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Abstract
The surface-enhanced Raman spectroscopy (SERS)-based analysis of bacteria suffers from the lack of a standard SERS detection
protocol (type of substrates, excitation frequencies, and samplingmethodologies) that could be employed throughout laboratories
to produce repeatable and valuable spectral information. In this work, we have examined several factors influencing the spectrum
and signal enhancement during SERS studies conducted on both Gram-negative and Gram-positive bacterial species:
Escherichia coli and Bacillus subtilis, respectively. These factors can be grouped into those which are related to the structure
and types of plasmonic systems used during SERS measurements and those that are associated with the culturing conditions,
types of culture media, and method of biological sample preparation.
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Introduction

Surface-enhanced Raman spectroscopy (SERS) spectros-
copy is a technique based on the study of oscillations of
molecules located on roughened metal surface. The am-
plification of the SERS signals occurs via the formation of
charge transfer complex between the analyte and the
SERS substrate, but mainly through the electromagnetic
interaction of light with metal, which produces large am-
plifications of the laser field. The electromagnetic en-
hancement is connected with the presence of surface

plasmons—coherent delocalized electron oscillations
across the surface [1].

High selectivity, sensitivity, and the possibility to analyze a
trace amount of substances are the main advantages proposed
by SERS. In addition, there is no need to use expensive re-
agents and labels or to employ qualified personnel to carry out
the experiment. The SERS spectrum of chemical compounds
resembles the normal Raman spectrum (they are both the
source of information about the structure of studied com-
pounds). Unfortunately, in the case of biological samples,
the background fluorescence often completely covers signals
from the sample during normal Raman measurements and,
therefore, it is very difficult to obtain pure Raman spectrum.

The power of SERS lies also in its ability to identify chemical
species in a very fast way. It can be used to detect and identify
pigments [2], poisons [3], narcotic substances [4–6], and mate-
rials of biological origin [7–10]. It is also applied in examination
of single molecules [11, 12] and in identification of structures
more complicated than chemical compounds, namely viruses
[13, 14], fungi [15], cancer cells [16–18], and bacteria [19–21].

The topic of microorganism identification by SERS is
hugely important from biological, biotechnological, and med-
ical points of view. In these branches of science, the new
methods of bacterial identification are extremely desired.
This is due to the fact that currently used techniques, including
polymerase chain reaction, biochemical tests, and
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immunochemical methods, despite their high accuracy, still
cannot overcome the main factor which makes them
imperfect—time consumption. The SERS technique may re-
solve this problem, as the single measurement can be done in
only few seconds. For the abovementioned reasons, over the
last years, the interest in SERS of bacteria is big. This is
revealed by an increase in the number of scientific publica-
tions on this topic (see Electronic Supplementary Material
(ESM) Fig. S1).

Despite the knowledge about the principles of SERSmech-
anism, the detailed information remains still unknown. The
more complex the examined sample, the more it is difficult
to determine the origin of the vibrations observed in the SERS
spectrum. Therefore, spectral analysis of bacteria, which are
composed of hundreds of different molecules, is a serious
issue. SERS technique has also some restrictions. First, the
analyte should be very pure as the contamination of the sam-
ple may result in additional bands in the spectrum. Moreover,
the SERS effect is limited to ~ 20 Å from the surface of the
metal substrate, so in the case of measurements of viable bac-
terial cells, the obtained signals may be assigned only to first
few layers of the cell (cell wall, cell membrane, and molecules
attached to them).

This work is the first step to standardize the conditions,
which enable to obtain reproducible SERS spectra of particu-
lar bacteria. The factors influencing the spectrum and signal
enhancement of selected bacterial species in SERS have been
studied. They can be grouped into those which are related
directly to the SERS platforms and measurement parameters
and those which are associated with the cell cultivation pro-
cess and method of sample preparation.

Not all SERS substrates are suitable for bacterial cell mea-
surements. In some cases, spectra cannot be compared with
each other, especially if they were obtained by using different
SERS substrates covered with distinct SERS-active metals.
Equally important for the results are measurement parameters:
time of exposure to laser radiation, laser line, and laser power.
It is important to verify the influence of the type of plasmonic
structures on bacterial SERS spectra. Here, we show, for the
first time, how the type of used SERS substrates (obtained in
different production processes), the duration of cell cultiva-
tion, and additional treatment during sample preparation affect
SERS spectra of bacteria. Moreover, during SERS measure-
ments, we have used four different laser lines (325 nm,
514 nm, 633 nm, and 785 nm) and six laser power levels of
the selected laser line. We have also checked the impact of
SERS-active metal/alloy and the duration of the experiment
on the SERS spectra of bacteria as silver nanoparticles (NPs)/
nanostructures are toxic to bacteria. This toxic effect is con-
nectedwith generation of reactive oxygen species (ROS) upon
exposure of cells to silver (Ag) NPs [22]. As the result, they
may indirectly disrupt the function of cytoplasmic membrane,
inactivate key enzymes, interact with nucleic acids, interfere

with metabolic and respiratory processes, and cause death of
the cell [23]. This, in turn, may lead to some changes in the
quality of obtained SERS spectrum.

We present as well how the culture conditions may affect
the structure and chemical composition of bacteria and, thus,
their SERS spectra. Precisely, we show how the type of cul-
ture media and death of bacteria may affect their SERS signal
intensity and quality. We have focused on two model bacterial
species: Gram-negative Escherichia coli and Gram-positive
Bacillus subtilis.

Materials and methods

Bacterial species

Two bacterial strains (E. coli K12 and B. subtilis 168) were
obtained from the Department of Applied Microbiology,
University of Warsaw, Poland.

Culture conditions and sample preparation

Storage

Cultures of E. coli and B. subtilis were maintained in
Trypticase soy–yeast extract agar (TSYEA) (Oxoid,
Basingstoke, Hampshire, UK) at 4 °C throughout the study
period and stored at − 80 °C in brain heart infusion (BHI)
broth supplemented with 20% glycerol.

Culture media and conditions of bacterial cultivation

The following culture media were purchased from Biocorp,
Poland: Luria–Bertani (LB) agar medium, BHI agar, and
Mannitol Egg Yolk Polymyxin (MEYP) agar for cultivation
of B. subtilis and LB agar medium, BHI agar, Tryptone Bile
X-Glucuronide (TBX) agar, and Chromogenic Coliform Agar
(CCA) for cultivation of E. coli. All the plates were incubated
at 37 °C for 24 h. Additionally, the plates with LB agar and
E. coli or B. subtilis were cultured for 48 h and 72 h to check
the influence of the culture duration on the SERS spectrum.

Death of bacteria

In order to cause death of bacterial cells, they were suspended
in 70% ethanol, frozen in saline solution at − 80 °C for 24 h,
centrifuged (13,150×g) for 10 min, heated to 100 °C in saline
solution for 1 h, and exposed to UV light for 1 h.

Sample preparation for SERS measurements

For viable E. coli and B. subtilis cells, after 24 h (or 24 h, 48 h,
and 72 h in the case of bacteria cultured on LB agar medium),
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three single colonies were placed via a sterile plastic inoculat-
ing loop into 200 μL of sterile 0.9% NaCl solution, mixed,
and centrifuged for 3 min at 1070×g. The centrifugation pro-
cess in the saline solution was repeated three times to obtain a
solution of clean bacterial cells. Purified bacteria were finally
suspended in 10 μL of sterile 0.9% NaCl solution. The mix-
tures were next placed over the SERS substrates and measured
after ~ 5 min (or 5 min, 15 min, and 45 min in the case of
bacteria cultured on LB agar medium) with a Raman
spectrometer.

Previously purified cells of E. coli and B. subtilis, which
were used in experiments showing the influence of bacterial
death to their SERS spectrum, were suspended in 10 μL of
sterile 0.9% NaCl solution. Subsequently, they were immedi-
ately exposed to specific factor causing death (70% ethanol, −
80 °C, and centrifugation at 13,150×g, 100 °C, UV light).
Next, the liquid was placed over the SERS substrate and mea-
sured after ~ 5 min with a Raman spectrometer.

Sample preparation for Raman measurements

After 24 h of bacterial cultivation on LB agar medium, about
ten single colonies were placed via a sterile plastic inoculating
loop into 200 μL of sterile 0.9% NaCl solution, mixed, and
centrifuged for 3 min at 1070×g. The centrifugation process in
the saline solution was repeated three times to obtain a solu-
tion of clean bacterial cells. Purified bacteria were finally
suspended in 10 μL of sterile 0.9% NaCl solution. The mix-
tures were next placed over the microscopic slides, left for ~
5 min to dry out, and measured with a Raman spectrometer.

Instrumentation

Raman and SERS spectroscopy

Measurements were carried out with a Renishaw inVia Raman
system equipped with a 300-mW diode laser–emitting 785-
nm line, a 50-mW He-Ne laser–emitting 633-nm line, a 50-
mW diode laser–emitting 532-nm line, and a 200-mWHe-Cd
laser–emitting 325-nm line. These lines were used as an exci-
tation source (λex). The light from the lasers was passed
through a line filter and focused on a sample mounted on an
X–Y–Z translation stage with a × 20 microscope objective
(NA = 0.25). The beam diameter was approximately 5 μm.
The laser power at the sample was 1.5 mW, 1 mW, 1.2 mW,
and 1.6 mW, respectively, for 785-nm, 633-nm, 532-nm, and
325-nm laser lines. For the 785-nm laser line, the power levels
0.08 mW, 0.16 mW, 0.8 mW, 1.5 mW, 8.0 mW, and 16.0 mW
were also tested. The microscope was equipped with three
different diffraction gratings (1200 grooves/mm [for the 785-
nm line], 1800 grooves/mm [for the 633-nm and 532-nm
lines], and 2400 grooves/mm [for the 325-nm line]), cutoff
optical filters, and a 1024 × 256-pixel Peltier-cooled

RenCam CCD detector, which allowed registering the
Stokes part of Raman spectra with 5–6 cm−1 spectral resolu-
tion and 2 cm−1 wavenumber accuracy. The experiments were
performed at ambient conditions using a back-scattering
geometry.

Scanning electron microscopy

Observations were performed under high vacuum using the
FEI Nova NanoSEM 450. The accelerating voltage was in a
range from 2 kV up to 10 kV. The wire mesh samples with
bacterial species were observed without any additional layer
of gold.

SERS substrate preparation

Ag disc

Silver SERS substrates were obtained by polishing discs (Ø =
10 mm, H = 5 mm) with Al2O3 slurries in the SII OFL-12
Fiber Polisher (Seiko Instruments). First, slurry contained par-
ticles with a size of 0.5 mm, whereas the second one, particles
with a size of 0.3 mm. The polishing process was continued
until obtaining a mirrored surface of the disc. Next, the discs
were washed and sonicated in ultrasonic bath for 10 min in
70% ethanol solution. The sonication process was repeated in
Millipore water. Subsequently, the discs were electrochemi-
cally roughened by oxidation/reduction cycles (ORCs) in the
electrochemical cell filled with 0.1 M KCl solution. The three
ORCs were applied (0.5 Vand − 0.5, both for 40 s; 0.5 Vand
− 0.5, both for 15 s; 0.5 V for 15 s and − 0.5 for 30 s). In the
last step, the reduction potential of − 0.4 V was applied for
300 s. Finally, the silver discs were rinsed with Millipore
water, dried, and used immediately in SERS experiments.
The scanning electron microscopy (SEM) images of the sur-
face of Ag disc are presented in ESM Fig. S2a and in the
section BThe influence of base material building the SERS
substrate.^

Silver-coated silicon plate (Ag/Si)

One-sidedly polished silicone plates (Ø = 25mm) were placed
in a beaker filled with 30%KOH solution for 40 min at 50 °C.
Next, after rinsing the plates in Millipore water, they were
sonicated in ultrasonic bath for 15 min at 50 °C in the follow-
ing substances: acetone, isopropyl alcohol, and Millipore wa-
ter. Next, the platforms were dried for 30 min at 50 °C and
placed in a physical vapor deposition (PVD) device and
sputtered with a 10-nm layer of silver. The substrates were
used immediately after their preparation. The SEM images
of the surface of Ag/Si substrate are presented in ESM
Fig. S2b and in the section BThe influence of base material
building the SERS substrate.^
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Silver-coated steel mesh (Ag/steel)

In order to obtain a Ag/steel SERS substrate, a wire mesh
sample (40 mm × 40 mm) was placed in a beaker filled with
acetone and sonicated for 10 min in ultrasonic bath at a tem-
perature of 50 °C. The process was repeated three times: with
a new portion of acetone at 50 °C, with isopropyl alcohol at
50 °C, and withMillipore water at ambient temperature. Next,
the cleaned wire mesh was dried for 30min at 50 °C, placed in
a PVD device, and sputtered with a 50-nm layer of Ag (or of
Au, Cu, or Ag/Au alloy). The substrates were used immedi-
ately after their preparation. The SEM images of the surface of
Ag/steel substrate are presented in ESM Fig. S2c and in the
section BThe influence of base material building the SERS
substrate.^

Collection of the SERS and Raman spectra

The Raman and SERS spectra of bacterial cells were recorded
in mapping mode almost immediately after placing the micro-
scope slide or SERS platform under the microscope lens.
Before performing SERS measurements, Raman spectra of
pristine SERS substrates were recorded (ESM Fig. S3).

For each sample, 30 spectra were collected; thus, each
spectrum presented in this publication is a result of averaged
30 measurements. For all spectra, the laser power was set to ~
1.5 mW. Next, the spectra were saved and processed with
OPUS software, ver. 2012 (Bruker Optik GmbH, Germany).
The mentioned program allowed to (i) average the spectra
within one map, (ii) remove the background due to baseline
correction (selected method: concave rubberband correction;
number of interactions = 10), (iii) smooth the final spectrum
(Savitzky-Golay filter, 9 points), and (iv) normalize the spec-
tra using min–max normalization; normalization was not ap-
plied when differences in absolute spectral intensity among
different conditions were evaluated. This applies to the spectra
depicted in Fig. 6 and ESM Figs. S7 and S9. The
abovementioned bands are crucial for bacterial identification
in SERS technique, and the normalization would blur differ-
ences in the intensity observed for these bands. The time re-
quired for completing a single SERS spectrum was 12 s,
whereas for completing a single Raman spectrum, it was
5 min.

Experimental conditions

The scheme of all experimental conditions is depicted in ESM
Fig. S4. In the present work, the following eight experimental
conditions (connected with bacterial cultivation, sample prep-
aration, or SERS measurement) were tested:

– Diverse base materials for preparation of SERS substrates
(steel mesh, bulk silver, and silicon; ESM Fig. S4a)

– The presence and absence of the SERS substrate (normal
Raman vs SERS spectra; ESM Fig. S4b)

– Different SERS-active metals (Ag, Au, Ag/Au alloy, and
Cu; ESM Fig. S4c)

– Different laser lines (532 nm, 633 nm, and 785 nm) and
laser power levels of 785-nm line (0.08 mW, 0.16 mW,
0.8 mW, 1.5 mW, 8.0 mW, and 16.0 mW; ESM Fig. S4d)

– Diverse culture media (LB agar, BHI agar, and MEYP
agar for cultivation of B. subtilis or LB agar, BHI agar,
TBX agar, and CCA for cultivation of E. coli; ESM
Fig. S4e)

– Duration of bacterial cultivation (24 h, 48 h, or 72 h; ESM
Fig. S4f)

– Influence of bacterial death on their SERS spectra (factors
causing cell damage: 70% ethanol, − 80 °C, centrifuga-
tion at 13,150×g, 100 °C, UV light; ESM Fig. S4g)

– Time spent by bacterial sample on SERS substrate (5min,
15 min, and 45 min; ESM Fig. S4h).

Results and discussion

Although numerous reports about Raman and SERS spectros-
copy for bacterial imaging are available, there was no attempt
to create a uniform SERS protocol for bacterial detection.
Therefore, obtaining the similar SERS spectra of particular
bacterial species is still a challenging task. The optimization
of the conditions and factors influencing SERS, which will
lead to the development of uniform, reproducible SERS spec-
tra of bacterial cells, is needed. As SERS is a very sensitive
spectroscopic technique, the enhancement of Raman signal
should depend on many factors, including the type of SERS-
active metal, the frequency of incident light, effective Raman
cross section, and the structure of the SERS substrate. The size
of metal nanostructures used to produce a SERS substrate is
also a crucial issue. The huge differences between the spectra
may also result from the different cell culture conditions and
measurement parameters. This leads to many ambiguities and
to the inability to compare obtained spectra. Such dissimilar
spectral images hamper the practical application of SERS-
based bacterial identification in many fields of science.

Normal Raman versus SERS

As mentioned before, although the SERS spectrum resembles
the normal Raman spectrum, especially in the case of simple
chemical compounds, this is not the rule for complex biolog-
ical substances and biomolecules. In ESM Fig. S5, the normal
Raman spectra of E. coli and B. subtilis are compared with
their SERS spectra. In can be noticed that the SERS spectra of
both bacterial species are of extremely better quality than nor-
mal Raman spectra. This is connected with the fact that in
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normal Raman, the high background in the spectrum, which is
due to the fluorescence and the emission continuum,
completely covers the signal from bacterial cells. This prob-
lem is eliminated in SERS experiment, to significant extend,
when using appropriate SERS substrates, intended for mea-
surements of biological samples. Another argument behind
the growing use of SERS is the fact that in this technique,
the trace amounts of the chemical or biological compounds
allow to obtain the signal of high quality. Obviously, the sam-
ple should be first properly prepared (e.g., filtered and rinsed
several times) to avoid the adsorption of unwanted sample
components to the SERS substrate. Additionally, the duration
of SERS experiment for biological samples is considerably
short—in order to obtain a single SERS spectrum of bacteria,
the time of 12 s was sufficient.

In conclusion, SERS allows the detection of very low con-
centration levels of microorganisms in the sample. It also pro-
vides the differentiation and identification of very similar spe-
cies and strains. The detection of such bacterial cells is ultra-
sensitive and rapid and requires no extrinsic labeling steps.
The huge signal from SERS enhancements, coupled with,
i.e., large scattering cross sections of microbial cells, allows
to obtain spectra from individual bacterial cells. Moreover, the
surface of a bacterial cell consists of a diverse range of bio-
molecules, almost each of them giving a characteristic Raman
spectrum. Themixture of these molecules constitutes the total,
unique bacterial SERS signal.

The influence of base material building the SERS
substrate

There are a lot of patents and publications describing different
SERS substrates and methods of their production [19, 24–37].
However, not all of the SERS substrates give satisfactory en-
hancement of Raman signal, especially while measuring bio-
logical substances. Here, we performed SERS measurements
on different SERS substrates obtained by (i) cyclic voltamm-
etry with a silver disc as a working electrode, (ii) sputtering
silver via PVD on chemically etched silicon, and (iii)
sputtering silver via PVD on steel mesh (see Fig. 1). The
aim of this experiment was to compare substrates with differ-
ent roughness. Their description and additional SEM images
can be found in ESM Fig. S2.

As one can observe in Fig. 2, the SERS spectra obtained with
the use of mentioned SERS platforms are very similar within
bacterial species (E. coli or B. subtilis)—the locations and inten-
sities of the main bands remain unchanged regardless of the type
of used SERS platform. In each SERS spectrum, for both E. coli
andB. subtilis, it is possible to observe bands at around 565 cm−1

(C–S–S–C), 620 cm−1 (phenylalanine), 720 cm−1 (adenine in
FAD andNAD), 955 cm−1 (C=C deformation), 1000 cm−1 (phe-
nylalanine), 1090 cm−1 (C–C skeletal and C–O–C stretching
from glycosidic link), 1240 cm−1 (amide III), 1330 cm−1 (CH2/

CH3 wagging mode in purine bases of nucleic acids), 1450 cm
−1

(CH2/CH3 deformation of proteins and lipids), and 1590 cm−1

(phenylalanine, hydroxyproline, tyrosine, etc.) [7].
In conclusion, the method and the type of base material used

during SERS substrate production should not result in obtaining
totally different SERS spectra of the same bacterial species. The
minor differences are probably connected with the size of SERS-
active nanostructures and, thus, with the properties of hot spots
which can be described as the regions of very strong local field
enhancement caused by the surface plasmon resonance. The
presence of strong additional bands or absence of the main spec-
troscopic features of bacteria is a key problem that appears during
comparison of the SERS spectra of the same bacterial species
presented in different scientific publications, e.g.,E. coli [38–44].
This may be connected with the purity of the chemical/physical
method used to produce SERS platform. As long as the method
does not use numerous chemical compounds which may con-
taminate SERS substrate, e.g., carbonaceous contamination [45],
the obtained SERS spectra of bacterial cells should not change
dramatically. The visible changes in relative intensities of the
same bands are most probably related with the effect of molec-
ular orientation in relation to the polarization of plasmon excita-
tions in the metal substrate. Of course, other factors, including
cell culture conditions and the method of sample preparation,
may affect the SERS spectra, but these issues will be discussed
later in this work.

The influence of the SERS-active metal used
to produce a SERS substrate

It should be highlighted that taking into account the size of
whole pathogenic cells and the distance dependence in SERS
effect [46], there is consensus among researchers that the ob-
served bacterial spectroscopic features are dominated mainly
by their metabolites and outer cell wall constituents such as
membrane proteins, amino acids, lipopolysaccharides, fatty
acids, and derivatives of purines [47–49].

In order to observe a SERS signal, the adsorption of the ana-
lyzed sample onto SERS substrate is required. The type, shape,
and size of nanostructures building the platform affect the surface
plasmon resonance giving higher or lower Raman signal en-
hancement. Moreover, the intensity of SERS signal will be dif-
ferent for small molecules than for single cells composed of
thousands ofmolecules. It is because that a whole cell is too large
to occupy a hot spot on the substrate. Hot spots are usually
localized in the crevices of the metal nanostructures, and their
width should not exceed ~ 2 nm. Such small gaps can be settled
only by single molecules and not by relatively large cells (with
the diameter of ca. 1–2 μm). Therefore, the enhancement factors
for these two types of samples would be different.

Although the SERS effect was observed for metals, such as
Li, Na, K, Rb, Cs, Al, Ga, In, Pt, Ag, Au, Cu, and Rh, and their
alloys [50], the strongest SERS enhancements are obtained for
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Ag, Au, and Cu [51]. For this reason, the SERS measurement
of bacteria was performed on four types of SERS substrates
composed of steel microwires covered with Ag, Au, Ag-Au
alloy, and Cu nanostructures. All types of metal-coated steel
SERS platforms were prepared in the same way (50 nm of
appropriate metal was sputtered onto stainless steel wire mesh
via PVD and placed in sterile Petri dishes), and therefore, their
morphology was expected to be comparable.

As shown in Fig. 3, the highest signal-to-noise ratio (SNR),
the most intense SERS bands and therefore, the most charac-
teristic SERS spectra are observed for Ag/steel and Au/Ag/
steel platforms, both for E. coli and B. subtilis (Fig. 3a-b, I and
II).

The Au/steel platform also shows some characteristic bands,
especially at around 1000 cm−1, 1330 cm−1, 1450 cm−1, and
1590 cm−1 (Fig. 3a, b (III)), but other bands typical for bacterial
cells, e.g., at around 620 cm−1, 650 cm−1, 730 cm−1, 960 cm−1,

and 1100 cm−1 are absent or hardly noticeable. Additionally, the
intensities of observed bands are very low in comparison to Ag
and Ag-Au nanostructures. The Cu substrate, on the contrary,
showed only one band, at around 620 cm−1, originating from
bacterial cell components of E. coli (Fig. 3a (IV)), or showed
only four bands at ca. 620 cm−1, 780 cm−1, 1000 cm−1, and
1450 cm−1 in the case of B. subtilis (Fig. 3b (IV)). As can be
concluded, after the comparison of SERS spectra from all con-
sidered substrates, the platforms containing silver give the most
characteristic and are rich in bands for bacterial spectra.

For further experiments, the substrates consisting of steel mesh
covered with Ag nanostructures were chosen. The main reason of
selecting this type of SERS substrate was the possibility of observ-
ing the biggest difference between E. coli and B. subtilis SERS
spectra. The second reason is connected with the fact that the Ag/
steel platforms are cheaper to produce than the Ag/Au/steel plat-
forms, and therefore, they are affordable for many laboratories.

Fig. 1 SEM images of different
SERS substrates and bacterial
cells adsorbed to them: Ag disc
(a) without and (b) with E. coli
cells, chemically etched silicon
covered with Ag nanostructures
(c) without and (d) with B. subtilis
cell, and steel mesh covered with
Ag nanostructures (e) without and
(f) with E. coli cells. Pink arrows
indicate bacterial cells
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The influence of the laser line wavelength and power

Several research groups have investigated the SERS spec-
tra of both Gram-positive and Gram-negative bacteria at
different wavelengths (for more information, see ESM,
section 6). Based on the literature, it can be concluded
that in SERS analysis of bacteria, the 633-nm and 785-
nm lasers are the most extensively used laser lines. These
excitation sources have relatively low photon energy and
low fluorescence background and do not cause the
photodamage of samples.

The wavelength of the excitation laser and its power on
the irradiated sample (power/area) are the crucial factors
that affect the high spectral resolution. The spatial resolu-
tion is defined by the optics of microscope objective and
the wavelength of the laser. In biological studies, the near-
infrared (NIR) lasers at 785 nm and 830 nm, which have
relatively low photon energy and enable the reduction of
fluorescence contribution in Raman spectrum, are com-
monly used.

The results of SERSmeasurements ofE. coli and B. subtilis
performed with four different laser lines (785 nm, 633 nm,

Fig. 2 The averaged SERS
spectra of (a) E. coli and (b)
B. subtilis measured on (I) Ag/
steel, (II) Ag disc, and (III) Ag/Si
SERS substrates. Bacteria were
cultured on LB agar medium
(24 h, 37 °C). All presented
spectra were averaged from 30
SERS measurements performed
with the 785-nm laser line
(1.5 mW), baseline corrected,
smoothed, and normalized

Sources of variability in SERS spectra of bacteria: comprehensive analysis of interactions between selected... 2007



532 nm, and 325 nm) and obtained on steel mesh substrate
covered with Ag nanostructures are presented in Fig. 4 (the
row, unprocessed spectra are shown in ESM Fig. S6). For all
bacterial samples, the same conditions of cell culture (37 °C,
24 h) and sample preparation (see sections BCulture media and
conditions of bacterial cultivation^ and BSample preparation
for SERS measurements^) were maintained. The

measurements of E. coli and B. subtilis performed on the
Ag/steel substrate using 325-nm and 532-nm laser lines result-
ed in spectra with almost no bands in the case of 325-nm line
or with only few bands in the case of 532-nm line (Fig. 4a, b
(III and IV)). Furthermore, the spectra obtained with the
532-nm line were difficult to interpret, as the background
fluorescence was very high and the background correction

Fig. 3 The SERS spectra of (a)
E. coli and (b) B. subtilis
measured on steel mesh SERS
substrates covered with 50 nm of
(I) Ag, (II) Ag/Au alloy, (III) Au,
and (IV) Cu. Bacteria were
cultured on LB agar medium
(24 h, 37 °C). All presented
spectra were averaged from 30
SERS measurements performed
with the 785-nm laser line
(1.5 mW), baseline corrected,
smoothed, and normalized
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was indispensable. On the contrary, the measurements
conducted with 633-nm and 785-nm laser lines (Fig. 4a,
b (I and II)) gave the most satisfactory results, as the
obtained SERS spectra showed a lot of bands originating
from components of bacterial cell. However, after apply-
ing the 785-nm laser line, the obtained spectra showed, to
some extent, a higher value of SNR than for experiments
engaging the 633-nm l ine (see ESM Fig . S6) .
Additionally, the intensities of the bands in the spectra
obtained with the 785-nm line were higher compared to
those in the spectra recorded using the 633-nm line.

The biggest signal enhancement in SERS appears when
both surface and resonance effects are combined. The reso-
nance effect is the highest when the λmax of localized surface
plasmon resonance (LSPR) is located between λex (the excit-
ing wavelength, here at 785 nm) and λvib (the wavelength that
is Raman scattered by the analyte, here at 833 nm, correspond-
ing to the band at 731 cm−1) [52]. For silver nanostructures,
the λmax (the wavelength of maximum extinction) of LSPR is
located at around 400–500 nm [53, 54]; however, it is true for
monomeric colloidal suspensions and not necessarily for
structures like the ones used in the SERS substrates. It has

Fig. 4 The SERS spectra of (a)
E. coli and (b) B. subtilis
measured with four different laser
lines: (I) 785 nm, (II) 633 nm,
(III) 532 nm, and (IV) 325 nm.
Bacteria were cultured on LB agar
medium (24 h, 37 °C). All
presented spectra were averaged
from 30 SERS measurements
performed on Ag/steel mesh
SERS substrates, baseline
corrected, smoothed, and
normalized
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been shown for a number of metals and structures that λmax of
LSPR can be tuned over a relatively broad range by changing
the spacing and morphology of the noble metal in the array
[55–59]. The closer proximity to the region between λex and
λvib should result in a greater enhancement. Nonetheless, this
piece of information does not explain why the SERSmeasure-
ments of bacteria performed with the 633-nm laser line are of
inferior quality in comparison to the measurements performed
with the 785-nm laser line. Recently, this phenomenon has
been explained by the existence of plasmonic dark modes,
which arise from the plasmon hybridization in a set of
interacting NPs [60]. These dark modes have a zero net dipole
moment in contrast to dipole-active bright modes and usually
do not show up in optical absorption experiments [61].
Moreover, as all absorption measurements are done for metal
NPs, it would be precarious to expect that the extinction spec-
trum obtained from the single metal NPs will be the same as in
the case of bulk SERS substrate.

In conclusion, the results presented in Fig. 4 indicate that
the laser with λex = 785 nm is the best for investigation of the
samples of biological origin. For this reason, all of the follow-
ing SERS experiments shown in this work were performed
using the 785-nm laser line.

The power of laser illuminating the sample depends on the
laser spot size and the magnification of the microscope, which
results in the intensity of scattered light. The biological samples
are generally low scattering materials and very sensitive to the
radiation damage and to the local thermal decomposition.

The burning or photodegradation of biological sam-
ples, especially over a prolonged period of excitation at
a high power of laser, very often results in the presence
of the characteristic band in the recorded SERS spectrum
at ca. 1500 cm−1 associated with the formation of amor-
phous carbon. On the other hand, the reduced laser power
during measurements results in very poor quality of spec-
tra and generate valueless information.

In ESM Fig. S7, six SERS spectra of E. coli (ESM
Fig. S7a) and B. subtilis (ESM Fig. S7b) measured using
different laser power levels of the 785-nm laser line are pre-
sented. Although all the spectra show bands characteristic for
investigated bacteria, in the case of 0.08 mW, 0.16 mW, and
0.8 mW laser power levels, SNR was quite low. This issue
was omitted when the measurements were performed with
1.5 mW, 8.0 mW, and 16.0 mW laser power levels.
However, when the measurements for 8.0 mW and 16.0 mW
took more than 1 min in the same spot of SERS substrate, the
band of amorphous carbon appeared in the spectrum. These
results indicate that high power of the laser light may cause
damage of bacterial cells. For this reason the next SERS mea-
surements were performed using a laser power of 1.5 mW.

The graph of intensity dependence on the laser power for
the most prominent SERS band in the spectra of E. coli and
B. subtilis is depicted in ESM Fig. S8.

The influence of the type of culture medium

Media for the cultivation of microorganisms contain the sub-
stances, which are necessary to support the growth of microorgan-
isms. It has been already shown that different culture media give
different SERS spectra [62]. Slight differences in the composition
of specific medium can result in a substantial change in the growth
characteristics of microorganisms. The use of different media for
the growth of the tested bacteria, E. coli and B. subtilis, affects the
diversity of their composition and surface properties. Due to the
fact that a SERS technique, as a method of bacterial detection and
identification, is based mainly on the investigation of the cell wall
and membrane composition, it seems important to examine the
impact of diversified bacterial culturemedia on the obtained SERS
results. To study this dependency, we chose the most important
and popular growth media available on the market: LB agar and
BHI agar for cultivation of bothE. coli andB. subtilis,MEYP agar
for cultivation of B. subtilis, and TBX agar and CCA for cultiva-
tion ofE. coli. The short description of mentioned culture media is
given in ESM Table S1.

The graphs presented in Fig. 5 show the results of SERS
measurements performed on E. coli and B. subtilis grown on
different culture media. The spectra of E. coli cultured on LB
agar and BHI agar show a very high level of similarity: the
band locations and intensities are almost the same. The excep-
tions from that rule are the bands at around 1330 cm−1 and
1590 cm−1 which exhibit higher intensities in the case of BHI
agar than in LB agar. On the contrary, when measuring E. coli
cultured on TBX agar and CCA media, one can observe
completely different spectroscopic images. The bands at
around 620 cm−1, 720 cm−1, 955 cm−1, 1092 cm−1, and
1242 cm−1, which are present for LB agar and BHI agar, are
absent for TBX agar and CCA. Additionally, the bacteria
grown on TBX agar show extra bands at 600 cm−1,
1173 cm−1, 1302 cm−1, 1420 cm−1, and 1546 cm−1, while
the bacteria from CCA medium exhibit bands at around
600 cm−1, 700 cm−1, 1118 cm−1, 1225 cm−1, and
1290 cm−1. The mentioned bands cannot be assigned to bio-
molecules building bacterial cell. Their presence is connected
with the chromogenic compounds which are released during
bacterial growth and cover the SERS signal of bacterial cell.
The only bacterial bands which can still be observed are
650 cm−1, 1330 cm−1, 1450 cm−1, and 1590 cm−1 on TBX
agar medium. For CCA medium, the similarity to other spec-
tra is connected only with the band at around 1590 cm−1;
however, as this band has much higher intensity in compari-
son to other spectra, it probably comes from the overlap of two
bands: one assigned to bacterial cell and second to chromo-
genic substrate from CCA medium, as the band at around
1590 cm−1, following different scientific sources, can be
assigned to phenylalanine, hydroxyproline, tyrosine, C–N
stretching, NH2 scissors, COOH antisymmetric stretching, or
ring stretching of adenine/guanine.
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The influence of the time of bacterial culture

In order to define the cell culture period needed to obtain
the most reliable results and the strongest Raman signal
enhancement, E. coli and B. subtilis bacteria were cul-
tured for 24 h, 48 h, and 72 h, at 37 °C, on the medium
frequently used in microbiology, i.e., LB agar. This pro-
cedure is necessary, as the cell composition, structure, and
amount of produced metabolites may change with time.
After these periods, SERS measurements on Ag substrate
were performed.

The results are presented in Fig. 6. As one can notice, after
24 h and 48 h of culture period, the majority of SERS bands
remained strongly separated from the background for both spe-
cies. Additionally, on these spectra, almost all band characteris-
tics for bacterial cells could be detected; however, for E. coli after
48 h of culture (Fig. 6a (II)), one can observe slightly decreased
intensity of the band at around 725 cm−1 and increased intensity
of the band at around 1330 cm−1. After 72 h of cell culture of
E. coli (Fig. 6a (III)), the intensity of numerous bands dropped
down (e.g., at around 780 cm−1, 850 cm−1, 1030 cm−1, and
1130 cm−1), similar to bands at 650 cm−1 and 725 cm−1 in the

Fig. 5 The SERS spectra of (a)
E. coli cultured on (I) LB agar,
(II) BHI agar, (III) TBX agar, and
(IV) CCA media and (b)
B. subtilis cultured on (I) LB agar,
(II) BHI agar, and (III) MEYP
agar media. Bacteria were
cultured for 24 h in 37 °C. All
presented spectra were averaged
from 30 SERS measurements
performed on Ag/steel mesh
SERS substrates with the 785-nm
laser line (1.5 mW), baseline
corrected, smoothed, and
normalized
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case of B. subtilis (Fig. 6b (III)). These findings are probably
connected with the amount of dead bacterial cells which in-
creases with time. As a result of cell death, the integrity of cell
wall and cell membrane, which are responsible for the main
contribution to the recorded SERS spectrum, decreases. Here, it
should also be mentioned that while after 72 h of cell culture a
high number of dead cells might lower the signal intensity, other
valuable processes connected with cell death can still be studied
by SERS (as long as the conditions are kept consistent within
experiments).

For the above reason, it was concluded that bacteria cul-
tured for 24–48 h are the material giving the appropriate SERS

signal intensity and, thus, are suitable for further SERS mea-
surements; however, in order to compare any results, only one
cell culture time (24 h or 48 h) should be chosen.

Influence of different bacterial treatment conditions

The easiest and most popular method of killing microbial cells
is putting them into contact with ethanol solution [63], pref-
erably 70–85% aqueous EtOH solution. The presence of water
is necessary in order to penetrate the cell wall more complete-
ly. As a result, the EtOH solution fills the entire cell, coagu-
lates all proteins, and destroys or inhibits the growth of

Fig. 6 The SERS spectra of (a)
E. coli and (b) B. subtilis after (I)
24 h, (II) 48 h, and (III) 72 h of
culture on LB agar medium
(37 °C). All presented spectra
were averaged from 30 SERS
measurements performed on Ag/
steel mesh SERS substrates with
the 785-nm laser line (1.5 mW),
baseline corrected, and smoothed
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bacteria. Water is also needed to slow evaporation and, thus, to
increase surface contact time. The EtOH solution with the
concentration > 90% coagulates proteins immediately and,
therefore, causes the formation of a layer which protects other
proteins from further coagulation. As one can notice in Fig. 7,
the spectra of both E. coli and B. subtilis changed a lot after
their interaction with alcohol (Fig. 7a, b (II)). Although the
main bacterial bands (~ 650 cm−1, 720 cm−1, 1330 cm−1, and
1450 cm−1 for both bacterial species and ~ 960 cm−1,
1000 cm−1, and 1090 cm−1 for B. subtilis) are discernible,
the other spectral regions have changed significantly,

especially in the case ofE. coli. What is also worthmentioning
is the increase of the band intensity at around 650 cm−1.

In the next step, bacteria were exposed to low temperature
(− 80 °C; see Fig. 7a, b (III)). Such treatment also causes
destruction of microbial cells. This damage is connected with
the fact that during the freezing process, the water is converted
to ice and solutes accumulate in the residual water. Their high
concentration can cause denaturation of biomolecules leading
to bacterial death. To avoid the negative effects of freezing, a
cryoprotectant such as glycerol is often used [64]. In the pres-
ent study, bacterial cells were frozen in saline solution,

Fig. 7 The SERS spectra of (a)
E. coli and (b) B. subtilis after (II)
suspending in 70% ethanol, (III)
freezing in − 80 °C, (IV)
centrifugation (13,150×g), (V)
heating up to 100 °C, and (VI)
exposition to UV light. The
averaged spectrum of bacterial
cells from 24-h culture in 37 °C
(I) was given for comparison. All
presented spectra were averaged
from 30 SERS measurements
performed on Ag/steel mesh
SERS substrates with the 785-nm
laser line (1.5 mW), baseline
corrected, smoothed, and
normalized
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without any glycerol added. As in the case of ethanol treat-
ment, the SERS spectrum of E. coli has changed a lot—the
intensities and shapes of various bands are different in com-
parison to viable bacterial cells, while the spectroscopic image
of B. subtilis remains almost the same, with only slight chang-
es in some band intensities.

The similar observations apply to SERS spectra obtained
after centrifugation (13,150×g; Fig. 7a, b (IV)) which has been
known to alter bacterial cell surface properties and interior
structures, including DNA [65]. It was shown that centrifuga-
tion at 15,000×g causes significant reductions in E. coli via-
bility compared to centrifugation at 5000×g, while a minute
effect was detected on the viability of Psychrobacter sp. or
Staphylococcus epidermidis [66]. It can be concluded that
E. coli cells are extremely sensitive to centrifugation in con-
trast to other bacterial species. This can be noticed in SERS

spectra: the differences between spectra of viable and strongly
centrifuged E. coli are clearly discernible (a lot of bands sim-
ply disappeared after centrifugation), which is not the case for
B. subtilis (the slight differences are limited to the region be-
tween 1040 and 1250 cm−1).

The high temperature also has bactericidal properties. For
this reason, it is used in food production, during pasteurization
process. In the case of heating bacterial cells up to 100 °C, the
denaturation of all bacterial proteins occurs. These changes
can be seen in the SERS spectrum of E. coli and B. subtilis
(Fig. 7a, b (V))—only the bands at 720 cm−1 and 1330 cm−1

are characterized by substantial intensities.
Similar results are obtained for the microbial samples ex-

posed to UV light. It was demonstrated that the 200–280 nm
range of UV radiation, called UVC, has germicidal properties
[67]. UVC light inactivates microorganisms by damaging

Table 1 Selected culture and
measurement conditions Studied conditions Best selected conditions

Normal Raman versus SERS In order to obtain reliable, varied, free-of-noise, and strong background
fluorescence spectra of bacterial cell, SERS measurements instead of
Raman measurements should be performed

Base material building the SERS
substrate

The base material ought to be characterized by high surface roughness and
should not give contribution to measured SERS spectrum (it must be
fully covered with appropriate SERS-active metal and should not be a
good Raman scatterer). As long as these conditions are met, the type of
base material used to produce SERS substrate should not significantly
affect the obtained SERS spectra

SERS-active metal used to
produce SERS substrate

Experiments should be performed on SERS substrates covered with Ag or
Ag/Au (50:50) nanostructures. The best SERS enhancement was
obtained for Ag and Ag/Au alloy. The Au nanostructures also give
SERS enhancement of bacterial cells; however, the signal was weaker
compared to Ag and Ag/Au nanostructures

Laser line wavelength and power The red laser lines (633 nm and 785 nm) gave the lowest background
fluorescence and the most characteristic SERS spectra of bacterial cells.
The chosen laser power should not cause damage of the sample: for the
785-nm line, the best laser power was 1.5 mW; however, lower laser
power, e.g., 0.80 mW, is also suitable

Type of bacterial culture medium The culture media should not change the color of the cells (because of the
release of chromophore which may give strong contribution to SERS
spectrum, covering the signal of bacteria), unless special conditions
have to be fulfilled, e.g., the use of chromogenic agars during bacterial
detection in food samples, due to International Standardization
Organization (ISO) protocols. The best selected media allowing further
comparison of SERS spectra of different bacterial species/strains are
nonspecific media, e.g., LB agar or BHI agar

Duration of bacterial cell
cultivation

The cultivation of bacterial cells should not exceed 48 h. The time of
cultivation longer than 2 days may cause the decrease in band
intensities in SERS spectra. On the other hand, the minimum time of
24 h is often needed to obtain perceptible bacterial colonies

Additional treatment on bacterial
cells

No additional treatment should be applied during sample preparation, as it
may lead to damage of bacterial cells and, as a result, cause significant
changes in their SERS spectra; e.g., the centrifugal force during sample
preparation, if needed, should be as low as possible, especially in the
case of some bacterial species, e.g., E. coli

Duration of the measurement Duration of the measurement should be as short as possible (especially for
the same spot). Otherwise, the decrease of the band intensity at around
720 cm−1 may be observed
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their DNA due to the dimerization of thymine bases [68].
SERS spectra of bacteria treated with UVC light are shown
in Fig. 7a, b (VI). The spectra of both species show bands with
decreased intensities at around 720 cm−1, 1000 cm−1,
1090 cm−1, 1330 cm−1, and 1450 cm−1, while other spectro-
scopic features are difficult to observe.

The influence of the time spent of bacterial sample on the
SERS platform has been also examined, as the toxic effect of
SERS substrate covered with AgNPs may lead to the different
spectral response with time. The results of this experiment are
presented and described in ESM, section 8. It has been ob-
served that the intensity of significant majority of the bands
did not change considerably with time. The one of the few
changes was connected with a decrease in intensity of the
band at ~ 720 cm−1 for both investigated bacterial species.
The decrease in SERS signal intensity for different spots on
the substrate has also been observed, however only after few
hours (data not shown). The intention of these experiments
was to show that too long exposure of bacterial cells to laser
light (even low powered) and Ag NPs may have impact on
their spectrum and that the spots on the SERS substrate for
which the measurements are done should be changed at least
few times during the experiment.

These results indicate that the changes in the intensity of
SERS signal of bacteria might be due to their interaction with
both SERS substrate and laser light.

Comparison of SERS spectra of E. coli and B. subtilis

In ESM Fig. S10, we present the SERS spectra of E. coli and
B. subtilis. The spectra were obtained after applying the best
selected culture and measurement conditions (see Table 1),
due to previously shown results (Figs. 2, 3, 4, 5, 6, and 7
and ESM Figs. S5, S7, and S9). In order to show the repro-
ducibility of the used technique, the three randomly chosen,
unprocessed SERS spectra of E. coli and B. subtilismeasured
on three different Ag/steel mesh SERS substrates from three
different batches of LB agar medium (culture conditions, 24 h,
at 37 °C) are depicted in ESM Fig. S11.

Conclusions

A detailed analysis of the results obtained in this work is an
essential step towards understanding the interaction of bacte-
rium with plasmonic nanostructures and to determine which
compounds of bacterial cell are visible in the SERS spectrum
and why. The obtained results reveal the factors that have a
significant impact on the SERS spectra of bacterial cells. This
is a very important issue from an analytical, especially quali-
tative, point of view. These studies progress the current
knowledge of biospectroscopy and may start the introduction
of SERS-based bacterial cell identification technique as a

uniform method of analysis in every field in which detection
and identification of bacteria are important. It should be noted
that knowledge of bacterial species present in drinking water,
air, food and body fluids can be extremely important and, in
some cases, may even save human’s life, e.g., when the bac-
teria detected in the sample are pathogenic and can potentially
cause death of the consumer/patient. Quick identification
would allow for taking a proper action to minimize the risk,
e.g., by starting appropriate pharmacological therapy in the
case of patients with bacterial infections. The development
of this field of science can lead, in the future, to the develop-
ment of a new and rapid diagnostic method used in hospitals
or analytical and microbiological laboratories.

This work can be treated as the protocol for appropriate
preparation of SERS experiment of bacteria which may lead
to standardization of worldwide obtained results.
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