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ABSTRACT

This study attemps to develop bacterial detection strategies using bacteriophages and gold nanorods
(GNRs) by Raman spectral analysis. Escherichia coli was selected as the target and its specific phage was
used as the bioprobe. Target bacteria and phages were propagated/purified by traditional techniques.
GNRs were synthesized by using hexadecyltrimethyl ammonium bromide (CTAB) as stabilizer. A two-
step detection strategy was applied: Firstly, the target bacteria were interacted with GNRs in suspen-
sions, and then they were dropped onto silica substrates for detection. It was possible to obtain clear
surface-enchanced Raman spectroscopy (SERS) peaks of the target bacteria, even without using phages.
In the second step, the phage nanoemulsions were droped onto the bacterial-GNRs complexes on
those surfaces and time-dependent changes in the Raman spectra were monitored at different time
intervals upto 40 min. These results demonstrated that how one can apply phages with plasmonic
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nanoparticles for detection of pathogenic bacteria very effectively in a quite simple test.

Introduction

Food and water borne diseases are among the most
serious and costly public health concerns worldwide. They
are still one of the major causes of morbidity, in spite of
modern technologies and safety concerns. Food and water
are the most important resources for humans, but unfortu-
nately for microorganisms as well. Transfer of the pathogenic
bacteria via contaminated food/water consumption is a com-
mon among daily event and is the major route for serious
infections [1,2]. Therefore, it is obvious that bacterial contami-
nations in food/water must be detected/monitored very
effectively and efficiently in all stages of production, process-
ing, transportation and consumption. Development of fast,
accurate and sensitive detection and monitoring of patho-
gens, which should be miniaturized/portable automated
therefore cost effective, is a very important challenge.

There are a number of pathogenic bacteria that may cause
severe infections including Escherichia coli (E. coli) which is —
a gram negative bacteria — a rather common family — respon-
sible bacterial contaminations in food and water and some
strains are highly pathogenic (such as E. coli O157:H7 and
0104:H4) causing gastrointestinal diseases, serious outbreaks
but even death [3-7]. Therefore, E. coli has globally become
one of the main target bacteria to be detected and cured. A
rather safe strain E. coli K12 was selected/used in the present
study as the target for demonstration of the detection proto-
col proposed here.

Current pathogen detection methods include: (i) microbio-
logical techniques (conventional culturing); (ii) nucleic-acid
based (e.g. PCR and DNA hybridization using oligonucleotides
as bio-recognition elements — “bioprobes”) and (iii) immuno-
logical (e.g. ELISA - with specific antibodies as bioprobes)
[8-13]. Using bacteriophages as bioprobes alternative to anti-
bodies and nucleic acids for bacterial detection is a very
unique approach and that have been proposed rather
recently [14-17]. Bacteriophages are viruses, which only infect
bacteria, with excellent host selectivity. Bacteriophages are
not only the most abundant biological entities but also the
most diverse ones. They may be very specific even at sero-
type levels, could be easily propagated and therefore are
quite in expensive and additionally they have long-shelf life.
As nicely reviewed recently by Singh et al. bacteriophages
have been used for specific detection of target bacteria by
using different bio-sensing platforms, which are mainly
treated in the following two categories. (i) using labels
(including fluorescent, luminescent, enzymes, electrochem-
ically active labels, etc.), (i) label-free systems (QCM, SPR,
Elipsometer, Raman and Mass spectrometers, etc.). Almost all
of technologies mentioned above have been applied for
detection of pathogens by using bacteriophages with differ-
ent extent and success. The challenging objective is to
develop enhanced detection technologies with high levels of
reliability, sensitivity, and selectivity with short assay times.

Surface-enhanced Raman spectroscopy (SERS) is one of
the most popular label free techniques for detection several
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biological molecules/entities including several bacteria with
high sensitivity/detection limits [16,17]. Several metallic nano-
structures exhibiting localized plasmon effects are used for
enhancing the Raman signals which depends on several
factors including size, shape, agglomeration and/or surface
oriented/pattern structures, and so on. In recent years due to
the “size and shape-dependent” properties metallic, especially
gold and silver nanoparticles have been extensively studied
in wide variety of applications, such as photonics, information
storage, electronic and optical detection systems, therapeu-
tics, diagnostics, photovoltaics, and catalysis. Especially the
followings make them excellent materials also for bio-based
applications: (i) easy to produce in many different shapes
(nanospheres, nanorods, nanocages, nanocubes, etc.) and
sizes even down to few nm; (ii) excellent and variable optical
(plasmonic) properties; (iii) small sizes means high surface
areas; (iv) easy surface modification/functionalization for biop-
robe immobilization, etc. Gold nanorods (GNRs) are rod-shape
nanoparticles, which could easily produced with different
aspect ratios (dimensions) - means different plasmonic prop-
erties [18]. Their unique optical and physical properties have
allowed using them for development of bio-sensing platforms
[19-25]. Therefore, we have also selected, synthesized and
utilized GNRs as surface enhancer in our SERS studies
reported in this article.

Raman spectra for many rather small molecules/biomole-
cules are very unique and as a result are commonly called
“fingerprints”. However, bacteria are quite big entities and
maybe considered as a big pool composed of a huge num-
ber/variety of biological molecules - some of them with
similar compositions (such as amino acids/proteins).
Consequently, it is almost impossible to collect a characteris-
tic set of spectra of different bacteria that would allow us to
identify the type those complex structures — which is a very
challenging topic of research.

Holt and Cotton [26] were the pioneers to apply SERS for
identification of microorganisms. Then usually silver nanopar-
ticles have been studied as surface enhancer in Raman
spectroscopy in the detection and identification of bacteria
(e.g. E. coli) by several groups [27-32]. In these studies,
unmodified nanoparticles are interacted with the target bac-
teria in suspensions, dropped onto a platform and then
Raman spectra are obtained which is also the main/simple
protocol that was applied in this study. It was demonstrated
that silver nanoparticles are preferentially accumulated to the
Flavin sites, and therefore those bands on the Raman spectra
are considered as target points for specificity on the bacterial
cells walls. However, there are noticeable differences in the
Raman spectra reported by different groups for the same
(similar) bacteria which is usually E. coli but also similarities in
the peak positions and also intensities of the SERS spectra
obtained by different groups. These differences may be due
to different methods of sample preparation and measure-
ment and possible conformational changes of the cellular
proteins when the cells are immobilized on a dry glass sur-
face, and also colloid reproducibility, particle size and aggre-
gation, and their relative number to the target bacteria
within the medium may also influence the magnitude of
enhancement therefore the intensities. Not only silver but
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also gold nanoparticles were used. For instance, Lan et al
have investigated detection of E. coli and Salmonella typhimu-
rium (S. typhimurium) by using gold nanoparticles by Raman
scattering [33]. It was stated that there are strict differences
in the peak position and relative strength. In order to distin-
guish the differences in various species they have classified
all of spectra by principal component analysis (PCA) and hier-
archical cluster analysis (HCA) for bacterial identifica-
tion [33,34].

It should be noted that most of the studies based on SERS
based detection of E. coli bacteria using bare nanoparticles
are based on spectral differentiation at high concentrations
and are susceptible to interferences from the culture medium
[35]. These are important points and limitations should be
considered carefully.

Another important step to reach selective and more preci-
sion bacterial detection/identification of target bacteria with
SERS was to use targeting molecules on the nanoparticle
enhancers which are usually antibodies against bacterial cell
surface antigenic groups. Some interesting studies on this line
are as follows: Naja et al. have studied detection of E. coli by
SERS using silver nanoparticles modified with antibodies in
which immobilization protocol was somewhat different - they
have used protein - as a linker — which was assigned on the
SERS spectra for better characterization [36]. Characteristic
peaks were assigned clearly similar to the related literature
[27,28,30,32,37-40]. It has been proposed that the SERS
enhancement mechanism depends upon the metal surface
proximity, 8nm was considered as the optimum distance
between the bacterium and the nanoparticle surface which
was an interesting note.

Guven et al. [41] have combined immunomagnetic separ-
ation (IMS) and SERS to detect E. coli in which gold-coated
magnetic spherical nanoparticles carrying anti-E. coli antibod-
ies were prepared and used for IMS. GNRs carrying Raman
labels have (5,5-dithiobis-2-nitrobenzoic acid - DTNB) were
used for detection of the target bacteria with SERS. The fin-
gerprints of DTNB-labels on the GNRs were followed for
detection — not the specific peaks of E. coli. Therefore, they
did not attempt to assign SERS peaks of the target bacteria.
The correlation between the concentration of bacteria and
SERS signal was found to be linear within the range of
10"-10* cfu/mL which was quite good alternative approach
for specific detection of the target bacteria. Tamer et al. [42]
have studied gold coated magnetite nanoparticles further
modified with self-assembling molecules against glycoside
moieties on the surface of the target bacteria (i.e. E. coli).
They were able to demonstrate specific targeting and
enhancement in the Raman signals in several specific peaks,
but not assigned properly.

Recently, Srivastava et al. [7] have reported a different and
successful methodology for the detection of E. coli - a nano-
biosensor chip, utilizing nanosculptured thin films of silver as
enhancer for the Raman probe reader. They have immobilized
T4 bacteriophages onto the surface of the chip for the spe-
cific capture of target E. coli bacteria. Results showed that the
present sensor performs a fast, accurate and stable detection
of E. coli with ultra-small concentrations of bacteria down to
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the level of a single bacterium in 10 uL volume of the sample
which was a quite successful approach.

This study is designed to detect target bacteria (which is
E. coli K12) using the specific phage (T4 here) as bioprobes
and GNRs with well-defined plasmonic properties (for surface
enhancement) without need of the peak assignments on the
SERS spectra neither for the bacteria nor its phages - but just
following the changes in the intensity of some specific peaks
with time - a rather simple and novel approach - which is
the main and attractive rational of the present study.

Experimental
Propagation of bacteria and bacteriophages

The following bacterial culture the media and buffers were
prepared freshly and used. All the respective reagents were
purchased from Sigma-Aldrich (Munich, Germany). About 25g
of the Luria Bertani (LB) powder was dissolved 1L of distilled
water to obtain the LB medium which was prepared by add-
ing 6 g of agar was added into in 400 ml of LB media to pre-
pare the LB-agar medium. The SM buffer was prepared by
dissolving 5.8g of NaCl, 2g of MgSO,-7H,0, 50ml of 1M
Tris—hydrochloride (pH 7.5) and 1 ml of 10% (w/v) gelatine in
1L of distilled water. Tryptic soy broth (TSB) was made by
dissolving 15 g of tryptone, 5g of soytone and 5g of NaCl in
1L of distilled water. The LB medium and buffers were auto-
claved prior to use.

The target bacteria, Escherichia coli K12 was propagated by
a similar protocol that was widely used including our previ-
ous studies [25,43-45] which is as follows: The bacteria were
first cultured in the sterile LB medium (259 LB powder in 1L
of distilled water) at 37°C in a rotary shaker (200 rpm) until
to reach the exponential growth phase (about OD 600 nm) —
which was followed spectrophotometrically. These bacterial
cultures were centrifuged (at 6000 rpm for 5min) and the pel-
lets precipitated were washed few times and re-suspended in
the sterile PBS buffer with a pH of 7.2 (composed of 140 mM
NaCl, 2.7 mM KCl, 0.1 mM Na,HPO, and 1.8 mM KH,PO,). This
suspension was diluted to reach the desired/different concen-
trations and then plated in the LB agar (prepared by adding
6g of granulated agar to 400ml of LB media) and the
total bacterial (viable) counts (colour forming units, CFU)
were estimated.

T4 phages were amplified using the bacterial suspension
prepared in the previous step. In a typical protocol E. coli K12
and T4 taken from the stoke suspensions — 100 uL of each
with concentrations of 10® CFU/mL and 10® PFU/mL, respect-
ively. They were mixed in a test tube by using a vortex, incu-
bated at room temperature for 15 min and added to a 20 ml
tube containing the LB medium, which was then incubated
for 6h at 37°C in a shaking incubator (200 rpm). In the final
step, chloroform was added - 10% (v/v) — which was kept at
4°C for about 20 min. For purification, the medium was first
ultra-filtered through a sterile 0.22 um filter to remove any
remaining bacteria and then centrifuged at 4°C (12,0009).
The precipitated/purified phages were then re-suspended in
the sterile PBS buffer. In order to obtain the phage concen-
tration - as plaque forming unit per ml (PFU/mL) - the

following protocol was applied. The phage suspension pre-
pared in the previous step was diluted to obtain a series of
phage suspensions with different phage contents. About
100 uL from each of those phage suspensions and 400 uL of
the E. coli suspension were mixed, added to the semi-liquid
LB-agar (agar 7.5g/L) and incubated at 37°C for 24 h. The
titration was performed by direct counting of lysis plagues.
The phage stock produced were kept in the SM buffer.

The activity and specificity of T4 phages were demon-
strated in typical bacterial culture tests. Plates containing the
target bacteria E. coli on agar broth were prepared. The T4
phages were put on the plates, which were then incubated
at 37°C overnight. Note that the E.coli lawn plates were ori-
ginally turbid, but transparent zones were formed around the
phage inserted areas which shows the activity of the T4
phages propagated in the previous steps.

Note that fresh bacterial cultures were prepared from the
stoke solutions for each new SERS test group - in each day
by incubating overnight at 37°C. After incubation, broth of
each culture was transferred to 15 ml sterile centrifuge tubes,
and centrifuged at room temperature at 5000 rpm for 10 min
(Wisespin; Daihan Scientific, Sinpyoungsukhwaro, Korea).
Bacterial pellets were washed by suspending in 10 ml of ster-
ile deionized water and centrifuging for three times. Phages
were taken from stokes which were purified previously and
stored at 4°C. The bacteria and phages with concentrations
of 10® PFU/mL and 10® CFU/mL, respectively were used in
the SERS studies demonstrated here.

Gold nanorods

Hexadecyltrimethylammonium bromide (CTAB), tetrachloro-
auric (Il) acid (HAuCl,) and sodium borohydride (NaBH,4), and
others were bought from Sigma-Aldrich (Munich, Germany)
with high purity (>99%) and used as received. DI water (18.2
MQ/cm) treated through reverse osmosis (Thermo Scientific,
Waltham, MA, USA) was used for preparing all solutions.

The GNRs were produced by a rather classical two-step
process as also described in the related literature including
ours, which is briefly as follows [25,46-49]. In the first step, in
order to synthesize gold spherical nanoparticles, a
7.5mI-100 mM aqueous solution of CTAB was sonicated for
20min at 40°C in a water bath. A 250puL-10mM
HAuCl,-3H,0 aqueous solution was added with continuous
stirring under nitrogen atmosphere to the CTAB solution.
Then, 600 uL-10 mM ice-cold aqueous solution of NaBH, was
added under vigorous stirring in 1min. The CTAB-capped
nanospheres formed were used as seeds within 2-5h for
preparation of the GNRs in the next step. A 40 ml of a growth
solution consists of CTAB (100 mM) and HAuCl,;-3H,0 (10 mM)
was prepared which was dark-yellow. A 250puL-10mM
AgNOs;, aqueous solution and then a 270 ulL—100 mM ascorbic
acid - a mild reducing agent - (Sigma-Aldrich, St. Louis, MO,
USA) were added to the growth solution flask, which resulted
a colourless solution. Then, 210 uL of the CTAB-capped seed
solution that was produced in the previous step was added
to that flask, and the mixture was gently mixed. After 3h at
24°C, the colour of the mixture turned into a dark-blue solu-
tion with a brownish opalescence, which was an indication of



formation of GNRs. In order to remove most of the surfac-
tants (CTAB) used in the preparation of the GNRs, the nanoe-
mulsions were centrifuged at 13,500g (Wisespin; Daihan
Scientific, Sinpyoungsukhwaro, Korea) and re-suspended in DI
water (18.2 MQ/cm) treated through reverse osmosis (Thermo
Scientific, Waltham, MA, USA) and sonicated for about one
hour (Wiseclean; Wised Laboratory Instruments, PRC). This
cleaning protocol was repeated at least three times.

Characterization

The scanning electron microscopy (SEM) micrographs of the
GNRs, target bacteria and its respective phages, on the sub-
strate (“silicon wafer”) surfaces were taken using a Philips
Ultra Plus High Resolution FESEM equipped with an in-lens
secondary-electron detector at operating range 2-20keV
depending on sample charging (Philips, FEI, Eindhowen, The
Netherlands). The suspensions were dropped onto the silica
substrate, dried at room temperature and then images
were obtained.

Absorption peaks of the nanoemulsions were obtained by
using an Ocean Optics USB2000 + VIS/NIR spectrometer
(350-1100 nm) (Nanodev Ltd., Ankara, Turkey). All absorbance
spectra were collected using quartz cuvettes.

Detection with Raman spectral analysis

The Raman spectrometer XploRA (Horiba, Longjumeau,
France) used in this study is equipped with an Olympus BX41
transmission and  reflection illumination  microscope
(Olympus, Rungis, France). For imaging the 785 laser was
used. Raman signals were recorded in a spectral range of
450-3000cm™", at 50mW power, in combination with differ-
ent objectives 10x, 40x and 100x objective magnification
(NA=0.25) of the microscope for focus and collection of
Raman-scattered light. For each sample, the Raman spectra
were taken minimum five different locations on the SERS
platform - repeated more than 15 times and averaged to
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demonstrate the spectra. Each spectrum was normalized
using the Labspec software.

One of the main objectives of this study is to obtain SERS
data of the target bacteria using GNRs without using any SERS
substrate. To demonstrate this approach - “for the proof of
the concept” — the GNRs were added to the target bacteria
suspensions, incubated at room temperature for 10-30min,
then they were dropped onto the silicon wafers, dried and
confocal microscopy (attached to the Raman Spectrometer)
images were taken and SERS data were collected. Note that
we focused onto individual bacteria and took the SERS image
- means our data was corresponding even single bacter-
ial detection.

Results and discussion
GNRs produced

Gold nanorods were synthesized by a two-step process
described in the previous section. A representative UV-vis
absorption spectrum of the GNRs synthesized/used in this
study is given in Figure 1(A). As seen here two peaks at
510nm and 670nm are due to the radius and length,
respectively. It should be noted that both the position and
intensity of the peaks are representative properties of those
GNRs produced. The SEM micrograph given in Figure 1(B)
shows that the GNRs produced here are quite homogeneous
in size and shape - there are only few nanospheres (seed
particles) left from the first step - which demonstrates the
success of the synthesis protocol applied here. The average
sizes of GNRs that we have used in the later parts of this
study were 10+2nm (diameter) and 30+5nm (length) and
according to SEM analysis - estimated with a classical soft-
ware (Adobe Photoshop CS6).

SEM images

Representative SEM images of the components used in this
study which are taken on the basic substrate platform -

(B)

o T T T v T T .
450 500 550 600 650 700 750 800 850

Wavelength (nm)

Figure 1. The GNRs synthesized of in this study. (A) A representative UV-vis absorption spectrum; and (B) a typical SEM image of the GNRs. A scanning probe image

processing was applied.
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“silicon wafers” — are given in Figure 2. It should be noticed
that the magnifications are different in those SEM images as
seen on the scale bars. The GNRs are clearly observable
which are with quite narrow size distribution (Figure 2(A)) -
as also presented in the previous section (Figure 1).
However, it was difficult to obtain the SEM images of the
phages on the substrate surfaces — since we have not
applied any pre-fixing protocol - just dropped the phage
emulsions on the silica platform. Therefore, phages look dif-
ferent in size — there are small and large ones - these
should be due to some aggregations and some possible
destructions due to high energy applied to obtain the SEM
images. Therefore, we have not attempted to describe the
average size of the T4 phages by using those images. The
images of E. coli are typical, as also demonstrated in the
related literature (Figure 2(C)). They are in cylindrical shape
and kept their original form during SEM imaging. Figure
2(D) shows a representative image of E. coli after they were
interacted with their specific T4 phages in early phase of
phage invasion. As seen here some of the bacteria were
already invaded (destructed) by T4 phages. Representative
SEM images of the target bacteria, E. coli after interactions
with the GNRs in suspension (then dropped on the platform
surfaces) are given in Figure 2(E). As seen here positively
charged GNRs were accumulated on the negatively charged
bacterial surfaces quite heavily and evenly, which allowed
clear detection of the target bacteria without using any
SERS substrate — on the simple silicon wafer surface as also
discussed below. Three main components of the system, i.e.
E. coli+ GNRs attached to the bacteria+ T4 phages accumu-
lated also on their target bacteria are shown together in
the same figure (Figure 2(F)) which was taken at very early
stage - no bacterial destruction yet - only GNRs and T4
phages were accumulated on E. coli — the target bacteria).

The phages on their target surfaces look quite healthy and
kept their shapes intact comparing to Figure 2(B).

Raman spectral analysis

Before collecting the Raman signals, we have first observed
the surfaces with the Olympus BX41 transmission and reflec-
tion illumination microscope attached to the Raman spec-
trometer that we have used in this study. In order to
demonstrate the power of the microscope, several images
were taken at different steps of the SERS analysis. Figure 3
gives representative images: (A) E. coli K12 on the substrate
surfaces; (B) after additions of the nanoemulsions of GNRs
onto those surface — notice that the GNRs are accumulated
on the bacteria and create a shining red brown colour; and
(C) about 30-40 min after addition of the T4 phages onto the
previous surface in which the bacteria have already totally
destructed by the T4 phages and images “look like lubricated
with oil” were observed. Note that this was not the protocol
that we have used in the SERS analysis — which is described
below - however it demonstrates what is happening on the
surfaces and exhibits of the power of our Raman system.

One of the main objectives of this study is to obtain SERS
data of the target bacteria using GNRs without using any SERS
substrate. In the SERS analysis we have applied here the GNRs
were added to the target bacteria suspensions, incubated at
room temperature about 30min, then they were dropped
onto the silicon wafers; dried and the surfaces were first
observed with the microscope (attached to the Raman
Spectrometer) and images were taken. Then we have focused
on the selected target bacteria and collected the SERS data.
Note that it was possible to focus onto individual bacteria
and take the SERS image, indicating that our data is demon-
strating almost single bacterial detection.

Figure 2. Representative SEM images taken on the substrate - silicon wafer surfaces. (A) GNRs; (B) T4 phages; (C) E. coli K12; (D) E. coli 12 interacted with T4 phages
(some of them already); (E) GNRs interacted with E. coli K12 in suspensions then dropped on the substrate surface; and (F) three together — E. coli+ GNRs attached
to the bacteria -+ T4 phages accumulated on the bacteria (at very early stage — no destruction yet). A scanning probe image processing was applied.
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Figure 3. Representative images taken with the “transmission and reflection illumination microscope” attached to the Raman spectrometer: (A) E. coli K12 on sub-
strate surfaces; (B) GNRs on bacteria (shinning red brown color); and (C) after addition of phages which destructed almost all bacteria on the surfaces and images
“look like lubricated with oil” were observed. A scanning probe image processing was applied.
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Figure 4. Representative SERS spectra: (I) E. coli K12 on the substrate (silica) surfaces; (Il) E. coli K12 first interacted with the GNRs in suspensions then dropped on
the substrate surfaces; (lll) T4 phages nanoemulsions were dropped on the substrates carrying E. coli K12 and GNRs — just after addition (to); (IV) the same - after

10 min (t;); (V) the same - after 20 min (t,); and (VI) the same after 40 min (t3).

In the following step, T4 phages were placed on the sub-
strates having GNRs accumulated bacteria, and SERS data
were collected at selected time intervals. Several data were
collected at many different points on the sample, and these
experiments were repeated many times. Representative SERS
spectra are given in Figure 4. The peaks were quite sharp
and intense, note that these were single bacterial cell level
therefore “the limits of detection” which was cellular level -
may be considered as very notable result of this study. This
may be attributed to the localized surface plasmon effects of
the GNR aggregates on the bacterial wall as also demon-
strated in Figure 2 given/discussed above.

It should be noted that the substrate platform was silicon
wafer — which does not give any spectral response between
650 and 1800 cm™' therefore could not overlap the bacterial/
phage peaks. The spectrum of the surfaces carrying only bac-
teria (no GNRs no bacteriophages) is in the bottom of the fig-
ure (the curve I) which is expected because the silica surface

is not a SERS substrate, rather a platform with no plasmonic
properties. The curve Il is a typical spectrum of E. coli carrying
GNRs on their surfaces, due to very strong plasmonic effects
of the GNRs aggregates on the bacterial wall allowed us to
obtain the Raman spectra of the E. coli with sharp and clear
representative peaks.

In the second step the T4 phage nanoemulsions were
dropped onto the silicon wafers evaluated in the previous
step - carrying E. coli+GNRs and the SERS data were col-
lected at selected time intervals - 10, 20 and 40 min - the
representative spectra are illustrated as the curves i, IV, V
and VI, respectively. Notice that the first three curves are
almost identical - there are changes in the intensities of
some peaks but not significant. However, the curve VI was
very different than the others. It should be noted that phages
did attack their target bacteria, infected and destructed
almost all in about 30-40min as also demonstrated in
Figure 3(C). There were few new/very strong peaks at 1124,
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1260, 1320, 1367, 1602 and 1639cm ™' which do not exist (or
very weak) in the E. coli spectra (the curves Ii).

It should be noted that Raman spectra for many rather
small molecules/biomolecules are very unique. Therefore, it is
rather easy to identify these molecules - quite specifically
and sensitively - by using those SERS spectra — commonly
called “fingerprints”. There are also several studies in the
related literature for detection of bacteria including E. coli
with SERS using silver and gold nanoparticles and nanostruc-
tured surfaces for enhancement. Almost all of them based on
target identification of the peaks (fingerprints) on the spectra
for detection of bacteria — which is the main point/difference
of the present study in which we are not targeting identifica-
tion of those peaks for detection but using specific phages as
described above. The rational of this way of thinking is that
there are differences and similarities in the peak positions
and also intensities of the SERS spectra obtained for different
bacteria - but more importantly there are also significant dif-
ferences in the E. coli spectra published by different groups
for E. coli. It is quite understandable, bacteria are not a simple
molecule/entity, it is a huge pool of different molecules from
simple to highly complex 3D structures and molecular
weights. Especially biopolymers, like DNA/RNA, proteins, poly-
saccharides are formed of similar units but with
different numbers. Having the same or even similar SERS
spectra — even for the same target bacteria is almost impos-
sible — assignments of the characteristic peaks is only an
approximation. The differences could also be due to different
methods of sample preparation and measurement and pos-
sible conformational changes of the cellular biopolymers (pro-
teins, etc.) when they interacted with different platform
nanostructured surfaces or nanoparticles. When using nano-
particles as SERS enhancers, it is generally agreed also that
colloid reproducibility, particle size and aggregation, and their
relative number to the target bacteria within the medium
may also influence the magnitude of enhancement and
therefore the intensities.

Some of the characteristic peaks can be summarized as
follows: It is generally agreed there are some representative
similar peaks mostly in the regions 500-800cm™' and
1100-1700cm™" but there are differences mostly in the
region 800-1000cm ™" [28,29,31,32,50]. The double peak at
about 960cm ! is due to the C-C stretch (or C-C-N stretch)
which is abounding for various proteins in the cell [32,51].
Note also that the peaks in the regions 600-900cm™' and
1200-1400cm ' for E. coli are similar to those for Flavin
adenine dinucleotide (FAD). The Flavin FAD and Flavin aden-
ine mononucleotide (FMN), which are located in the cell walls
of bacteria, are coenzymes that participate in the respiratory
processes in a living cell [28,32,52]. The bacterial amide fin-
gerprint located are observed at 1620-1640cm ™" in the SERS
spectra for E. coli, however it may be overlaid with the water
peak at 1635cm™" [32].

Lan et al. [33] have reported the strict differences for
E. coli and S. typhimurium in the peak position and relative
strength. They have pointed out the following peaks and cor-
responding sources: 659cm™" for guanine (C-S); 722cm™" for
adenine; 960cm ™' for C=C or tyrosine; 997 cm™"' for phenyl-
alanine or glucose; 1027 cm™" for a ring stretching, or (C-H)

deformation; 1086cm™" for phenylalanine; 1169cm™" for 12-
methyltetradecanoic acid or 15-methylpalmitic acid or acetoa-
cetate; 1248cm™"' for C-H, stretching; 1335cm™' for C-H,
deformation or tryptophan; 1472cm™' C-H, deformation of
the protein molecules; 1535cm ™' for adenine, cytosine and
guanine; 1601 cm™! for tyrosine, (C-N) stretching vibration;
1715cm™" for C=0.

Naja et al. [36] have reported that peaks at 600-800cm™
and at 1500-1700cm ™" could be attributed to nucleic acids
and reflected the presence of adenine, guanine, cytosine and
thymine (or uracil for RNA) molecules. The peak at 990 cm™!
indicates the presence of phenylalanine molecule as an
important aromatic amino-acid residue. The peaks at 721 and
1029cm™" correspond to the presence of carbohydrate com-
pounds. The peaks at 1300-1400cm ™' are generally assigned
to protein groups whereas peaks around 1462cm™' are
attributed to lipids.

The band attribution of the E. coli spectrum obtained in
this work was based on similar spectra found in the related
literature. In detail, the vibrational spectra of E. coli exhibited
some bands near 2922cm™' (not shown) due to the CH,
asymmetric  stretching vibration and the peaks at
1605-1690cm ' are due to the deformation vibration of N-H
or the stretching vibration in C-N of the amide | groups. The
1552cm™" peak corresponds to different organic vibrations
between C, N and H in amide or other groups. The peaks at
1485, 1462, 1355 and 1271cm™ ' are attributed to the NH,
stretching in adenine and guanine, to the CH, scissoring
deformation in lipid groups, to the CH deformation vibrations
and to amide lll components. In addition, the peaks at 1056
and 1235cm™" are attributed to the stretching vibration of
C-C in alkanes and to the vibration of N-H, respectively. The
band attribution in the region of 500-800cm™" are more dif-
ficult since the peaks were weaker and less resolved. The
observed peaks come from amino-acids, polysaccharides, lip-
ids, and sugars. The 1008 cm™ band associated with the aro-
matic ring breathing mode. In brief, the Raman spectrum was
reported to consist of several small peaks, occurring between
500 and 1700cm™', and two dominant peaks, at 1355 and
1635cm™", respectively.

The results of different bacteria like E. coli and S. typhimu-
rium show the differences in structure and composition of
proteins in both species. The peaks at 1530 and 1535cm™"
represent adenine, cytosine and guanine. Amide lll band is
observed at 1232cm™" in the S. typhimurium spectrum. The
bands at 722cm™' and 729cm™' in are the deformational
vibrations of adenine, and these bands are the typical spec-
tral characteristics of DNA in E. coli and S. typhimurium. There
are also different bands which are not interpreted in detail as
they are not very conclusive, but they might be affected by
cell lysates.

1

Conclusions

In this “proof of concept” study, a very simple SERS strategy
was applied in which target bacteria (i.e. E. coli) were inter-
acted with GNRs in suspensions, and then they were dropped
onto plain silica substrate surfaces for detection. As clearly
demonstrated in the electron microscope images the



positively loaded GNRs were heavily accumulated around the
negatively charged bacterial cell walls which allowed us to
collect the SERS spectra (the “fingerprints” of the target bac-
teria) without using any SERS platform - only as a result of
enhancing effects of the plasmonic GNRs accumulated onto
the bacteria - which was one of the important results of this
study. In the second step, bacteriophages (as the specific
bioprobes) were dropped onto those surfaces and SERS data
were collected by focusing on even individual bacterial cells
at different time intervals up to 40 min. Bacteriophages are
viruses which do infect only living bacteria quite specifically
even at serotype level. When they infect their target bacteria,
after an about 20-30 min propagation process their number
increases about 300 times even larger - that means a very
significant increase in the detection signal. In this study, the
SERS data collected with time in the tests after addition
phages onto the GNRs-bacteria complexes on the silica plat-
forms exhibited that a number of new quite intense/sharp
were appeared in about 30-40 min. It should be noted that
there was no change in the SERS spectra of the non-target
bacteria (i.e. S. aureus here) with time after addition of T4
phage which was specific only for the target bacteria (i.e.
E. coli here). This was the main result of this study - demon-
strated that one could detect the target bacteria very specif-
ically and sensitively (even at one bacterial cell level) using
bacteriophages as bioprobes and plasmonic nanoparticles
(i.e. GNRs here).
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