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Abstract

We report development, characterization and testing of chemiresistive immunosensors based on
single polypyrrole (Ppy) nanowire for highly sensitive, specific, label free, and direct detection of
viruses. Bacteriophages T7 and MS2 were used as safe models for viruses for demonstration. Ppy
nanowires were electrochemically polymerized into alumina template and single nanowire based
devices were assembled on a pair of gold electrodes by ac dielectrophoretic alignment and
anchored using maskless electrodeposition. Anti-T7 or anti-MS2 antibodies were immobilized on
single Ppy nanowire using EDC-NHS chemistry to fabricate nano-biosensor for the detection of
corresponding bacteriophage. The biosensors showed excellent sensitivity with a lower detection
limit of 1073 plaque forming unit (PFU) in 10 mM phosphate buffer, wide dynamic range and
excellent selectivity. The immunosensors were successfully applied for the detection of phages in
spiked untreated lake water samples. The results show the potential of these sensors in health care,
environmental monitoring, food safety and homeland security for sensitive, specific, rapid and
affordable detection of bioagents/pathogens.
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Introduction

Detection of viruses is central to human health care, environmental monitoring and even
bioterrorism prevention [1, 2]. Rotavirus is one of the examples that occur through shellfish
grown in polluted water and contaminated drinking water [3-5]. Rotavirus is a genus of
double-stranded RNA virus in the family Reoviridae. It is the leading single cause of severe
diarrhoea among infants and young children [6]. By the age of five, nearly every child in the
world has been infected with rotavirus at least once [7]. Poliovirus infections can be
subclinical or can cause mild illness, aseptic meningitis, or poliomyelitis. Coxsackievirus
infection is the most common cause of viral heart disease [8, 9]. Thus detection of these
infectious and potentially deadly pathogens is of paramount importance from a human
health point of view.

Conventional methods of virus detection range from cell culture to immunological to
molecular techniques [10-13]. Cell culture-based methods, which remain as the gold
standard as it is the only method that detects infective virus particles, while able to detect a
single infective particle per sample, is extremely slow taking up to several weeks to produce
results [14]. Amplification of viral nucleic acid using the polymerase chain reaction (PCR)
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or reverse transcription-PCR (RT-PCR for the detection of mMRNA) is extensively used as a
research tool for the analysis of environmental samples [15]. PCR-based methods provide
the benefit of rapid analysis at relatively low cost, but they are extremely sensitive to
contaminants, which become highly concentrated during sample processing, which can lead
to false-negative results.

Immunological methods such as radioimmunoassay, immunofluorescence or enzyme-linked
immunosorbent assay (ELISA) are widely used in the medical diagnostics and gaining
acceptance in environmental monitoring [16]. However, use of labels, and lack of
sensitivity, specificity, speed, and portability limit the use of these techniques for field
applications. These limitations highlight the need for economic analysis technique/device
that can perform simple, label-free, rapid and potentially point-of-care/field-deployable
detection of viruses with high specificity and sensitivity.

Recently, one-dimensional nanostructures, such as nanowires, nanotubes, and nanofibers,
have been attracting considerable attention in electronic circuits, chemical and
electrochemical sensors, photovoltaic cells, electrochromic devices, and biosensors
applications due to their unique geometry with low dimension, large surface-to-volume ratio
and their versatility for electrical and optical detection [17-26]. Nanostructures such as
silicon nanowires and carbon nanotubes have been applied for label-free chemiresistive/field
effect transistor (FET) based biosensor applications for rapid and sensitive detection of
various important analytes including viruses [27-31]. However, nanostructures made out of
conducting polymers hold great promise due to their economic and easy electrochemical/
chemical synthesis, easy chemical modifications, excellent electrical properties and most
importantly, bio-compatibility. Conducting polymer are semiconductors with excellent
electrical properties in terms of their conductivity range and easy modulation using either
the gate potential or composition. They exhibit excellent electrical properties as a
semiconductor channel for semiconductor devices such as transistors, sensors and
electromechanical devices [32—34]. Specifically, single conducting polymer nanowire based
devices are increasingly gaining importance in the field of biomedical science as a single
nanowire based device geometry allows precise control on the sensor characteristics while
eliminating the indeterminate nanowire to nanowire contact in a nano-network based sensor
[35]. Thus in this study, we have fabricated template directed polypyrrole (Ppy) nanowires
for single nanowire based device assembly. EDC-NHS chemistry [35] was used for surface
functionalization of Ppy nanowire with either polyclonal anti-T7 or monoclonal anti-
MS2phage antibodies. Functionalized chemiresistive Ppy nanowire devices were then used
for the detection of different T7 and MS2 bacteriophage concentrations in the range of 1 x
1073 PFU to 1 x 10° PFU in 10 mM, pH 7.0 phosphate buffer (PB). In order to show its
potential application for samples without pretreatment, we have demonstrated detection of
T7 and MS2 phages in untreated lake water samples (collected from Davis near Folsom,
CA). In this work MS2 and T7 bacteriophages were used as safe representative species for
viruses (a diameter of 25 nm and 55 nm, respectively). T7 phage is especially simple to
grow and replicates faster than MS2, a filamentous phage; plaques are formed within 3
hours at 37°C and cultures are lysed within 1-2 hours after infection. Besides, the T7 phage
particle is extremely robust, and is stable to harsh conditions that inactivate other phages
[36]. Above and beyond being safe for laboratory work, MS2 phage has been used as an
indicator in previous researches because it has similar size, shape and type of nucleic acid
(RNA) of waterborne viral pathogens such as enteroviruses, caliciviruses, and rotaviruses
[37,38]. Moreover, they are more suitable to be used in scenarios where use of actual viruses
is hampered by the possibility of introducing potential pathogens into drinking water
treatment plants, shellfish-growing waters, or foodstuffs [39].
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METHODS

Bacteriophages Preparation

The T7 phages were prepared and quantified as described in reference [40]. The overnight
culture of BLT 5403 strain of £. coliwas incubated in TB (terrific broth) medium including
100 pg/ml of ampicillin with shaking for 3—4 hours at 37°C (ODggg = 0.6-0.8), and then a
phage stock was infected to amplify lysates on logarithmically growing cells. Lysis was
observed after incubating with shaking at 37°C for 1-2 hours. Phage sample was collected
by centrifugation at 8,000 x g for 10 min. The titer was phages per milliliter, was determined
by plaque assays. £. coli HS(pFamp)R host strain was also incubated and infected with MS2
phage [12] in medium containing 1% tryptone, 0.05% glucose, 0.8% NaCl, 0.03% CacCly,
and 15ug/ml each of ampicillin and streptomycin. Overnight amplified MS2 phages were
collected and quantified in the same way as T7 phage.

Polypyrrole Nanowires Synthesis

Ppy nanowires were electrochemically synthesized using well established template directed
electrodeposition technique [41,42]. Alumina membrane of 200 nm pore size and 60 pm
thickness (Whatman International Ltd, Maidstone, England) was used as a scaffold for
nanowire fabrication. Seed layer was deposited by sputtering ~200 nm thick gold using the
Emitech K550 (Emitech Ltd., Kent, England) sputter coater on one side of the alumina
template. Electrodeposition was carried out in a three electrode cell with the gold-coated
alumina template as working electrode, Ag/AgCI as reference and platinum coated titanium
strip as counter electrode using a CH Instrument Model 760C (CH Instruments, Austin, TX,
USA\) electrochemical analyzer. 0.5 M pyrrole (Sigma Aldrich) in 0.2 M LiCIO4 (Aldrich,
Milwaukee WI USA) was used as an electrolyte solution. Chronocoulometry method was
used for electrodepositing Ppy nanowires by passing 0.7 C charge at 0.9 V. The gold seed
layer was removed using 0.15 M K1 in 0.1 N I, gold-etchant solution. After washing the
alumina template with water, it was dissolved in 30% H3PO,4 acid (Acros organic) and
briefly sonicated to free the nanowires to form a suspension. Nanowires were washed with
nanopure water and resuspended in nanopure water. The suspension was diluted 10-fold for
further use.

Single Nanowire Device Fabrication

Chromium (Cr) adhesion layer of 200 A° and 1800 A° thick gold (Au) contact layer were
deposited on (100) oriented Silicon wafer with 300 nm SiO», layer. An array of 16 pairs of
gold microelectrodes with ~70 um separation between adjacent pairs with each pair
containing rectangular electrodes of ~55 pm width separated by 3 pm gap were used as
contact electrodes for device assembly as shown in Figure 1 (a). These electrodes were
cleaned with piranha solution (3.5 ml of concentrated H,SO4 + 1.5 ml of H,0,) (Fisher
Scientific, Fair Lawn, New Jersey, USA). The two sides of 16-pairs were shorted to form
two terminals. Ppy nanowires were aligned in the electrode gap by passing alternating
current field of 4 MHz frequency and 3 V peak to peak between the two terminals. A 2 pl
drop of Ppy nanowire suspension was dispensed on it and alignment was carried out for
about a minute. To achieve single nanowire connection between a pair of contact electrodes
as in Figure 1 (b), excess nanowires were physically/manually removed using a probe tip
made out of 25 pm diameter gold wire under a 1000x magnification optical microscope. In
order to secure the Ppy nanowire on to the gold electrodes, the nanowire was anchored with
maskless electrodeposition (Figure 1 (c)), using chronoamperometry method (CH
Instrument Model 760C Electrochemical Analyzer). A three-electrodes electrochemical cell
consisting of the 16-pairs of contact electrodes with single Ppy nanowire connections as the
working electrode, Ag/AgCl as a reference electrode and a platinum coated metal strip as a
counter electrode was used. The electrolyte was Technigold (Technic Inc., California, USA)
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at pH of 7.0 and the deposition potential used was —0.5 V vs Ag/AgCl at room temperature
for 10 min for built up of ~300 nm thick gold layer on the gold electrode surface.

Polypyrrole Nanowire Biological Functionalization

Single Ppy nanowire devices were incubated for 3 hrs in 10 pl of 60 mM 1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC) (Sigma Chemical Co. St Louis
MO USA) solution in 0.1 M MES buffer at a resulting pH of <5.5, mixed with 100 pl N-
hydrosuccinimide (NHS) in dimethyl sulfoxide (DMSO) (2 mg/mL) (Thermo Fisher
Scientific, Rockford, IL, USA) and 10 pl anti-T7 (Millipore Corporate Billerica, MA, USA)
or anti-MS2 antibody (Tetracore, Inc. Rockville, MD USA) as shown in Figure 1 (d). The
excess reagent was subsequently removed and the devices were washed with 1% Tween-20
in PB buffer (PBT) followed by PB. To block nonspecific interactions between
biomolecules and the nanowire, devices were incubated in BSA (1 mg/mL) (Sigma-Aldrich
Inc., Missouri, USA) solution in PB (Figure 1 (e)). The excess BSA was removed, and the
devices were washed with PBT followed by PB.

Sensing Measurements

Sensors were characterized in terms of their current-voltage (I-V) (Figure 2 and 3) response,
measured using a semiconductor parameter analyzer (model 4155A, Agilent Technologies
Inc., California) with a 10 pL drop of PB on the nanowire (wet condition). The voltage was
swept from —200 to +200 mV, and the current was recorded. The nanowire resistance was
measured as the inverse of the slope of 1=V curve near zero voltage in the linear range of
+100 mV. I-V curves were measured before and after the sensor was incubated in respective
analyte solution for 5 min followed by washing with PBT and finally with PB. Change in the
sensor resistance was observed upon exposure to different concentrations of bacteriophages
spiked in either 10 mM PB or untreated lake water samples.

AFM Imaging

A 0.5 ml suspension of the template grown Ppy nanowires was functionalized with anti-T7
antibody using the EDC-NHS chemistry followed by blocking with BSA as described
above, washed three times with PBST and resuspended in PBST. A 2 pl of this nanowires
suspension was dispensed on two mica surfaces for AFM imaging, in one case directly and
the other after incubation with 1 x 10° PFU T7 phage for 5 min and washing with PB. AFM
imaging was performed in tapping mode using Veeco Inova SPM.

RESULTS AND DISCUSSION

Single Ppy nanowire-based nanobiosensor was fabricated according to the technique
developed in our laboratory [36] and characterized in terms of their resistance, surface
morphology and sensing response. Because the maskeless gold electrodeposition anchoring
was performed under conditions (pH 7 and —0.5 V vs. Ag/AgCl for 10 min) that can
potentially de-dope Ppy and thus render the wire insulating, nanowire conductivity was
determined before and after anchoring. An insignificant change in the nanowire conductivity
after anchoring in comparison to before the maskless electrodeposition (data not shown)
indicated there was no adverse effect of conditions used for gold electrodeposition on Ppy
conductivity. Furthermore, the final device conductivity (109-101 S/cm) was in the reported
range of conductivity for bulk and nanostructured Ppy, confirming conducting state of the
polymer [43-49].

A single Ppy nanowire based sensor works on the principle of gating effect wherein, the
semiconducting nanowire connected between the two contact electrodes is extremely
sensitive to its surface environment and shows changes in its electrical properties to even
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slight perturbations on its surface such as changes in ions/pH or adsorption of charged
molecules on the surface. The binding of the negatively charged moieties such as antibodies
and phage particles on the Ppy, a well-known p-type semiconductor [50], nanowire surface
decreases the number of charge carriers (holes), thus increasing the nanowire resistance [51-
53]. Figures 2A and 2B (trace (a)) show the 1-V curves for bare Ppy nanowires.
Functionalization of the Ppy nanowire with anti-T7 (Figure 2A, trace (b)) and anti-MS2
(Figure 2B, trace (b)) (and blocking step) increased the device resistance. This increase
could arise due to chemical gating effect from the presence of negatively charged antibodies
(and BSA) on p-type semiconducting Ppy nanowire surface [51] The increase of nanowire
resistance upon antibody immobilization (and blocking) indicated successful
functionalization (and blocking). Subsequent incubation of these anti-T7 and anti-MS2
functionalized nanowire with the corresponding target bacteriophage particles produced a
dramatic increase in resistance (Figure 2A (c) and 2B (c)), illustrating the conductometric
sensing.

As a further/additional proof to the presence of the antibody on the nanowire and the
interaction/binding of the target antigen, AFM studies were done on a bare Ppy nanowire
and an anti-T7 functionalized Ppy nanowire before and after antigen binding. Figure 3 (a)
shows the AFM image and the height profile of a bare Ppy nanowire. The surface roughness
of a bare Ppy nanowire measured using a line profile along the nanowire axis was around
1.5 nm £ 0.5 nm. After functionalization the surface roughness increased to 4 nm = 1 nm
(Figure 3 (b)) and was around 55 — 60 nm (Figure 3 (c)) when T7 phage interacted with anti-
T7 functionalized Ppy nanowire. These changes in the surface roughness of the Ppy
nanowire are indicative of the presence of antibody on the nanowire surface and subsequent
phage binding to the antibody on the nanowire surface, confirming the successful antibody
immobilization strategy as well as high affinity between antibody and its complementary
target phage.

Figures 4 and 5 show the anti-T7 and anti-MS2 functionalized Ppy nanowire sensor
responses [(R - Rg)/Rg, where R is the resistance after exposure to T7 or MS2 phage and Rg
is the initial sensor resistance], respectively, as a function of logarithmic T7 or MS2 phage
concentration in 10 mM PB. As shown, anti-T7 and anti-MS2 functionalized Ppy nanowire
sensors were extremely sensitive with a response of 0.74 + 0.05 and 1.96 + 0.9 even at the
lowest tested concentration of 1073 PFU, respectively. Further, sensors had a wide dynamic
range spanning from 1073 to 10% PFU. A 1073 value of detected PFU can be attributed to the
probability that all the phage particles in the stock culture are not infective and are hence not
accounted by the infectivity assay technique used for standardizing the phage stock and/or
that there can be up to 103 viral particles/PFU [54, 55]. Also, the MS2 phage sensor showed
almost 3-fold greater response compared to that of T7 phage sensor at the saturation, which
could be attributed to the extent of individual antibody immobilization which controls the
binding capacity of the sensor or the difference in the surface charge density of the two
phages or both. The limit of detection (LOD) for our single Ppy nanowire immunosensor is
comparable to that reported for single silicon nanowire-based immunosensor for influenza
type A virus and paramyxovirus [29,30] and two to three orders of magnitude better than
that obtained for label-free immunosensing using quartz crystal microbalance, surface
plasmon resonance and opto-fluidic ring resonator transducers [56-58].

Specificity is a critical issue for successful application of a sensor. A very low response of
0.18 + 0.03 for 108 PFU of T7 phage was recorded on nanowire sensor functionalized with
monoclonal anti-MS2 antibody. On the other hand, nanowire functionalized with polyclonal
anti-T7 showed a response of 0.55 + 0.3 when exposed to 108 PFU MS2. This cross-
reactivity was, however, very small compared to the affinity between the antibodies and the
respective target phages. Negative controls, nanowires without antibodies but blocked with
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BSA, showed a response of only 0.02 + 0.07 even for very high (108) PFU of both phages.
The above results confirm the high selectivity of both phage immunosensors. However,
there could be other phages or viruses that could cross-react and need to be identified with
further experimentation.

The utility of the developed sensor for detection of T7 and MS2 in untreated field samples
was further evaluated by measuring different T7 and MS2 concentrations spiked in untreated
lake water samples (Figures 4 and 5). As shown, the lower detection limit, dynamic range,
and sensitivity of the biosensor for T7 and MS2 in lake water sample was quantitatively
comparable to that in PB. This indicates that the sensors are highly specific towards their
respective target and also showed no response towards the other constituents present in the
field water sample. Once again, these observations are limited for only the water sample
tested and other water samples could present potential interferents.

In conclusion, we have successfully developed a highly sensitive and selective single Ppy
nanowire chemiresistive sensor device for the rapid and label-free detection of
bacteriophage. The methodology developed in this study can be readily extended for
fabrication of nano-biosensor for detection of other viruses, proteins, etc. by using an
appropriate recognition molecule. Small size, easy and fast electrical transduction
mechanism, and the ability to integrate modern day electronics are the anticipated
advantages of these sensors for detection at the point of care/use. As demonstrated, these
sensors can be used for untreated sample analysis without the need for extensive sample
preparation. As reported earlier [35], due to the array architecture of these devices and due
to limited cross-reactivity of these sensors towards non-complementary targets, multi-
analyte sensing/multi-plexing using an array of sensors functionalized with different
functional recognition molecules is within reach.
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Figure 1.

a) Photo image of 16 electrodes chip (inset optical image showing gap between two
electrodes). Schematic of b) aligned and c¢) anchored Ppy nanowire on the gold electrodes
with 3 pm gap (inset: blown up schematic & SEM image). Schematics with blown ups of d)
anti-T7 functionalized Ppy nanowire. €) BSA blocking after antibody-functionalization f) T7
phage interacts with anti-T7 antibody on the nanowire surface.
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Figure2.

A: Wet |-V characteristic curves of a a) bare Ppy nanowire b) after anti T7 immobilization
and BSA blocking and c) after subsequent incubation with T7 phage (10° PFU). Solid lines
represent the linear fit.

B: Wet |-V characteristic curves of a a) bare Ppy nanowire b) after anti MS2 immobilization
and BSA blocking and c) after subsequent incubation with MS2 phage (10° PFU). Solid
lines represent the linear fit.
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(b)

Figure 3.
AFM image and height profile measured along the length of (a) a bare single Ppy nanowire,
(b) Ppy nanowire functionalized with anti-T7 antibody and blocked with BSA, and (c) anti-
T7 functionalized and BSA blocked Ppy nanowire after T7 bacteriophage binding.
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Figure4.
Sensing response of anti-T7 immobilized Ppy nanowire towards various concentrations of
bacteriophages in PB and lake water samples.
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Figureb5.
Sensing response of anti-MS2 immobilized Ppy nanowire towards various concentrations of
bacteriophages in PB and lake water samples.
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