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Highly sensitive and specific detection of E. coli
by a SERS nanobiosensor chip utilizing metallic
nanosculptured thin films

Sachin K. Srivastava,*®® Hilla Ben Hamo,® Ariel Kushmaro,”<® Robert S. Marks,® <4
Christoph Griiner,® Bernd Rauschenbach® and Ibrahim Abdulhalim®®¢

A nanobiosensor chip, utilizing surface enhanced Raman spectroscopy (SERS) on nanosculptured thin
films (nSTFs) of silver, was shown to detect Escherichia coli (E. coli) bacteria down to the concentration
level of a single bacterium. The sensor utilizes highly enhanced plasmonic nSTFs of silver on a silicon plat-
form for the enhancement of Raman bands as checked with adsorbed 4-aminothiophenol molecules.
T-4 bacteriophages were immobilized on the aforementioned surface of the chip for the specific capture
of target E. coli bacteria. To demonstrate that no significant non-specific immobilization of other bacteria
occurs, three different, additional bacterial strains, Chromobacterium violaceum, Paracoccus denitrificans
and Pseudomonas aeruginosa were used. Furthermore, experiments performed on an additional strain of
E. coli to address the specificity and reusability of the sensor showed that the sensor operates for different
strains of E. coli and is reusable. Time resolved phase contrast microscopy of the E. coli-T4 bacteriophage
chip was performed to study its interaction with bacteria over time. Results showed that the present
sensor performs a fast, accurate and stable detection of E. coli with ultra-small concentrations of bacteria
down to the level of a single bacterium in 10 ul volume of the sample.

Introduction

Biosensing using surface enhanced Raman spectroscopy
(SERS) has emerged as a popular field of research since the
past decade due to its putative low detection limit, high sensi-
tivity and specificity as well as other intrinsic exciting pro-
perties. A number of biosensors based on SERS for the
detection of glucose, cocaine, DNA, endocrine disruption com-
pounds (EDCs), E. coli, etc. have been reported.' SERS is the
phenomenon of enhancement of the Raman spectroscopy
signal of certain molecules by a factor of several orders of mag-
nitude when they are brought in contact with nanostructured
metal surfaces. This enhancement in intensity is attributed to
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the highly localized fields of plasmons in the vicinity of the
molecule emitting Raman signals, and many theoretical and
experimental studies have been performed to elucidate its
dependence on various factors®” (shape, size, orientation, por-
osity, material of the nanostructure and the substrates on
which the nanostructures are deposited).

In order to modulate signal enhancement a number of
structures were studied, including nanorods, nanowires, nano-
cubes, dielectric-metallic core-shells, nanoflowers, nanosculp-
tured thin films (nSTFs) and many other shapes of different
material compositions and these were examined for SERS
enhancement.® > nSTFs have unique properties such as large
enhancement factor, stability, reproducibility, durability, ease
of fabrication, large scale surfaces, cost effectiveness, etc.
nSTFs are nanorod-like structures with different surface mor-
phologies which are generally grown by the glancing angle
deposition technique (GLAD)."® Previous studies by our group
established the optimization of the performance of the SERS
enhancement of nSTFs with respect to their material compo-
sition, height, underlying substrates and porosity®'* and those
determined to be optimal were used in the present study.

Escherichia coli is a Gram-negative, facultative anaerobic,
rod-shaped bacterium that is commonly found in the lower
intestine of warm-blooded organisms. E. coli is considered to
be an indicator for fecal contamination (fecal coliforms) and
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some strains are pathogenic, responsible for food or water
borne, gastrointestinal diseases. Consumption of water and/or
food contaminated with E. coli can lead to hemolytic-uremic
syndrome (HUS), especially in children and elderly people.
HUS causes the destruction of red blood cells and kidney
failure, which may lead to stroke, seizures, and even death.'
According to surveys of the World Health Organization (WHO),
approximately two billion people get affected by gastrointesti-
nal diseases annually.® According to the statistics of the
United States Centres for Disease Control and Prevention
(CDC), about 95 000 people are affected annually by E. coli in
the US alone.'® Therefore, E. coli has become a prime target
for detection and cure. A number of classical methods (plate
counting, polymerase chain reaction (PCR), ELISA), as well as,
state-of-the-art methodologies including physical transduction
methods such as surface plasmon resonance (SPR), long
period fiber gratings (LPG), surface acoustic waves, surface
enhanced fluorescence (SEF), microelectronic mechanical
systems (MEMS), amperometric detection, microfluidics
integrated microscopy, surface enhanced Raman spectroscopy
(SERS), fiber optic immunosensors, etc. have been reported for
the detection of E. coli.'®>® SERS has been found to provide
the lowest limits of detection from orders of magnitude in
its enhancement.”” Since the Raman bands of a chemical/
biochemical species are unique, the enhanced Raman spectro-
scopy is considered one of the most accurate methods for
detection. However, since the Raman enhancement is a very
short range phenomenon, the complete Raman bands of only
very small species can be assessed by SERS.* The complete
information of all the Raman bands from bigger species such
as bacteria is thus inaccessible. Most of the studies based on
SERS based detection of E. coli bacteria are based on spectral
differentiation at high concentrations and are susceptible to
interferences from the culture medium.>® There is still only
limited literature available which discusses the sensitivity of
such sensors. Such a study was recently reported with nSTFs
on filter papers.”® However, the limit of detection of these
sensors remains quite high. Furthermore, specificity of a
sensor requires the use of affinity-based capture recognition
elements such as antibodies, nucleic acids (DNA/RNA), apta-
mers, bacteriophages, glycoproteins, etc.>*"*°7*?> Antibody-
based sensors suffer from the possibility of cross-linking to
unrelated bacteria exhibiting similar molecular structures,
thus, resulting in false signals.>® Aptamer based sensors are
particularly suited for hapten-sized target molecules but it is
still of limited use in large entity capture such as that of bac-
teria. In addition, neither antibodies nor aptamers enable the
discrimination between viable and non-viable cells.’* Bacterio-
phage-based sensors exhibit high specificity (for their host
bacteria) and relatively better stability than antibodies (from
heat, alkali and acidic solvents).*> However, unlike antibodies
and aptamers they need to be isolated from nature; however,
once this is done they are easily cultured. Their specificity can
be modulated in the laboratory through complicated labora-
tory-based mutation studies. Apart from that, the bacterio-
phages can easily discriminate living bacteria from dead ones
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as they do not infect dead cells. During interaction with living
cells the bacteriophages inject their DNA into them, thus
prompting the production of phages and subsequent lysis of
the host cells.”® After such an interaction the phages cannot
be used to recognize the host bacteria again. However, the
sensor can be reused if there has been no specific recognition
and therefore the phages are still intact.>*

In the present study, we have fabricated chips of silver
nSTFs over a Si substrate for the development of the sensor.
SERS signals from model 4-aminothiophenol (4-ATP) were
assessed for their sensing power. The specificity of the sensor
was given by functionalization with T4 bacteriophages as the
capture biomolecular recognition element. SERS spectra were
recorded for two different strains (E. coli B and E. coli uX) at
different concentrations, as well as, three unrelated control
bacteria, namely Chromobacterium violaceum, Paracoccus deni-
trificans and Pseudomonas aeruginosa to confirm the fact that
our sensor does not suffer from non-specific binding to the
surface. Another control experiment was performed to observe
the interaction/possibilities of lysis of E. coli on the sensor
surface by developing the sensor protocol on a glass micro-
slide. The binding/interaction of the attached phage - E. coli
was recorded by a phase contrast microscope at different time
intervals.

Materials and methods

4-Aminothiophenol (422967), glutaraldehyde (G7651), bovine
serum albumin (BSA) (A2153), and (3-aminopropyl) trimethoxy-
silane (281778) (aminosilane) were purchased from Sigma.
Distilled water of 18 MQ cm resistivity was obtained from a
Millipore® system. Phosphate buffer saline (PBS) was obtained
from Dulbecco. Sulphuric acid (H,SO,4, 98% pure) (19550501),
hydrogen peroxide (H,O,, 30%) (08550323), ethanol (C,Hs;OH,
dehydrated, 99.9% pure) (05250502), and acetic acid
(CH3COOH, 99.8% pure) (01070521), were purchased from Bio-
Lab Ltd, Israel. All the chemicals were used as obtained
without further purification.

Bacterial growth and culture

Frozen stocks of bacterial strains E. coli REM443% (E. coli B,
ATCC® 11303™), E. coli XLMREF (E. coli uX), Paracoccus denitrifi-
cans (P. denitrificans), Pseudomonas aeruginosa (P. aeruginosa)
and Chromobacterium violaceum 026 (C. violaceum)., a gift from
Prof. P. Williams (University of Nottingham, Nottingham, UK),
were used as seeds for cultivation in 10 ml LB (Difco Luria-
Bertani medium, BD, France) grown overnight at 37 °C
and 30 °C respectively in a rotary thermo-shaker (Gerhardt,
Germany) at 120 rpm. The overnight culture was centrifuged
for 10 min at 3000g, the pellet washed and re-suspended in
0.01 M phosphate-buffered saline (PBS), pH 7.2. The bacterial
concentrations were determined using the colony forming
units (CFU) method. C. violaceum is also a Gram-negative bac-
terium, but evolutionarily distant enough from E. coli, and
cannot be recognized by T4 bacteriophage. Similar to E. coli,
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C. violaceum is commonly found both in soil and aquatic
environments, but is not present as part of the normal flora of
humans and animals.*®?*” P aeruginosa, an opportunistic
pathogen, is also found in water, soil, skin flora and man-
made environments and is commonly involved in drinking
water contamination events, while P. denitrificans is a soil
bacterium.*®**° They both are Gram-negative bacteria.

T4 bacteriophage preparation

Phage propagation was done as described before.>® A T4 phage
culture was incubated with an E. coli broth, then added to
fresh LB media and incubated as described before for 6 hours.
The culture was centrifuged and the supernatant filtered. The
phage suspension was centrifuged inside an Amicon® Ultra-
0.5 (MILLIPORE) and the resulting phage pellet resuspended
in SM buffer.! Using the soft agar overlay technique the
phage was enumerated by plaque forming unit (PFU).

n-STF fabrication

Nanosculptured thin films of silver were prepared by glancing
angle deposition technique (GLAD) described elsewhere."
Briefly, the Si substrate was kept in a vacuum chamber at an
angle called glancing angle to the incident metal plume. The
various parameters of the coated film, such as thickness,
porosity, topography were controlled by suitably adjusting the
temperature, pressure, tilt angle, rotation speed etc. It has
already been reported that Ag n-STFs having about 300 nm in
height and 30% porosity over silicon substrates possess the
highest SERS enhancement.*'*'* Therefore, the n-STFs with
optimum performance were fabricated for the present study.
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Sensor chip development

A small piece (about 5-7 mm?) of the fabricated n-STF was
incubated overnight in 4-ATP solution in ethanol (1% w/w). As
a result, a self-assembled monolayer of 4-ATP was spon-
taneously allowed to form over the Ag surface. The chip was
then taken out of the 4-ATP solution and rigorously washed
with ethanol and a continuous flow of water to remove any
remnants. The chip was dried by blowing nitrogen gas. The
chip was then incubated in aqueous solution of glutaraldehyde
(1% v/v) for 1 hour to form a cross-linking layer. After taking
the chip out of the glutaraldehyde solution, it was again
washed with water to remove any unbound molecules and
dried with a blow of nitrogen gas. The chips were then further
incubated in T4 bacteriophage solution for 4 hours to form the
specific receptor layer for the target E. coli B bacteria. There-
after, the chip was incubated in BSA solution of 1 mg ml™
concentration in 50 mM PBS buffer for 1 hour to block any
remaining empty surface sites to prevent putative non-specific
binding on the sensor surface. This step leads to an increase
in specificity and hence the performance of the sensor, while
reducing the effect of interference from other substances
present in the sample which may add falsely to the signal.
After BSA incubation, the chip was taken out, washed rigor-
ously in water and PBS and blow dried with nitrogen. The chip
was stored in a refrigerator at 4 °C prior to characterization.
A schematic of the stepwise sensor chip fabrication is shown
in Fig. 1.

The atomic force microscope (AFM) and scanning electron
microscope (SEM) images of the sensor chip before and after
surface functionalization are shown in Fig. 2(a), (b), (d) and

Ag n-STF on Si Substrate 4-ATP /Ag n-STF

GIutaraIdehyde/4-ATP /Ag n-STF

T T4 bacteriophage

Sensor Chip

Fig. 1 Schematic of step by step sensor chip development.
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Fig. 2 AFM and SEM images of the nSTF sensor: (a), (d) before and (b), (e) after functionalization, respectively; (f), (g) SEM images of E. coli B
attached to the sensor surface, and (c), (h) High resolution AFM and SEM images (respectively) of a single E. coli B attached to the sensor surface.

(e), respectively. In both the AFM (2(b)) and the SEM (2(e))
images, the leg like structures of the immobilized T4 bacterio-
phage are clearly visible at the sensor’s surface after
functionalization, while the n-STF surface is also visible in the
background of the functionalized material. Fig. 2(e) and (f)
show the SEM image of a number of E. coli attached to the
sensor surface, while Fig. 2(g) and (h) show high resolution
images of a single bacterium attached to the sensor surface.
This clearly indicates that a single bacterium is attached to
multiple phages immobilized on the sensor chip. On average,
the sensor chips were 5-7 mm? of size. Since the area of the
focussed spot of the laser beam (in Fig. 3) was about 90 pm?,
even smaller sensor chips up to dimensions of 100 pm?” are
sufficient. However, greater dimensions were used due to the
ease of handling. The images in Fig. 2(c) and (g) were taken

3204 | Analyst, 2015, 140, 3201-3209

after 30 minutes of interaction to see whether the bacteria
became lysed with time or not.

Experimental setup

An illustration of the experimental setup is shown in Fig. 3. A
fiber optic Raman spectrometer was used in these studies. It
consists of both a laser and a spectrometer assembly housed
in a single package. The light from a 785 nm laser was coupled
to the proximal input end of a fiber optic coupler arrangement
and the collected signal light from the far end of the coupler
was fed to the spectrometer. Light from the far end output of
the fiber optic SERS probe was focussed on the desired spot on
the sensor chip with the help of a three dimensional (3D)
translation stage. The captured enhancement is found to be
maximum at the focus. The Stokes lines were captured from

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Schematic of the experimental setup.

the same aperture and sent to the spectrometer via another
optical fiber and suitable optics. The spectrometer was inter-
faced to a computer which further translated the captured
signal into the SERS spectrum. An extended view of the SERS
probe at the end of the optical fiber coupler is also shown in
the same figure. As is evident, light from the laser is first colli-
mated and then passed through a band pass filter to ensure
the excitation at a single wavelength range and focussed on
the sample by another lens. The enhanced Raman signals as
well as the reflected light from the laser are captured by the
same lens. The Raman signals are filtered from the reflected
light by a dichroic filter and sent to the collecting assembly.
The light from the dichroic filter is sent to a long pass filter
assembly by a folding mirror. The long pass filter again filters
the Rayleigh scattered light from the Raman scattered wave-
lengths. The Raman scattered light transmitted through the
long pass filter assembly is then focussed on the input end of
the collecting optical fiber by another lens. The operation prin-
ciple of the sensor is that a change in the SERS enhancement
of the sensor chip occurs when the bacteria are captured by
the bacteriophage and thus brought intimately to the sensitive
surface.

As the SERS is a very short range phenomenon, we assessed
only the SERS spectra from 4-ATP adsorbed on the surface of
the n-STF. There is almost negligible change in the SERS
spectra due to further binding of glutaraldehyde, bacterio-
phage and BSA. It has already been established that further
binding does not affect much the Raman bands of the mole-
cule nearest to the metal surface.* Further binding of mole-
cules may only result either in increase or decrease in the
Raman enhancement. The change in enhancement can
further be translated into the concentration of the binding
analyte molecule. This is the working principle of such
sensors. When the bacterium binds to the bacteriophage, it
inserts its DNA into the bacterium which further replicates

This journal is © The Royal Society of Chemistry 2015
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very quickly into the bacteria. After a certain amount of time
(30 min), the bacterium is full of bacteriophages, that are
about to burst. Certain sensors utilizing refractive index
change operate on this principle so that the response could be
recorded around the peak time, when the bacterial matrix is
modified the maximum.** However, it was also shown that if
the interaction is carried out only up to the phage-E. coli
association time, the mechanism can be used in SPR based
detection methods.?® Such sensor surfaces could be regener-
ated for further use. In the present case, the bacterial associ-
ation on the sensor surface was carried out for 10 minutes and
the surface was regenerated for further use. The integration
time of the spectrometer was 20 seconds.

The sample solutions of different concentrations ranging
from 150 to 10° cfu m1~" were prepared in PBS buffer from the
stock solutions of E. coli B, P. aeruginosa and C. violaceum bac-
teria by making appropriate dilutions from stock solutions of
1.5 x 10% 3 x 10”7 and 1.5 x 10° cfu ml™" concentrations,
respectively. Similarly, the sample solutions of E. coli uX
ranging from 340 to 10° cfu ml™ and P. denitrificans ranging
from 265 to 10° cfu ml™" were prepared from the stock solu-
tions of 3.4 x 10® and 5.3 x 10° cfu ml™' concentrations
respectively. The sensor chips were incubated in the sample
solutions for 10 minutes and then taken out and washed with
PBS buffer twice. The remaining moisture/liquid was removed
by lightly and carefully blowing air. The excess liquid was
removed to avoid any lensing effects due to the droplet on the
sensor chip. The SERS spectra were then recorded from at least
three places on the same sensor chip. After the recording of
the spectra, the sensor chip was washed in running NaOH
aqueous solution (20 mM) three minutes. This washing helps
remove the attached bacteria from the surface and hence
regenerate the sensor surface.”® The sensor surface was then
rinsed twice with PBS to remove the remnants of the NaOH
solution. The chip was blow dried again with air and incu-
bated in other sample solution. This procedure was repeated
for all the sample solutions at different concentrations of all
kinds of bacteria used in the present study. The SERS spectra
recorded from the three spots at the chip were averaged.

Results and discussion

The recorded SERS spectra for different concentrations of
E. coli B are shown in Fig. 4. It is observed that there is a
change in the SERS enhancements at different concentrations
but no trend of variation can be predicted. However, when all
the SERS spectra are referenced to the zero level, a clear trend
in the variation of the enhancement with increase in the bac-
teria concentration is observed. As can be seen in the inset,
where we have plotted the Raman enhancement of the
1077 cm™" band for different concentrations of E. coli B, the
enhancement increases with an increase in the bacterial
concentration and becomes almost saturated. Similar SERS
spectra were recorded for the varying concentrations of E. coli
uX, P. denitrificans, P. aeruginosa and C. violaceum bacteria.

Analyst, 2015, 140, 3201-3209 | 3205
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Fig. 4 SERS spectra for varying concentrations of E. coli B. The inset
shows the variation of Raman enhancement with concentration at
1077 cm™,
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Fig. 5 SERS spectra for varying concentrations of C. violaceum

(CV026). The inset shows the variation of Raman enhancement with

concentration at 1077 cm™.

The SERS spectra for CV026 have been plotted in Fig. 5. It is
easily seen that almost no change in SERS enhancement was
observed, even from the inset, which was similar to that for
E. coli B, where we have plotted the Raman band at 1077 cm™"
for different bacterial concentrations.

For a more quantitative prediction of the response of the
sensor, we plotted the Raman enhancement versus con-
centration at 1077 cm™" for all kinds of bacteria in Fig. 6. The
Raman peak at 1077 cm™' was selected because of the
maximum enhancement at this band, which corresponds to
the largest sensitivity and dynamic range of the sensor. The
concentration at the x-axis is logarithmic due to the very large
dynamic range of the sensor. The background Raman
enhancement from the bare sensor chip was subtracted from
the SERS signal of samples over the sensor to avoid any

3206 | Analyst, 2015, 140, 3201-3209

View Article Online

Analyst

v T v T v T
—. E. coliB

400049 - cl026

1 —— P. denitrificans
—w_ P. aeruginosa
30004 —— E. coli uX

) @1077 cm™

IBackground

2000 -
%
= 1000 - g
[2]
=
=) -1
8 t::is::::============i;
g 01 > x v 2
o T . T v T o
2 3 5

4
Log, [conc(cfu/ml)]

Fig. 6 Response curve of the sensor for various bacteria.

unavoidable deviations due to fluctuations in the background.
Hence, the Y-axis represents the A/D counts from the sample
minus that from the sensor (Isample — Ipackground) at 1077 cm™.
Throughout the manuscript we designate the processed signal
as the differential Raman enhancement. The symbols rep-
resent the differential Raman enhancement at different con-
centrations of different bacteria extracted from the respective
SERS spectra, while the lines through them are the best curve
fits. It is clear that with an increase in the concentration of
both types of E. coli, the differential Raman enhancement first
increases and then becomes nearly constant. However, for
C. violaceum, P. denitrificans and P. aeruginosa there is almost
no change in the differential Raman enhancement with
increase in the concentrations. This confirms the specificity of
the sensor for E. coli B detection. The successive addition of
bacteria on the sensor surface contributes a little to the
Raman enhancement, which leads to an increase in the signal.
The region of saturation of the sensor response is less sensitive
and hence puts a higher limit on the range of bacterial concen-
tration, which can be detected by the sensor. This is due to the
small size of the focussed laser beam, which limits the
number of observed bacteria binding to the active region
(exposed to the laser) of the sensor surface. Furthermore, it
was observed that the sensitivity of the sensor is greater for E.
coli B than that for E. coli uX. It may be due to a lower affinity
of E. coli uX strain to T4 bacteriophage than E. coli B. Thus this
possible lower affinity of E. coli uX may lead to reduced
binding at the surface and hence to lower sensitivity. However,
due to the reduced sensitivity, while the sensing spot remains
the same size (= the spot size of the laser beam, 90 pm?)
the dynamic range of the sensor becomes larger for E. coli uX.
Furthermore, this sensor can detect whether an unknown
sample contains any E. coli or not in the first instance, but an
additional set of measurements are required to distinguish
between different E. coli strains. To estimate the exact cell
count and the E. coli strain, one should make further dilutions
(at least one) of the unknown sample to see the matching of

This journal is © The Royal Society of Chemistry 2015
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the response curve to that of one of the two E. coli bacterial
strains. This provides an accurate measure of whether the
sample solution contains E. coli or not and at what concen-
trations. We plotted the response of the sensor for very low
bacterial concentrations varying from 150 to 3000 cfu ml~" in
Fig. 7. The error bars in Fig. 6 and 7 were calculated by taking
into consideration the least count of the pipettes, and the
noise level of the SERS measurement. It is quite clear from the
plot (Fig. 7) that E. coli B concentrations down to 150 cfu m1™*
(~1 bacterium per 10 pl) and E. coli uX concentrations down to
340 cfu ml™' can be detected with the present sensor. The
sample volumes in our experiments were kept at approximately
10 microliters, which means that such a volume when taken
from a well-mixed sample of 150 cfu ml™" will nearly always
have at least a single bacterium in it. In this way, we can state
that the sensor is capable to detect bacterial concentrations
down to a single cell level in 10 pl volume of the sample. The
Raman spectra for the sample solution concentrations below
150 cfu ml™" were not analyzed to avoid any inconsistencies in
the SERS signals, which may occur due to missing of even a
single bacterium sometimes in the sample volume on the
sensor surface.

Since, in general, the interaction between a T4 phage and
E. coli results in the lysis of the bacteria, it might be possible
to affect the signal of the sensor, if not properly monitored in
time. To learn the fate of the bacteria on the sensor surface
and understand the interaction with respect to time, we fabri-
cated the sensor surface on glass micro-slides using a protocol
similar to Tripathi et al.>* Briefly, the glass slides were treated
in piranha solution (3: 1, H,SO, : H,0,) for five minutes, then
rigorously washed with running DI water and finally blow
dried under a nitrogen stream. Furthermore, a thin amino-
silane layer was created over the glass slides by incubating
them in a 1% (v/v) solution of trimethoxy aminosilane in
(10: 4) C,H;OH + CH3COOH solution. The acetic acid prevents
the formation of multilayers of aminosilane.** The glass slides
were further incubated in 1% (v/v) aqueous solution of glutar-
aldehyde and then in the bacteriophage solution, as described

This journal is © The Royal Society of Chemistry 2015
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earlier in the “Sensor chip development” section. The E. coli B
suspension in PBS was poured on the micro-slide chip for
10 minutes and then washed twice with PBS to remove any
uncaptured E. coli. Furthermore the sensor surface of the chip
was immersed in PBS with the help of a 70 micron spacer and a
cover slide. A schematic of the microscopic slide arrangement,
which was used for time resolved phase contrast microscopy,
is shown in Fig. 8. The captured images from the phase con-
trast microscope at different time intervals, over a period of
1 hour are shown in Fig. 9. It is quite evident that there is no
change in bacterial count over time, indicating that E. coli cells
are not lysed by the bacteriophages. Had the E. coli cells been
lysed, the number of bacteria observed in the phase contrast
microscope would have decreased. This result was supported

Cover slip Spacers
| N\

AN

.
LEEER -

Micro-slide Chip [ pes

E. coli

Fig. 8 Schematic of the micro-slide chip for phase contrast microscopy
(components are not to scale).

Fig. 9 Time resolved phase contrast microscopy images of the
immobilized T4 bacteriophage — E. coli interaction in PBS: (a) 20, (b) 25,
(c) 30, (d) 35, (e) 40, (f) 45, (g) 50, (h) 55 and (i) 60 minutes.
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by various reports already present in the literature.*>™*°® The
reason behind this kind of observation is attributed to the fact
that bacteria are lysed by the bacteriophage only in the growth
culture media and when they are free floating. In the present
case, since the T4 bacteriophages are immobilized and the
bacteria are in PBS, a non-growth medium, no lysis occurs. It
means that the results should not get affected with respect to
time. Absorption of the phages to the surface may change the
plasticity and the movement of the phage and prevent phage
DNA injection. In order to inject DNA/RNA the phages need to
exhibit conformational changes and contraction.**** Bacterio-
phages with contractile tails epitomize the concepts of “virus”
and “phage” for many because the tails of these phages
undergo a large conformational change - resembling the
action of a syringe — upon the attachment to the host cell.

Since the spot of the laser beam was about 90 microns,
multiple micro-sized spots of the same sensor chip can be
used for the detection of multiple samples. The nSTFs are very
cost effective, as large, uniform chips can easily be fabricated.
Additionally, the sensor chip is reusable, which makes it more
cost effective. Other than that, the integration of this sensor
chip with an optical fiber makes it capable for remote sensing
and field applications. Furthermore, the sensor shown herein
is faster and more sensitive than many commercially available
E. coli detection kits."*

Conclusions

We have fabricated a nanobiosensor chip for the specific and
quantitative detection of two different strains of E. coli. The
sensor utilizes SERS based detection over optimized nSTFs of
Ag over Si. Control experiments with C. violaceum, P. denitrifi-
cans and P. aeruginosa confirmed the lack of non-specificity of
the sensor. The time resolved phase contrast microscopy con-
firmed that no lysis of bacteria occurs on the sensor chip,
which further supports that our measurements are time inde-
pendent. The sensor could detect E. coli B concentrations
down to 1.5 x 10* cfu ml™', which is an order of magnitude
lower than a recently reported SERS sensor.”® The sensor uti-
lizes low volumes (10 pl) of the sample solution. In addition, it
was shown to be capable of detecting E. coli B concentrations
down to a single bacterium. One should note that phages can
be stored for a long time on a surface, making the system
amenable to long-term storage as a product.
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