
Fluorescence images are shown in FIGS. 5A-4D. The images in FIGS. 5A-4B confirm the
successiul electric field-induced deposition of bacteriophages onto PEI-CNT. Several phage
particles were observed and counted. Conirol experiment was performed as shown in FIGs.
5C-5D using covalent linkage only (no voltage applied), where phages were incubated with
FBESE activated CNT surface for 2h. In this case, only a few phage particles were observed
in the flucrescence image. No phage parlicles were observed in the negative conirol {in the
absence phage) (daia not shown). The fluorescence seen in negative controls is dug to the
autofluorescence of the CNTs which is well established in the literature (Zhou, et al., 2007).
The higher intensity of the CNT in negative control images (not shown) can be explained dus
o the higher intensity used while imaging and also from the fact that it is in the focal plane
as opposed to FIGS. 5A-5D, where the CNT are out of focus. From these resulls, it can be
concluded that the eleciric field-induced deposition significantly increased the population of
surface immobilized phage particles, which results in a high bio-receptor loading on the
electrode surface for host bacterial cell detection.

Since there is no feasible and reliable method for estimating the number of the
receptors on the electrode surface, the activily of the immaobilized phages was verified for
their infectivity using disk diffusion method (Andrews, et al., 2009). For this, g fiat elecirode
should be used to conduct the same electric field-induced immobilization of phages. A CNT-
coated ITO glass was applied as working elecirode which was further incubaled on a lawn of
bacteria using soft agar overiay method. As shown in FIG. 6A, lysed rings were found
around the ITO electrode with immobilized phages, whereas ITO electrode without phage in
FiG. 68 showed no lysis ring. The results indicate that the immobilized phages were able fo
lyse (kil) bacteria celis and were thus deemed active and infective. The T2 phage modified
PEi-functionalized ONT nanostructured elecltrode was then evalualed as a biosensor for the
detection of E. cofi B using impedance electrochemical impedance spectroscopy.
Electrochemical characterization and bacteria detection

Electrochemical impedance spectroscopy (EIS) was used to further characterize the
assembly of the biosensor in a PBS (pH 7.4) containing 5 mM Fe(CN)s* " as the redox
couple. E1S was reported as an effective and non-destructive method 1o monitor electrode
surface characteristics. In the presence of Fe(CN)e® ", the impedance measured is
Faradaic impedance of the redox couple. The resulls of Nyquist plot i vs Z;} of bare PEL-
CNT and phage modified PEI-CNT in the presence of 5SmM Fe(CN):* " redox couple in PBS
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(pH 7.4} are not shown. The results illustrated that eleciric field-induced deposition of phage
achieved higher loading of phage parlicles on the elecirode surface compared to non-EF1
immobilization. The high phage loading on CNT could help to enhance the biosensor
performance as evaluated and discussed below.

FIG. 7A illustrates the representative Nyquist plots of the impedance specira of the
phage-modified nanostructured electrode of the redox couple obtained both in the absence
and presence of bacteria (at different concentration expressed in CFU/mL). The equivalent
circuit, also called Randies equivalent circuit, used to fit the Nyquist data is also shown as an
inset in FIG. 7A. This model consists four circuit elements, including elecirolyte resistance
(Rp), charge transfer resistance {Ror), double layer capacitance (Cu), and Warburg
impedance {Z,). Among them, Rq and 2, represent the properties of the electrolyle solution
and the mass transfer of the redox probe in the solution, respectively. Cqy represent a
nonlinear capacitance on the electrochemical interface. The arc of the Nyquist ploi reflecis
the charge fransfer resisiance Rer, which is determined by the type of surface maodification,
the kinetics of the reaction and the dielectric and insulating properties on the slecirode
surface. The capture of bacterial cells on phage-modified electrode surface could alter the
surface properties of electrode which in turn vary the impedimetric measured on the
biosensor electrode.

To evaluate the sensitivity of the biosensor, the phage-modified nanostructured CNT
electrode was used for the detection of £, coli B from its suspensions of different
concentrations (10°-10° CFU/mL). The bacterial cell suspensions were incubated on the
rhage-modified slectrode surface then rinsed before the AC impedance measurements.
Impedance measuremenis were made at different £. coli B concentrations and the resulis
were compared with that of the control where no £ colf was present. As shown in FiG. 74,
the diameter of the Nyquist arc decreased with increasing bacterial celi concentration
suggesting a direct influsnce of bacterial cell attachment on the impedance of the above
redox reaction. A significant variation was observed in Rey upon the £ cofi attachment onto
phage modified nanosiruciured electrodes, and the difference is amplified at high £ coli
concentrations (see magnitude of the arc In FIG. 7A). Other parameters such as Ry, Caand
Zw did not vary significantly as a resulf of £, cofi capture on o the slecirods.

In many impedimetric biosensars, charge transfer rasistance usually increases with
increasing £. coli concentration (TH, et al., 2013; Shabani, et al., 2013, Bekir, et al., 2015,
Li, et al., 2014)). Such increase in Rer due to E. coli altachment could be altribuled {o the
lowering of redox kinetics at the interface, as £ cofi could adt as a barrier on the eleclrede

374

biocking the accessible CNT sites for Fe{CN)e"™ redox reaction. In this case, a
considerable decrease of charge transfer resistance was observed after 30 min contact

between surface immobilized phage and £ cofi. To completely understand the relation
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between charge fransfer resisiance and surface attached bacterial cells, a live/dead cell
viability assay was performed o study the interaction between bacteria cells and surface
immobilized phage particles. According to the fluorescence image shown in FIG. 7, the
immobilized T2 effectively disturbs the integrity of the cell membrane with increasing
incubation tims.

The images in FIG. 7 show a progressive decrease of green fluorescence (viable £
cofi celisy and increase of red fluorescence (dead £ cof cells) due {0 phage infection. A
distinct change in viable E. coli cells were noticed after 20 minutes and the cells were
completely compromised after 25 min, suggesting the infection time of £ coff and the Wtic
cycle of immobilized phages was around half an hour. It is reasonable to assume all £ coli
cells that remained on the electrode surface were attached to phage particles. However, not
all bacterial cells were compromised at the same time. The released phages from lysed cells
may further infect surrounding bacterial cells resulting in increasing number of red
fluorescence. Above all, immahilization of phages onto electrode surface shortened the
latent period of phage. In electrochemical impedance measurements, the impedance data
were collected afier 30 min conlact belween phages and bacterial cell. The lysis of bacteria
may take place with the release of intracelivlar constifuents, such as potassium ions and
sodium ions during the incubation time. The increasing amount of ions on elecirode surface
many leads to higher conductivity which resuits in decrease of Rey with increasing £. cofi
concentration. This finding was in agreement with the findings by Shabani et al. (2008).
Further studies are still nesded to betler understand the role of the immobilized phage lysing
ability. At a cell concentration of 107 CFU/mL, the change in charge transfer resistance is
insensitive to changes in cell concentration, which may be due to surface saturation of
adhered cells. A linear correlation between Rer and the bacterial concentration was
ohserved between 10° and 107 CFU/mL as shown in FIG. 7B. No significant variation in Rer
was observed for concentrations below 10 CFU/mL in a 50 pyL E. coli suspension. The
detection takes less than 40 min. The detection limit of this biosensor was then found o be
10° CFU/mL in a 50 ul. £ cofi volume.

The sensitivity of baclerial detection by phage-based biosensor could be influenced
by the type of immaobilization method used for attaching phage to the electrode surface as
reported in the literature (Arya, et al., 2011; Shabani, et al., 2008; Shabani, et al., 2008;
Singh, et al., 2009; Pearson, et al,, 2013; Ahn, ef al,, 2014, Tolba, &t al., 2010, In the present
study, the phage-based biosensor achigved a detection limit of 10° CFU/mL for £. coli B,
which is betler than most impedimetric sensors previously reported (THH, et al., 2013,
Shabani, et al., 2013, Bekinr, et al.,, 2015; Li, et al., 2014). Bacteriophages were treated as
charged particles which could be deposited onto working electrode. By electric field-induced
immobilization, an increasing number of phage particles could be aligned onto electrode
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surface. More imporiantly, the surface cationic polymer modified CNT interacts with
negatively charged phage capsid foliowed by PBSE-based covalent linkage, leading o
oriented immobilization and higher bacteria capture efficiency. As a result, the electric field-
induced, charge directed immobilization of phage particles could in turn affect the overall
biosensor sensitivity.

To evaluate the specificity of the T2 phage towards the B strain of £ cofi, the
biosensor was tested using non-host control bacteria £. coli K strain (at 10° CFU/mL, FIG.
8}. No plagques were observed after T2 phage incubation with K strain E. cofi (data not
showm). FIG. 2 shows the Nyguist plots of T2 phage-modified electrodes used for capturing
E. coli K strain. There was no significant variation in the impedance spectra of the phage-
modified electrode before and after exposure to £ cofi K strain. ARer fitling the Nyguist
results into Randies equivalent circuit, a slightly increase in Rerwas observed from 18.7 O lo
19.4 (J; however, comparing with E. coli B strain with same bacteria concentration, Rer
underwent dramatic decrease afier cell attachment. The results demonstrate that the phage-
biosensor is highly specific only to the target host organisms, whereas the K strain only
interacts with surface immobiiized phages through physical adsorption.

Conclusion

The present example demonsirated a new approach for whole cell bacteria deteclion
using bacteriophage-assisted CNT-hased electrochemical biosensor. A reliable charged-
directed immobilization of bacteriophages on CNT was developed by combining electric
field-induced immobilization and covalent crosslinking. Bacteriophage particles were
deposited with tail-out and capsid-in orientation, followed by covalent binding onto PEI-
functionalized ONT sidewall through molecular crosslinkers. This new approach offers a high
inading of bio-recognition molecule on the transducer surface, which in furn results in
increased sensitivity of the biosensor. The immobilized phage particies retained their high
infectivity towards host bacleria cells as confirmed by fluorescence microscopy. The
biosensor was highly selective towards £ cofi B strain with a reliable detection limit of 10°
CFU/ml. Future studies will also focus on improving the performance of the biosensor by
extending phage deposition time and increasing substraie surface area to obtain higher
surface coverage of phages. Meanwhile, a homogeneous electrode surface, for example,
glectrode with CNT directly grown on the surface, will definitely be helpful for uniform surface
electric field-induced immobilization, leading to oriented phage immobilization with minimal
particle aggregation. The charge-directed immobilization method for bacteriophage
attachment on CNT that has been developed in this work could be widely applied for the

developing of other type of biosensors and biclogical electrodes.
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EXAMPLE 2—phage-assisted sample enrichment

At present, the predominant methods for detecting food pathogens are
traditional microbiclegical and biochemical procedures such as colony counting,
polymerase chain reaction (PCR) or enzyme-linked immunosorbent assay (ELISA) that
iypically take up to 48 hours to a few days depending on the nature of the sample.
These tedious procedures are further complicated by the long sample pretreatment
(enrichment) procedures that last 10-24 h or more, causing a significant time lag
between the first oulbreak of disease {0 its identification and verification. To overcoms
this, a variety of rapid detection biosensors have been developed for detecting food
pathogens with varying degree of success. But, the time-consuming sample
enfichment procedures for these biosensors limil the duration of food pathogen
screening tests. There is thus a pressing need (o develop a method that combines rapid
sample enrichment and rapid detsction in a single step/method/platform that could
enable the development of 1rue’ lab-on-chip devices. Such a method or davice that
could perform both isolation/enrichment (of pathogens from food maitrix) and detaction
within a short pericd {(~1 ) does not currently exist. The present example provides a
method for detection of Listeria species in real food samples by combining rapid
anrichment and sslective electrochemical detection using bacteriophags. The msthods
and resulis below demonstrate isolation and detsction of Lisferia monocviogenes from
complex food matrices that could also be extended to other applications.

Background

Among the food pathogens, Listeria monocyiogenes is deadly with a high fatality
rate (> 15%), and listeriosis disease (caused by L. monocylogenes) is the 3rd leading
cause of death from food poisoning, costing $2.7 billion annually to the U.S.
healthcare. The pathogenic microbe is often found in uncooked foods such as meat,
raw milk, cheese and vegetables. Table 2.1 lists the commercially available test kils for
Listeria spp.

Commercial | Sample Method of Total Positive | USDA
Kit Enrichment ldentification Duration | Control | Approved
MICRO-1D Agar cubture] Colorimetic ~24h + 24% Yes Yes
Listeria
APY Listeria Agar culture] rRNA tests 18-24h + | Yes Yes

4h
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VITEK 2 Unknown Colorimetric Unknown + Unknowni Yes
8h

Microbact Agar culture| Colorimetric 24h + 4h | Unknown| No

iisteria +24h

MicroSEQ Unspecified | Real-time PCR 4h + 3h Unknown| No

OLRT, Oxoid | Agar culiure| ELISA (antigen 42-52h + | Yes No
based) 1h

Detect/L, Unknown Biosensor &h No Yes

Samplesd (Optical)

Tahble 2.1 Commercially available Listeria kits.

Clearly, the exdsting molecuiar methods for listeria identification are fime
consuming, require [aboratory set-up, and require skilled experis to analyze the resuits.
While biosensors offer a quicker solution, a hottleneck of using biosensors for food
pathogen screening is the slow sample enrichment process (up o 48 h), rendering
any rapid detection capability of the biosensor uselsss. Fast magnetic bead-based
enrichment mathods have been developed for conventional microbiological or
biochemical methods'” 3% but have rarely been used for biosensors™,

Ideally, a food pathogen-scrasning test would combine rapid snrichment with
rapid detection with no trade-off in selectivity, sensitivily and detection limils. The only
commercial biosensor for Listeria {Detect/l, Sampled.com} was developed by Lu and
Koeris at MIT*2. The test takes 6 hours to complete through a series of 5 steps from
sample collection to detection, while also requiring an incubator and centrifuge in

42,43

addition to an optical detector. Based on their earlier reporis™ *° it could be
understood that their synthetic biclogy-based method involves infecting Lisferia cells with
a fluorescence-tagged bacteriophage and allowing it 1o propagate through one or more
vtic cycles in order to “light up’ the target pathogen for optical deteclion. 8ix hours s,
by far, the shortest duration achieved for Listeria spp test. However, present exampie
describes a system to reduce this duration by at least 5 fold to less than 1 hour and the
number of required instruments to just a single, integrated unit.

The present approach involves recombinant engineering, interfacial science, and
glectrochemistry to provide a bactsriophage-assisted, viro-magnetic enrichment and
selective dstection method for rapid identification and quantification of L.
monocyiogenes in complex food mairices,

Experimental Results
isolation of E. coli using FepQ3 super paramagnetic micro-beads:
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£. coli cells were isolated from a sample using Fe203 super paramagnstic
microbeads. Prefiminary resulis suggest that about 85- 80% of bacterial cells could be
separated using a magnet even without surface functionalization of Fe203. The Fe203

46, 47
microbeads form P-OFe bonds with the phospholipid rich E. coli cell membrane )

which aids in Fe203 attachment and magnetic separation. Initial magnstic separation is
fustrated in FIG. 10.

Production of P100 phage-modified SPMNF for binding Listeria;

The present example further demonstrates immobilization of the P100
bacteriophage on super paramagnetic nanoparticles (SPMNP). Such phage-modified
nanoparticles can be used {o selectively bind {o Listeria cells in food samples and isolate
the SPMNP bound Listeria cells with the help of a simple magnet.

Phage were successfully immobilized onto MNP 150/MNP500 through chemical
bonding. The effect of the MNP150/MNPS00 quantity on the capture efficiency for L.
monocyfogenes was examined by adding varous amount of MNP150/MNPS00 to cell
suspension with a concentration of 10°CFU/mL. Results are illustrated in FIGS. 11 and 12.
As shown in the figures, the caplure efficiency increases and levels off at higher MNP

counts.
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EXAMPLE 3
introduction

Listeria monocyiogenes s a food-borme pathogen frequently Tound in frozen
vegetables, meat, raw milk, packaged salad and raw milk chease that causas severe
foodborne ilinesses. it has ons of the highest fatality rates among common food-borne
pathogens. L. monocyfogenes could grow over a wide temperature range from -0.4 10 45 °C,
under both aercbic and anaerobic conditions and over a wide pH range. Due 1o #s high
{olerance for harsh environments, L. monocyfogenas could contaminate food at any of the
muitiple points in the food processing chain. The FDA allowable limits for Listeria
monocyfogenes contamination in ready-to-eat (RTE) food products is <1 CFU/25 g of food
that supporis the growth of L. monocyiogenes and 100 CFU/g of food that do not support its
growth.
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Conventional methods for identification of Listeria in food matrices include plating on
selective and differential agar and/or biological and serclogical confirmation. These methods
of identification require separate pre-concentration or enrichment step(s) in order to collect
sufficient quantity of bacterial cells to enable a reliable identification. Moreover, during the
enrichment process, nonpathogenic species may compete and outgrow L. monocyiogenes,
which could lead to false-negative results during identification. While being reliable and
accurate, traditional methods are also time-consuming and need well-trained operators {o
conduct the experiment. Therefore, it would be beneficial io develop new analytical methods
that help in rapid and reliable identification of Lisferia in food samples.

In recent years, immunomagnetic separation (IMS) has been widely used in the
pathology labs for separation and identification of target bacteria from different food. In IMS,
mono-cional antibodies are used as recognition elements that are immobilized onto
magnedic particle surfaces for bacterial cell separation in the presence of a magnetic field.
IMS could significantly shorten enrichment time, and improve the sensitivity of detection, but
it is prone to false positive identification through non-specific interactions hetween non-target
cells and magnetic particles. Moreover, antibodies used in IMS are typically expensive, as
weil a5 susceptible 1o pH and temperalure variations making them less suitable for non-
laboratory testing. Commercially available 2.8 ym Dynabeads coupled with polyclonal
antibodies may be capable of separating target bacterial cells but with a low capiure
efficiency generally (7-23 %).1%'? Therefore, improved methods for bacterial cell
isolation/enrichment/separation of Listeria from complex food matrices would be
advantageous in order to enable rapid screening of Lisferia In food samples.

Similar to antibodies, bacteriophages offer high selectivity toward their host bacteria
and could discriminate between viable cells and dead ceils.” In addition, phages are
inexpensive, ubiquitous in the nature and possess robust stability under sub-optimal
conditions. A phage could recognize the target bacteria through the receptors located on
bacterial cell surface, Upon host recognition, the phage selectively binds to the baclerial cell
walil. The genetic material of phage is then injected into the bacterial cell, which initiaies
protein synthesis, phage assembly and replication. The high selectivity of bacteriophage
towards its host could be utilized for bacterial cell isolation and enrichment from food
samples as an alternative to antibody based bacterial separation methods.''® The United
States Depantment of Agriculiure (USDA) has approved two bacteriophages for L.
monocytogenes control in foods: LISTEX™P100 and LMP-102.17"° Phage-based magnetic
separation of Salmonelia cells from food samples has been previously reported.? However,
there is very little information in the literature about the importance of phage immohbilization
methods on the effectiveness of phage coupling with magnetic particles, retention of phage’s
infectivity after immobilization and the bacterial cell capture efficiency?24,
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The present example addresses major knowledge gaps in this area. This example
describes an experimental study on the use of bacteriophage P100 as a model bio-receptor
to study phage immobilization on magnetic particles for separation and isolation of L.
monocyfogenes from food matrices. The present example also describes the effect of phage
immobilization methods and the size of magnetic particies on the effectiveness of phage
attachment (coupling) to the magnetic beads and its bacterial cell capture efficiency. Three
different sizes of magnetic particles (150 nm, 500 nm and 1 pm) and two different phage
immobilization methods {(physical and chemical) were investigated. In many literatures,
covalent chemical immobilization method is commonly adopted for phage immohbilization.
However, very few studies have reporied the importance of phage immobilization methods
on the effectiveness of phage coupling with magnetic particles.®®** Upon immobitization, the
P100 phage-modified magnetic particles (PMMP) were used for L. monocyfogenes
separation from dilute Listeria contaminated buffer solutions and the resulting capture
gfficiency were investigated. The PMMP were also used for selective isolation of L.
monocyfogenas from whole milk and ground beef samples to demonstrate their suitability for
field applications in food industry.

Material and Methods
Materials and instrumenis

The following chemicals were purchased and used without further purification:
sodium chioride and sodium phosphate dibasic (both from EMD chemicals, Porl Wenitworth,
GA)}, potassium chloride (J.T. Baker, Center Valley, PA}, potassium dihydrogen phosphate
(BDH, West Chester, PA}, magnesium sulfate heplahydrate (J.7. Baker, Center Valley, PA)},
agar powder (Alfa Aesar, Ward Hill, MA), bis(sulfosuccinimidyl)suberate) (BS3) (Cova Chem,
Loves Park, 1L}, Tris-HCKFisher Scientific, Fair Lawn, NJ}, Brain heart infusion medium
{Sigma-Aldrich, St Louis, MO} SM buffer was prepared by mixing 5.8 g of NaCl, 2 g of
MgS04:7H0, 50 mL of 1M Tris-HCI pH 7.5, and 1 mL of 10% (w/v) gelatin in deionized
water. Brain heart infusion (BHI) medium was prepared by adding 37 g of BHI powder in
deionized water and adjusted to pH 7.4, BHl-agar medium was prepared by adding 6 g of
agar to 400 mL of BHI media. 2 g of agar was added {0 400 mL of BHI media to obtain soft
agar medium. 10X phosphaie buffered saline (PBS) was prepared by mixing 16 g NaCl, 0.40
g KCI, 2.8 g Na;HPO,, and 0.49 g KH:PO, in 200 mL deionized water vielding a buffer
solution of pH 7.4. The prepared PBS was further diluted to 1X before use. All media, buffer
and glassware were sterilized before use. Listeria monocyfogenes Scoft A strain was kindly
provided by University of Georgia, Griffin. P100 bacteriophage {(commercial name LISTEX™)

was purchased from Micreos Food Safety (Wageningen, The Netherlands). The amine
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functionalized magnetic beads of 150 nm, 500 nm, and 1 ym size were purchased from
Ocean Nanotech (Springdale, AR). The magnelic separation of the particles during the
washing steps were carried out using a magnetic separation rack (Bel-Art, Wayne, NJ). A
iube rotator (VWR, Suwanee, GA) was used for mixing steps at a speed of 18 rpm.
Bacterial strains and culture conditions

Listeria monocytogenes Scott A was used throughout the separation experiments
uniess otherwise sigted. L. monocyiogeneas was cultured in 4 mb BHI medium overnight at
37 °C. 500 plL aliquot of the overnight culture was inoculated into 50 mL of fresh BHI
medium by shaking at 200 rpm for 5 h at 37 °C in an incubator shaker. 1 mbL of the bacteria
culture was transferred into 1.5 mL centrifuge tube and the cell suspension was centrifuged
at 4000 g for 10 min. The supernatant was removed and bacterial cell peliet was
resuspended with 1X PBS bufler and washed twice before each separation experiment,
Enumeration of bacteria was performed by plate counting method and cell count was
expressed in CFU/mL. All other bacterial strains were grown in LB medium using similar
growth conditions as described above.
Preparation of bacteriophage-functionalized magnetic particles

Three different sizes of amine funclionalized magnetic particles (MP) were used for
phage immohbilization: 150 nm, 500 nm and 1 um. 20 pL of MP (10 mg/mL) was aliquoted
and added into & 1.5 mbL micro-centrifuge tube. Followed by sterilizing the particles with
70 % ethanol, the tube was placed on a magnetic separator to remove the ethanol. The
particles were washed three times using 1X PBS buffer (coupled with 0.01% Tween 20},
PBS buffer was then added into the tube to form a suspension of MP. As depicted in Figure
13A, phages were immobilized onto MP surface via two methods. The chemical
immobilization of phages was achieved using bis{sulfosuccinimidylisuberate) (BS3)
crosslinker, which reacts with the surface amine moieties of phage particles resulting in
amide bond formation. In physical immobilization method, the immobilization of phage
particles was mainly driven by Van der Waals and eiectrostatic interactions.#%%°

For the preparation of chemical immohbilization of phages onto MP surface, 10 mM of
B33 in PBS was prepared, syringe-filtered and added into the MP suspension. The mixture
of BS3 and MP were reacted for 30 minutes at room temperature with continuous mixing
using the tube rotator to allow the activation of MP surfaces. After 30 minutes, the tube was
placed into the magnetic separator for activated MP separation. The particles were then
washed three times with 500 yL of PBS buffer to remove excess BS3 and then re-
suspended in 400 ul PBS buffer. Finally, phage particles (10% or 10° PFU) were added into
the MP suspension to react overnight at 4 °C under continuous mixing at 18 rpm using tube
rotator. The prepared phage-modified MP (PMMP) was then magnetically separated and
washed three times with PBS buffer. The supermatant was removed and placed in another
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fube to perform plague assay, in order to determine the free phage quantity in the
supernatant. The PMMP were resuspended in 500 yl SM buffer and incubated for two hours
at 4 °C under continuous mixing to terminate the excess surface activated residuals. The
thus-prepared phage chemically functionalized MP of different sizes were designated as
PMMP-150Ch, PMMP-500Ch and PMMP-1000Ch, respectively.

For physical immobilization, no pre-activation of MP surfaces was needed. Phage
particles were directly added into sterilized MP suspension io react overnight at 4 °C under
continuous mixing at 18 rpm using tube rotator. The phage-modified MP were then washed
three time with PBS buffer. The supernatant was also obtained for plaque assay study.
Excess surface activated residue was terminated using SM buffer as mentioned previously.
The thus-modified MP were noted as PMMP-150Ph, PMMP-500Ph and PMMP-1000Ph,
respectively. The phage-modified MP (PMMP) were finaliy stored al 4 °C for laleruse in
bacterial cell separation experiments. Plague assay was used {o determine the phage
guantity and infectivity of PMMP in the collected supernatant. Briefly, the obtained collected
supernatant sample was serially diluted with 1X PBS buffer and added to a test fube
containing 3 mbL molten soft agar (0.5 %) with 250 uL of L. monocytogenes culture. The
solution was poured over BHI agar plate and incubated overnight at 30 °C. The visible
plagues were counted the foliowing day. The initial phage quantily was aiso determined
using plague assay before each experiment. The remaining phage quantity in the
supernatant was then compared with the initial phage quantity in order to calculate the
phage coupling ratic (CR) of PMMP, which is defined as follows: CR=1-Cg/C,, where Cs is
the number of free phages remaining in the supernatant after separation and G, is the initial
number of phages used for immobilization. Data were collected from three independent
experiments were analyzed in duplicate unless otherwise siated.

Bacfterial capture efficiency defermination

Bacterial cell separation was performed using 500 ul of bacterial cell suspension in
micro-centrifuge tubes. The process of separation was illustrated in Figure 13B. L.
monocytogenes cells were serial diluted to make 10° to 10° CFU/mL celi suspension in PBS
buffer, as confirmed with piate counting technigue. Subsequently, different volumes of the
0.4 mg/mL functionalized magnetic particles (20 L, 40 pl, 80 pL, 120 pl, and 140 yb) were
added to the sample and incubated at room temperature for 10 min without agitation, and
then for 5 min with rotation using tube rotator. The MP-bacteria complex was then separated
using a magnetic separator over a period of 5 min. The supernatant was coliected and
piated on BHI agar plates which were then incubated at 37 °C for 24 10 48 hours for
guantification. The initial L. monocyfogenes cells were also plate-counted in order to
calculate the number of captured cells. The capture efficiency (CE) was then calculated
using the formula: CE{%)=(1-Cs/C}) x100, where Cs is the number of L. monocylogenes
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cells remaining in the supernatant after separation and C, is the initial total number of L.
monocytogeneas cells in the sample.
Microscopy characterization

The capture ability of PMMP was qualitatively observed using scanning electron
microscopy. Each PMMP sample of 80 ul. was added into 500 yl. L. monocyfogenes cell
suspension of 10° CFU/ mL for bacterial capture. The mixture was incubated at room
femperature for 10 min without agitation and then for 5 min with rolation using tube rotalor,
After that, the MP with atiached bacteria were washed with PBST(X3), and then re-
suspended in sterilized water. The resulting suspension was then fitered through a
Nucleopore membrane (13 mm @, 0.1 ym/0.2 ym pore size). The filters were pre-fixed using
3% glutaraldehyde in pH 7.4 phosphate buffer for overnight at 4°C, and post-fixed with
osmium tetroxide for Zh. After fixation, the sampies were rinsed and dehydrated with ethanol
gradient. Samples were then mounted on metallic siubs with adhesive carbon tapes and
sputtered with gold for 30 s before scanning microscopy observation.

The capture ability of PMMP were also characterized using fluorescence microscopy.
PMMP (1 um) suspension was added into 500 yl. SYBR gold labeled L. monocyfogenes
sample for cell separation, followed by the separation process as previously mentioned,
After that, the PMMP with atiached bacteria were washed with PBS(XS), and then
resuspended in PBS buffer. A single drop of the resulting suspension on g giass slide was
examined using fluorescence microscopy.

Selectivity and stability study

The selectivity of the PMMP lowards L. monocyfogenes was evalualed using other
non-target bacterial strains such as Escherichia coli B (ATCC 11303}, Sfaphylococcus
aureus (ATCC 6538}, and Enferococcus faecalis, provided by Dr. Hitesh Handa (University
of Georgia, Athens). Each bacteria strain was cultured in LB medium at 37 °C and then
serial dilufed to 10 CFU/mL in PBS buffer. L. monocyfogenes was also cultivated to a final
concentration of 10* CFU/mL. Any binding of PMMP to non-target bacteria was tested by
plate counting method as described above in order to determine the selectivily of the phage-
MP towards L. monocyfogenes.

The long-term stability of the phage-modified MP was evaluated by monitoring the
activity of PMMP using plaque assay. For this purpose, phage-MP complexes were prepared
with 1 um magnetic particles using both physical and chemical functionalization methods.
The prepared PMMP-1000Ch and PMMP-1000Ph were stored at 4 °C in SM buffer, and
intermittently warmed to reom temperature before use in siability tesits. Dala were coliecied
from three independent experiments were analyzed in duplicate and the mean values were
obtained and compared with the initial activity of PMMP {0 determine the stability.

Capture of L. monocyfogenes from contaminated food samples
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In order to evaluate the capture of L. monocyfogenes by PMMP from real food
samples, whole milk and ground beef purchased from local grocery store were used as the
food matrix for bacteria growth. For this test, 25 g of whole milk or beef was spiked with
Listeria monocytogenes in 225 mL of PBS buffer to make the stock food sample (10°
CFU/mL). Both PMMP-1000Ch and PMMP-1000Ph were tested for L. monocyfogenes
separation and 80 b of either was added to 500 ubL of stock food sample. The mixiure was
incubated for 10 min without agilation and then for 5 min with rotation of 18 rpm. The
supernatant was then serial-diluted and plated for bacterial cell counting. Data were

collected for three individual experiments performed in duplicates.

Results and Discussion
immobiiization of bacieriophage on magnetic pariicies

As depicted in Figure 13A, P100 phages were immaobilized onto magnetic particle
surfaces through two immobilization methods: covalent chemical immobilization and physical
immobilization. Plaque assay was performed using the collected supernatant and the phage
coupling ratioc (CR) was used as a parameter {o determine the effectiveness of phage
immobilization on MP. The CR of P100 phage binding on {o MP couid be influenced by
several ratios, including type of immohbilization method, phage quantity in sample and MP
size. The influence of these on phage-magnetic particle CR is summarized in Table 3.1,
Firstly, the influence of immobilization method on phage CR was studied by immobilizing 10°
PFU phages onto MP surfaces using both chemical and physical immobilization methods.
CR obtained from chemical immobilization of phages is higher than that obtained from
physical immobilization of phages. For example, the CR of PMMP-150Ph is 0.46 and the CR
of PMMP-150Ch is 0.43. This effect was also observed for 500 nm and 1 pm sized MP.

Secondly, the influence of phage quantity on CR was studied by using 10® and 10°
PFU {in 0.4 mL) of phages for immobilization on MP surface. When high quantity of phages
(10° PFU) was employed for phage chemical immobilization on small MP, the CR of PMMP-
150ChH increased from 0.48 to 0.6, However, for the medium sized MP, the CR of PMMP-
500Ch decreased from 0.61 to 0.27 and for the large sized MP (1 um), increasing phage
guantity did not translate into increased CR as well. The resulis suggest that MP size is an
important parameter that determines the P100-MP coupling ratio and the resulting surface
phage loading of P100 onto MP. The high CR of small MP (150 nm) over medium and larger
MP could be aitribuied fo the high surface/volume ratio and high mobility of smali particles
that could provide more apportunily o inleract with phages.

Table 3.1. Phage-magnstic particle coupling ratios of three different sizes of magnstic particles
using chemical/physical immobilization method.
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Phage-magnetic particle coupling ratio
Phage quantity | 150Ch | 150Ph | 500Ch | 500Ph | 1000Ch | 1000FPh
108 PFU 0.46 G.43 0.61 G.18 0.25 0.18
10° PFU 0.60 .61 0.27 0.27 0.27 0.18

Retention of phage infeciivity in PHMMP

The infectivity of each PMMP was also studied to further establish the effectiveness
of phage immobilization methods. Each PMMP was directly examined using plaque assay
and the immobilized plague guantity was obtained. The iotal plaque quantity could help to
understand the overall ylic activity, which was defined as immobilized phage quantity/ MP
number. As shown in Table 3.2, PMMP prepared with 10° PFU phages achieved 1-2 orders
of magnitude higher lytic activity than that of PMMP prepared with 10° PFU phages. The
increase of phage quantity improved the overall viic activity of each PMMP. Besides high
P100-MP coupling ratios, the smaller 150 nm MP exhibited very low Iytic activity (0.001%
and 0.01%), whereas medium (500 nm} and large (1 um) PMMP showed 2-3 orders of
magnitude higher Iyiic activity than small particle. These results are not in direct agreement
with results of CR for 150 nm MP (40-60%) as mentioned previously. A high CR for 150 nm
PMMP did not fransiate into g high PMMP vlic activity. This could due to high particle
agglomeration for small MP that occurred during surface activation and phage
immobilization. Moreover, the overall iytic activity of PMMP with chemically immobilized
phages was lower than that of PMMP with physically immobilized phages. Such variance in
iytic activity was consistent with the obtained CR of two the immuobilization methods. Given
the fact that only phages with preferred orientation {e.g. head-in, tail-out fashion) could
produce a plaque of the PMMP, the overall low lytic activity of MP with chemically
immobilized phages could be the resuit of random immobilization of phages on MP surfaces,
such as tail-in, head-out fashion.

Table 3.2. Lytic activity of each PMMP of three different sizes of magnetic particles using
chemical/physical immobilization method.

Lytic activity {%)
Phage quantily 150Ch 150Fh 8500Ch 500Ph 1000Ch 1000Ph
10° PFU 0.001 0.01 0.01 0.1 0.1 0.1
10° PFU 0.01 0.1 0.1 1 1 1
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L. monocytogenes separation with PHMMP

In order to further understand influence of phage immobilization method and the
corresponding PMMP effectiveness toward bacteria cell separation, experiments were
conducted using PMMP prepared with 10° PFU phages unless otherwise stated. Each
PMMP (80 uL) was added into L. monocyfogenes cell suspensions, and bacterial cells were
isoiated and separated using the method described in Figure 13B. As a model system, L
monocylogenes at a concentration of 10° CFU/mL was used for cell separation experiments,
and the capture efficiency (CE) of each PMMP was evaluated and summarized in Figure 14,
As shown in Figure 14, the capture efficiency of PMMP with chemically immaobilized phages
was lower than that of physically immobilized MP in all three sizes, which correlates with the
chservation about PMMP Iytic activity. As mentioned previously, the low iviic aclivity of
PMMP obtained using chemically immobilization may be due to the disorientation of phages
on MP surface. These disoriented phages immobilized on PMMP may not be able {0
properly recognize and capiure the host L. monocyfogenes celis, leading to low bacterial
capture efficiency.

PMMP with physically immobilized phages may contain higher numbers of “aclive”
phage than that of PMMP with chemically immobilized phages. To evaluate the effect of the
guantity of PMMP on L. monocyiogenes capture efficiency, different volumes of 8.4 mg/mL
PMMP (20 ul, 40 ub, 80 L, 120 pi., 140 pl) of each size were added into 500 pl L.
monocyfogenes cell suspension of 108 CFU/mL. As shown in Table 3.3, the CE of PMMP-
150Ph increased from 23.916.0%t0 54.710.86% with increasing PMMP dosage from 20 yl
to 140 ul, which may be due {o the availability of more surface-active sites for bacteria
attachment. Similar trend was also observed for PMMP-150ChH, PMMP-500Ch, PMMP-
500Ph, PMMP-1000Ch and PMMP-1000Ph.

Table 3.3. The effact of the MP quantity and immobilization method on the capture sfficiency
of bacteria cells using three sizes of MP (using 10° CFU/mL L. monocyfogenes as model
analyte).
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% of captured bacteria celis £ 8D
150CH 150Ph 500Ch 500Ph 1000ChH 1000Ph
a 20 | 13.9x04 239360 150236 | 12.522.2 10.522.8 11.425.3
=
E:’; 40 | 183253 | 3462104 | 152322 | 21.2x54 11.5£3.1 18.418.9
g
§ 80 | 37.0%21 43 8+2.3 24 2%20 2 27.2%70 1897114 § 28054
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120§ 36.9:x50 58.0%£7.2 326171 § 411286 § 2451250 | 409438

140 | 39.324.9 | 54.7x0.86 | 38.5%3.8 | 47.0x0.5 | 284368 | 43404

In order to assess the capture efficiency of PMMP with varying numbers of Listeria
monocyfogenes cells (102-10° CFU/mL), 80 ul of each PMMP were added into respective
cell suspensions containing L. monocyfogenes cells, and the CE was calculated as
mentioned previously. Figure 15A shows the mean CE of PMMP from L. monocytogenes
suspension. PMMP with physically immobilized phages showed higher CE than those with
chemically immobilized phages. This effect was observed for all three sizes of PMMP. The
CE of PMMP-150Ph at L. monocytogenes concentration of 102 CFU/mL is 47%, which is
higher than the CE of PMMP-150Ch particles (8%). Physical immohbilization of phages likely
favors the preferred orientation of phages to interact with bacteria cells, as reflected in the
capture efficiency values. As shown in Figure 15A, the CE al different L. monocyiogenes
concentrations showed that the highest capture efficiencies occur in the range of 10%to 10°
CFU/mL for all particles studied. The lowest caplure efficiencies for all particles were
observed for 10° CFU/mL. It was also noted that large MP showed higher CE at bacteria
concentration above 104 CFU/mL, whereas PMMP-150Ph showed the peak CE at low cell
concentration {102 CFU/mL). The reduced performance of 150 nm PMMP for separation of
high concentration of bacteria cell could be related to their particle aggregation, which
reduces the number of particles that interact with bacteria cell. Figure 158 shows the caplure
of fluorescence-labeled L. monocytogenes by PMMP-1000Ph magnetic particle on glass
slide. The circled areas indicate the binding of bacterial cells on to PMMP, which confirms
the successful separation of cells by PMMP-1000Ph from the cell suspension. The captured
bacteria attached on PMMP were also observed in the SEM images shown in Figure 18.
Aggregation could be noticed in PMMP, and that the degree of aggregation is higher in small
150 nm MP, which may help explain the reduced lytic activity obtained by soft agar overiay.
Selfectivity test using other bacterial strains

The selectivity of the PMMP based magnstic separation towards L. monocyfogenes
was evaluated using three other randomly selected strains of non-target bacteria namely £,
cofi, 5. aureus, and £ faecalis. As shown in Figure 17, the method achieved 40-50 % CE of
the target bacteria (L. monocyfogenes Scolt A), whereas the CE for non-target bacteria was
only about 15 %. The 15% capture of non-target cells could be due to the non-specific
binding of bacteria celis on MP surface through FeO-P bonds between the bacterial cell
membrane and the MP. 272
Stability of PMMP
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The stability of PMMP complexes was also studied by monitoring the immaobilized
chage activily using plaque assay. For this, PMMP were prepared using 1 um magnetic
particles via both physical and chemical immobilization methods. Plaque assay was
performed using PMMP-1000Ch and PMMP-1000Ph for over 60 days. The PMMP htic
activity were obtained and compared to the first day lvtic activity to evaluate their relative
stability. Figure 18 shows the relative PMMP Wvlic activity obtained from plaque assay in
ferms of PFU/mL. PMMP-1000Ch showed a quick drop in Ivtic aclivity after 5 days and
retained steady lytic activity of about 78 % after 66 days. On the other hand, the aclivity of
PMMP-1000Ph fluctuated over a time range and remained 68 % after 66 days. The
prolonged stability of PMMP using chemical immobilization methods could be atiribuied to
the strong covalent bonding between phages and MP, preventing phage desorption or
disorientation, which may be the reason for the fiuctuation of phage activily observed in
physical immobilization method (as shown in Figure 18). It was noted that the stability
determination was based on relative activity of phages based on their activity on day 1 and
therefore was not cross-compared between chemically and physically functionalized PMMP.
Even though physical immobilization of phages likely favors the preferred orientation of
phages, it is unciear if the resulling initial high vt aclivity of physical immohbilization will
resuit in long-term retention of lviic activily of immobilized phages in PMMP.

Real sample testing

The application of PMMP for L. monocytogenes isolation from whole milk and ground
beef are presented in Figure 19. Pre-contaminated milk and ground beef samples with 108
CFU/mL of L. monocyiogenes were used as real samples for magnetic separation. When
PMMP-1000Ph and PMMP-1000Ch were used to capture 10° CFU/mL of Listeria in ground
beef, the CE were 13% and 18%, respectively. Both PMMP-1000FPh and PMMP-1000Ch
were then used to caplure Listeria from milk, the CE were 46% and 28%, respectively. The
resuits indicated that the CE obtained for separation of bacteria from ground beef was much
lower than that from milk, and the CE vaiues obtained using milk as food matrix were aiso
close to CE obtained using PBS buffer as matrix. CE of Lisferia cells were clearly influenced
by different food matrix. A similar observation was reported for immuno-magnetic separation
of L. monocyfogenes cells from ground beef?® The low capture &fficiency in ground beef
may due o the greater solid and fat conient in beef compared to milk, which may cause
fouling and interference.

By chemical and physical immobilization method, P100 phages were immaobilized
onto three sizes of magnetic particles, which offered a useful label for rapid and specific
separation of Listeria monocyfogenes. The efficiency of bacterial capiure by immobilized
phage particles were influenced significantly by phage immohbilization strategies and
magnetic particle sizes. The resulting PMMP could effectively capture L. monocyfogenss in
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food matrix. A comparison of the conventional methods (bacterial cell culture and IMS) with
the presently described PMMIP-assisied meihod for L. monocviogenes separation is given in
Table 3.4. Based on microbiology and biochemical analysis, conventional culture methods
are highly accurate but overly time-consuming that take up to 48 hours for separation and
identification of Lisferia cells. Moreover, an enrichment step is also required to grow the
organisms, rendering it unsuitable for on-site separation and identification. IMS, on the other
hand, has been widely used as an effective method for separation and isolation of L.
monocyfogenes from food, relying on the specificity of antibodies. Immunological based
methods however suffer from harsh environmental conditions, high production cost of
antibodies and the inconsistency in capture efficiency due to batch to baich variations.
Unlike antibodies, bacteriophages are inexpensive to propagate and purify. PMMP obtained
in this study could be used o separate L. monocyiogenes cell within 20 minutes and cost
about five dollars per sample. The achieved bacieriophage-assisted separation technique
could also be applied for the separation of other bacteria strains from food matrix,
representing an improved isolation/ separation and concentration tool {o the current standard
method, IMS. Combination of this isolation and enrichment method with Lisferia detection
method inciuding flow cylometry and biosensors, such as described in Example 1 and
methods and systems of the present disciosure can reduce the assay time from 2-4 days to
less than 20 min.

Table 3.4. Comparison of methads for L. monocytogenes separation.

Culture MBS PMMP
method °
Time ® 18h-72h 30-32 30 min~2h 20 min
% CE N/A 7%~ 121919283336 9-48 %
Estimated cost/sample ~$1 ~$10-25% ~$4
Labor High Medium Medium

2 Approximate fime it takes {o perform the separation experiment.

b FDA-BAM was used as an exampile of culture method.
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CLAIMS:
1. A method of detecting bacteria in a sample, the method comprising:

providing magnetic particles functionalized with a first plurality of bacteriophages
specific for a target strain of bacteria to be detected, wherein the bacteriophages are
immobilized o the magnetic particle such that a majority of the phages are oriented in a
head-in configuration relative {o the magnetic particle such that a head of the bacteriophage
is coupled to the magnetic particle;

contacting the phage-functionalized magnetic pariicles with a sample contaminated
with the target bacteria, such that the baclieriophages bind to baclerial cells of the target
strain in the sample thereby coupling the bacterial cells to the phage-funclionalized magnetic
particles;

applying & magnetic fisld to the sample 1o separate magnetic particle-coupled
bacterial celis from other components in the sample o provide an enriched sample
comprising a greater concentration of the target bacteria than the original sample;

contacting the enriched sample with a bacteriophage-modified elecirode, the
electrode comprising: an electrode material, a layer of multi-walled, carbon nanctubes
(MWOCNTs) on a surface of the electrode material, and g second plurality of bacteriophages
specific for the target strain of bacteria, whersgin the majority of the phages on the electrode
are oriented in a head-in, tail-cut configuration relative to the electrode surface such that a
head of the hacteriophage is coupled to the multi-walled, carbon nanotubes, wherein the
second plurality of bacteriophages are capable of binding the target bacteria in the enriched
sample; and

applying an electrical signal to the bacteriophage-modified electrode such that
binding of the targetl bacteria to the phage-modified slectrode produces g delaciable

impedimetric signal

2. The method of claim 1, wherein the bacteria is foodborne pathogen, and wherein the

sample is a food product.

3. The method of claim 1, whergin the magnetic pariicles are super paramagnetic
nanoparticles (SPMNP)

4. The method of claim 1, whersin the bacteria is a sirain selected from strains of

Escherichia coli, Listeria, Salmonella, Campyiobacter, Vibrio vainificus, Siraptococous,

Methicillin-resistant Staphylocaccus aureus (MRSA) and Mycobacterium bovis.
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5. The meathod of claim 1, wherein the bacteria is a strain selected from sirains of

Escherichia coli and Listeria monocyiogenes.

8. The method of claim 1, wherein the bacteriophages are chemically crosslinked {o the
magnetic particles via a chemical linkage between each phage capsid and the surface of the
magnetic particle, such that the majority of bacteriophages couple to the magnetic patticle in

a head-in, tail-out configuration.

7. The method of claim 1, wherein the bacteria is Lisferia monocyfogenes and the
bacteriophages are A%11 phages or P100 phages.

8. The method of claim 1, wherein the bacteria is Escherichia coli B and the
bacteriophages are T2 phage.

9. The method of claim 1, wherein the bacleria is a strain of Escherichia coli ©157 and
the phages are selected from the group of phages consisting of. PR01, e11/2, e4/1c, CEVT,
and AR1.

10. The method of claim 1, wherein the bacleria is a strain of Salmonelia and the
bacteriophages are selected from the group of phages consisting of. P22, 8P6, ST104, and
STB4T.

11. The method of claim 1, wherein the bacteria is a strain of Listeria monocyiogenes
and the bacleriophages are selected from the group of phages consisting of: P100, AS11,
P35, ADOB, AB00, and P35,

12. The method of claim 1, wherein the second plurality of bacteriophages is attached to
the layer of MWCNT on the electrode via a linker coupled {o the MWUOCNTSs.

13. The method of claim 12, wherein the linker comprises pyrenebutanoic acid
succinimidyl ester (PBSE) or a different molecule that comprises an aromatic ring on one
side and a succimidy! ester on the other side.

14. The method of claim 1, wherein the MWCNT-modified electrode is modified to have a

net positive surface charge, such that free bacteriophages will orient in a head-in
configuration to couple to the MWOCNT.
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15. The method of claim 14, wherein the electrode further comprises a charge-modifying
compound coupled {o the MWONT of the electrode, wherein the charge-maodifying
compound has a positive charge, thereby conferring a positive surface charge to the
MWONT-modified electrode surface.

16. The method of claim 15, wherein the charge modifying compound comprises:

poiyethyienimine (PED.

17. The method of claim 1 or 15, wherein a posilive potential is applied o the electrode
{0 provide a positive surface charge {o facilitate charge-directed immobilization of phages fo

the slectrode surface in a head-in, {ail out configuration.

18. The method of claim 1, wherein the electrode is the working electrode of a three-
glectrode cell and wherein slectrochemical measurements are carried out in a voltammetry

cell.

19, The method of claim 1, wherein the bacteriophages are non-covalently coupled o the
magnetic particles, such that the majority of bacteriophages couple to the magnetic particle
in a head-in, tall-out configuration and wherein each magnetic particke is coupled 1o at least

one hacteriophage.

20. A gystem for detecting bacteria in a sample, the method comprising:

magnetic particles functionalized with a first plurality of bacteriophages specific for a
{arget sirain of bacteria 10 be delecled, wherein the bacleriophages are immobilized to the
magnetic particle such that a majority of the phage are oriented in a head-in configuration
refative to the magnetic particie such that a head of the bacteriophage is coupled to the
magnetic particle and the tail of the bacteriophage is free {o attach {o bacterial cells of the
farget strain in a sample containing the {arget bacteria, thereby coupling the bacterial celis to
the phage-functionalized magnelic particles;

a magnet capable of providing a magnetic field {o the sample {o separate magnetic
particle-coupled bacterial cells from other components in the sampile {o provide an enriched
sample comprising a greater concentration of the target bacteria than the original sample;

a bacteriophage-modified electrode comprising: an electrode material, a layer of
muiti-walled, carbon nanotubes (MWOCNTs) on a surface of the electrode material, and a
second plurality of bacteriophages specific for the target strain of bacteria immobilized to the
MWONT's, wherein the majority of the phages on the electrode are oriented in & head-in,
tail-out configuration relative to the electrode surface such that a head of the bacteriophage
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is coupled to the multibwalled, carbon nanotubes, wherein the second plurality of
bacleriophages are capable of binding the target bacteria in the enriched sample; and

a three-electrode electrochemical cedl, in which the bacteriophage-modified elecirode
is a working slectrode, and further comprising a counter electrode and a reference glecirode
in electrochemical communication with the working electrode, and a potentiostat {o supply an
electrical signal to the electrochemical cell and monitor changes in electrochemical
parameters of the working electrode, wherein binding of target bacleria {6 the phage-
modified electrode produces a detectable impedimetric signal.

21 The system of claim 20, wherein changes in the electrochemical parameters in the
glectrochemical cell are recorded as a cyclic voltammogram, differential pulse

voltammogram, AC impedance, or other current response {0 an applied potential or voltage.

22. The system of claim 20, further comprising: a signal processing mechanism in
operative communication with one or more elements of the electrochemical cell, the signal
processing mechanism having data transfer and evaluation sofiware protocols configured 1o
fransform raw dala from the electrochemical cell into diagnostic information regarding the

presence or absence of the target bacteria.

23. The system of claim 20, wherein the bacteriophages are non-covalently coupled to
the magnetic particles, such that the majority of bacteriophages couple to the magnetic
particle in a head-in, tail-oul configuration and wherein each magnetic particle is coupled o

at least one bacteriophage.

24, The system of claim 20, wherein the magnetic particles are nanoparticles.

25. The system of claim 20, wherein the size of the magnetic particle is selected for a

{arget bacteriophage {o provide at least one phage coupled to each magnetic particle.

26. A method of making a system for detacting bacteria in a sample, the method
comprising:

providing a first plurality of bacteriophages specific for a target strain of bacteria to be
detected, wherein the bacteriophages comprise a head and a tail;

immohilizing the first plurality of bacteriophages {0 a pluralily of magnetic pariicies,
wherein the bacteriophages are immobilized {0 the magnetic particle such that a majority of
the phages are oriented in a head-in configuration relative to the magneltic particle such that
a head of the bacteriophage is coupled o the magnetic particle;
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preparing a bacteriophage-modified electrode, comprising modifying a surface of an
elecirode {6 form a layer of multi-walled, carbon nanotubes (MWOCNTs) on a surface of the
electrode material, adding a positively charged charge modifying compound to the surface of
the slectrode to provide the electrode with a positive charge, applying a positive potential o
the MWOCNT modified electrode o provide a positive surface charge to the electrode,
contacting the positively charged electrode with a composition comprising a second plurality
of bacteriophages specific for the target strain of bacleria, such that the positive surface
charge of the electrode facilitates coupling of the bacteriophages to the electrode surface in
a head-in, tail-out configuration such that the second plurality of bacteriophages can bind to
the target! bacterial species in a sample,

27, The method of claim 26, wherein the first plurality of bacteriophages are modified o
comprise an affinity tag on a head of each bacteriophage, and wherein the magnetic
particles are modified with a binding agent capable of binding to the affinity tag on the heads
of the bacteriophages.

28. The method of claim 26, wherein the immobilizing of the first plurality of
bacteriophages is achieved via coupling to the magnetic particles, and wherein each
magnetic particle is non-covalently linked to at ieast one bacteriophage.

28, The method of claim 26, wherein the magnetic particles are nanoparticles.

30. The method of claims 26, wherein the size of the magnetic particle is selected for a
{arget bacteriophage {o provide al least one phage coupled {o each magnetic particle.

31. A method of enriching a sample, comprising:

providing phage-functionalized magnetic particles to a sample wherein each
magnetic particle is non-covalenily coupled to at least one target-strain specific
bacteriophage such that & majority of the phages are oriented in 2 head-in configuration
refative to the magnetic particle such that a head of the bacteriophage is coupled to the
magnetic particle;

infroducing the phage-functionalized magnetic particles {o a sample containing the
target bacteria, wherein the tail of the bacteriophage is free to atiach to bacterial cells in the
sample, thereby coupling the baclerial cells {0 the phage-funclionalized magnetic particles;

providing a magnetic field to the sample {0 separate the magnetic particle-coupled
bacterial celis from other components in the sample, thereby providing an enriched sample
comprising & greater concentration of the target bacteria than the original sampie.
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32. The method of claim 31, wherein the magnetic particles are amine funclionalized and
wherein the size of the magnetic pariicle is selected for a target bacteriophage to provide at

least one phage coupled to each magnetic particie.

33. The method of claim 31, wherein the magnetic particle is from 50 nm o 5 um.

34, The method of claim 31, wherein the magnetic particle is a nanoparticle.

35, The method of claim 31, wherein the farget sirain of bacteria is Listeria
monocyfogenes and the bacteriophage is selected from A511 phages or P100 phages.

36. A phage-functionalized particle comprising:

at least one bacteriophage and a magnetic particle, wherein the majority of
hacteriophages are non-covalently coupled to the magnetic particle in 8 head-in, tail-out
configuration and wherein each magnetic particle is coupled to at least one bacteriophage.

37. The phage-functionalized particle of claim 36, wherein the bacteriophages are
specific for g target strain of bacteria.

38. The phage-functionalized particle of claim 36, wherein the size of the magnetic

particle is selecied for a target bacteriophage.

35 The phage-funclionalized particle of claim 38, wherein the target bacteriophage is

selected from A511 phages or P100 phages.

440, The phage-functionalized particle of claim 38, wherein the magnetic particie is from

50 nmto 5 um.

41, A method of making a phags-functionalized particle, comprising:

contacting at least one bacteriophage to a2 magnetic particle, such that the majority of
hacteriophages couple 1o the magnetic particle in a head-in, tail-out configuration and
wherein each magnetic particle is coupled {o at least one bacteriophage, and wherein the

coupling is via a non-covalent linkage.

42, The method of claim 41, wherein the magnetic paricles are in g sterilized
suspension, and the contacting ocours under rotation.
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43, The method of claim 41, wherein the bacteriophages are selected for specificily for a
target strain of bacteria {o be detected.

44, The method of claim 41, wherein the size of the magnetic particle is selected for a
target bacteriophage to provide at least one phage coupled to each magnetic pariicle.

45, The method of claim 44, wherein the magnetic particle is from 50 nm to 5 um.

48, The method of claim 44, wherein the magnetic particle is a nanoparticle.

47, The method of claim 43, wherein the target strain of bacleria is Lisferia
monocyfogenes and the bacteriophage is selected from A511 phages or P100 phagss.
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