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Abstract 

Surface-enhanced Raman scattering (SERS), based on the enhancement of the Raman signal of 

molecules positioned within a few nanometres from a structured metal surface, is ideally suited 

to provide bacterial specific molecular fingerprints which can be used for analytical purposes. 

However, for some complex structures such as bacteria, the generation of reproducible SERS 

spectra is still a challenging task. Among the various factors influencing the SERS variability 

(such as the nature of SERS active substrate, Raman parameters and bacterial specificity), we 

demonstrate in this study that the environment of Gram-positive and Gram-negative bacteria 

deposited on ultra-thin silver film also impacts the origin of the SERS spectra. In the case of 

densely packed bacteria, the obtained SERS signatures were either characteristic of the 

secretion of adenosine triphosphate for Staphylococcus aureus (S. aureus) or the cell wall and 

the pili/flagella for Escherichia coli (E. coli), allowing for an easy discrimination between the 

various strains. In the case of isolated bacteria, SERS mapping together with Principal 

Component Analysis revealed some variabilities of the spectra as a function of the bacteria 

environment and the bactericidal effect of the silver. However, the variability does not preclude 

the SERS signatures of various E. coli strains to be discriminated.  

Keywords: Surface-Enhanced Raman Scattering (SERS); silver nanostructures; Escherichia 

coli; Staphylococcus aureus; aggregated and single bacteria, Principal Component Analysis 

(PCA). 
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1. Introduction 

 

Rapid and reliable identification of pathogenic bacteria is a great challenge in many fields 

such as health care, food and environmental safety or bioterrorism prevention. Nowadays, the 

marketed standardized detection systems are mainly based on bacteriological culture and 

colouring methods using selective media, which are labour and time-consuming [1],[2]. As an 

example, the detection of Listeria monocytogenes in food (ISO 11290-1:2017) requires at 

least four days. Although various other methods based on polymerase chain reaction (PCR) 

[3], immunological-related techniques [4] or mass spectrometry [5] have emerged over the 

years to alleviate the detection speed problem, they all require extensive sample preparation 

procedure and high technical knowledge. A much shorter diagnosis time with minimum 

requirement for sample handling is desirable to meet safety and the establishment of fast 

actions of decontamination in order to prevent or avoid epidemic risks related to a specific 

pathogenic agent. In such a context, Surface-Enhanced Raman Spectroscopy (SERS) is a 

promising solution since it offers a simple and fast identification of the specific spectral 

fingerprint of bacteria with good sensitivity in aqueous media without interference from water 

bands [6]. Moreover, this technique is non-destructive and reagentless, without the need of 

prior labelling, and has the potential to be used on the spot, thanks to commercially available 

portable devices. The SERS process relies on the Raman signal enhancement of bacteria 

adsorbed on or in close vicinity of metallic nanostructures due to the strong electromagnetic 

field generated by the excitation of localized surface plasmons. To obtain SERS effect of 

bacteria without any labels or reporters, two main strategies have been developed [7]. The 

first one relies on the direct interaction of gold or silver colloidal nanoparticles with bacteria 

[8],[9],[10]. The second one is the direct bacteria identification by placing them on SERS-
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active solid substrates, which can be prepared by a variety of techniques [11],[12],[13], 

generating hot spots responsible for high local electromagnetic field enhancement [14],[15]. 

For this study, we have chosen the simplest technique, i.e. thermal evaporation [16]-[17], 

which has successfully been used for the preparation of reproducible SERS substrates mainly 

for the detection of dyes [18],[19] and biomolecules [20],[21]. Concerning the 

characterization of microorganisms, up to now, there are a very few examples reported on the 

use of such easy-to-produce SERS substrates obtained by direct thermal evaporation on glass 

[22], [23].  

A major challenge concerns the variability of the SERS spectra of the analysed bacteria and 

the origin of the vibrations [24]. In contrast to small analytes, which are in intimate contact 

with the SERS-active metal nanostructures, a good reproducibility of the SERS signal of large 

structures such as bacteria is often difficult to achieve.
 
These fluctuations can be explained by 

several factors: uncontrolled or inhomogeneous binding between the substrate and the 

bacteria, stability of the bacterial sample under Raman excitation [25],[26], the growth 

procedure and sample preparation, leading to differences in chemical information [27]. To 

overcome these limitations, multivariate statistical-based analysis is often coupled with SERS 

spectroscopy in order to extract the relevant characteristic features of bacteria and to establish 

classification and discrimination between strains [9],[28],[29].  

In this work, we focus on another parameter/factor which has not been considered yet, the 

influence of the bacteria environment on the SERS response/variability. The Raman analysis 

of aggregated (densely packed bacteria) and single bacteria, in close contact with silver 

surface, has been investigated using two types of bacteria Gram-positive Staphylococcus 

aureus (S. aureus) and Gram-negative Escherichia coli (E. coli). We have used ultra-thin 

silver films deposited on glass substrate by thermal evaporation, providing excellent SERS 

reproducibility and transparency, allowing for an easy localization of the densely packed or 
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isolated bacteria under the laser beam. We chose silver thin film instead of gold thin films 

because of their higher SERS performances [30],[31]. A special effort has been devoted to 

characterize the SERS spectra of five different strains. Additionally, Principal Component 

Analysis (PCA) has been applied to measure the statistical variability of the SERS response as 

a function of the bacteria aggregation.  

 

2. Experimental section  

2.1. Materials 

All chemicals were used as-received. ß-Nicotinamide adenine dinucleotide (NADH), uric 

acid, adenine and adenosine, adenosine mono-, di- and triphosphate (AMP, ADP, ATP, 

respectively) were purchased from Sigma-Aldrich. Rhodamine B (RhB) was obtained from 

Fluka. Hydrogen peroxide (H2O2, 30%), sulfuric acid (H2SO4, 96%) and anhydrous ethanol 

were of RSE grade and supplied by Carlo Erba. Ultrapure water (Milli-Q, 18 MΩ cm
-1

) was 

used as solvent and for all rinses. S. aureus 43300 strain used for SEM imaging was kindly 

provided by the CHU Lille. S. aureus ATCC 25923 strain used for SERS measurements was 

purchased from LGC Standards Gmbh, Wesel, Germany. E. coli JM101TR was obtained from 

the biochemistry laboratory (BIOC) at Ecole Polytechnique (France) [32]-[33]. E. coli 

Katushka was produced by the transformation of E. coli K12 MG1655 (ATCC 700926) with 

the pDONR221-nadB-cat recombinant plasmid [34]. E. coli pUT2002 strain is the AAEC185 

mutant strain that does not express type 1 fimbriae and was transformed with the pUT2002 

plasmid that encodes the entire fim cluster, except the gene coding for the adhesin fimH [35]. 

2.2. Preparation of the SERS substrates 

Microscope glass slides were used as substrates for the deposition of silver layers. They were 

first copiously rinsed with water then with TFD4 type detergent (Franklab), before being 
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immersed in absolute ethanol for 15 min. After vigorously rinsing with deionized water, the 

slides were further immerged into a piranha solution (1/3 H2O2/H2SO4; caution: very 

corrosive) for 15 min. After a final rinse with ultrapure Milli-Q water and drying under 

nitrogen flow, silver thin films were deposited using a home-made thermal evaporator as 

follows: a 10 cm long silver wire (99.99% purity, 0.25 mm diameter, supplied by 

Goodfellow) was deposited on a tungsten crucible, which was heated up under vacuum. The 

deposition was made under a pressure of 25-35 10
-6 

Torr. The reproducibility of the Ag 

evaporation was evaluated by measuring the LSPR signals of 4-6 samples after each 

deposition batch. The standard deviation in the wavelength (λmax) is typically 2 nm.  

Four different thicknesses of 4, 5, 7 and 9 nm were deposited. Their preparation, 

characterization and their optimization for dye probes detection were described in Electronic 

Supplementary Material, section S1. We found that the 7 nm-thick Ag films gave the highest 

SERS enhancement for rhodamine B and crystal violet with excellent reproducibility. It also 

displayed a remarkable stability over time (no significant change of the plasmon band after 4 

months storage under vacuum and one year in air). Therefore, such 7 nm-thick Ag film was 

chosen for the study of bacteria.  

2.3. Characterization  

UV/Vis spectrometer 

Absorption spectra were recorded using a Cary300 UV-Vis spectrophotometer. The 

wavelength range was 200-800 nm.  

Raman measurements 

For recording SERS spectra of analytes (rhodamine B, crystal violet, biomolecules and 

metabolites) or bacteria in solution, droplets of ~3 µL were directly deposited onto the SERS 

substrates and Raman measurements were performed after 30 min when all the droplets are 
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dried. Glass slides were used as control to check that the response of the 

bacteria/(bio)molecules is a SERS effect and not a Raman effect by using the same 

experimental parameters as for SERS measurements. The focus of the laser on the sample was 

made through an optical camera. Using 10× lens first, then 50× and finally 100×, the focus 

was adjusted until a clear image was obtained.  

A confocal Raman microscope (CRM alpha 300R from WITec GmbH, Germany) was used to 

perform the SERS measurements on S. aureus. The samples were excited using the 633 nm 

line of a He-Ne laser. The Raman backscattered light collected through the objective (100×, 

NA=0.9) was passed through a holographic edge filter, before being focused into a multimode 

optical fibre of 100 µm diameter, which provides the optical pinhole for confocal 

measurement. The light emerging from the output optical fibre was analysed by a f/4 300 mm 

focal length ultrahigh throughput spectrometer (UHTS 300 incorporating interchangeable 

gratings) equipped with back-illuminated deep-depletion 1024 × 128 pixel CCD camera 

(DV401-BV, Andor) operating at -60 °C. We used a 600 grooves/mm grating blazed at 500 nm 

that delivers approximatively 2 cm
-1

 spectral resolution. Since the slit width is set to 100 µm 

(actually the pinhole), a practical resolution of ~ 8 cm
-1

 is found. The measurements were 

conducted by choosing an integration time of 10 s for each spectrum and a laser power 

incident on the samples of 2.5 mW. The reproducibility of SERS measurements was 

investigated by recording several spectra from different spots across a particular substrate. 

The distance between the measured spots in the SERS experiments varies from 2.3 µm to 33.4 

µm. The Raman spectrum of S. aureus (10
9
 CFU mL

-1
) was recorded from a dried droplet 

deposited on a glass slide using the same experimental parameters as for SERS 

measurements. The WITec Project Four Plus software was used for spectral analysis. 

Reflected-light bright-field optical images were captured with a colour video camera attached 
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to the eyepiece output of the same microscope using for illumination a super-bright white 

LED source.  

The instrument Horiba/Jobin Yvon LabRam HR equipped with a laser emitting at 633 nm was 

used for SERS measurements of E. coli strains and the (bio)chemicals (dyes and metabolites). 

The ultimate resolution of the spectrometer with a grating of 1800 gr/mm is 0.3 cm
-1

, leading 

to a spectral resolution of ~1.8 cm
-1

. The spectra were recorded in the 200-2200 cm
-1

 range 

using a 100 objective (NA=0.95) at different incident laser powers (0.1, 0.5, 1 and 2.5 mW) 

in order to avoid the photo-degradation of the samples and spectral data acquisition times 

from 10 to 30 s. The grating used was 300 gr/mm with a slit width set to 100 µm, yielding a 

practical resolution of ~8 cm
-1

. The spectra were analysed with Labspec6 and the 521 cm
-1

 

band of a silicon wafer was used for frequency calibration. Spectra were baseline-corrected 

and normalized for display. The mappings of single bacteria obtained from the deposit of E. 

coli JM101TR strains at 10
4
 CFU mL

-1
 (mapping 1), at 10

8
 CFU mL

-1
 (mapping 2) and of 

group of bacteria obtained from the deposit of 10
9
 CFU mL

-1
 (mapping 3) were collected by 

choosing rectangular areas of 6 µm × 7 µm (mapping 1), 3.5 µm × 4.5 µm (mapping 2) and 

3.5 µm × 4.5 µm (mapping 3). The mappings are composed of typically about 20-30 

measurement points. Spectra were collected at each 0.6 µm. This step was chosen higher than 

the diameter of the laser spot (~0.35 µm), in order to avoid multiple acquisitions in the same 

spot, thus to avoid the local photodegradation.  

Scanning electron microscopy (SEM) 

SEM images of silver substrates and E. coli bacteria deposited on the silver substrates were 

recorded using a SEM Hitachi 4800 microscope operating at 3 to 5 kV. Samples were fixed 

with 1% glutaraldehyde solution for 30 min in the dark at room temperature. For a better 

contrast, the samples containing bacteria were coated with a very thin platinum layer before 
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scanning. SEM images of S. aureus were obtained using a Zeiss Merlin VP compact electron 

microscope at 1 kV under high vacuum (Zeiss, France). 

2.4. SERS measurements of metabolites 

Solutions of different metabolites (18.5 mM) were prepared in acidic or basic solutions in 

order to ensure their dissolution as follows: adenine was dissolved in 5 % CH3COOH, uric 

acid and adenosine in 0.5 mM NaOH aqueous solution, and AMP, ADP, ATP and NADH in 

pure Milli-Q water. Droplets of 3 µL were deposited onto the SERS substrates (7 nm-thick Ag 

film) and after 30 min when the droplets are dried, Raman measurements were recorded using 

633 nm laser at 0.1 mW, 100 objective, 10 s acquisition time for each spectrum. 

2.5. Bacterial growth conditions  

The well-characterized S. aureus strain (ATCC 25923) was cultured overnight in a shaking 

incubator (ES 20/60, Biosan, Riga, Latvia) in Mueller-Hinton broth at 37ºC and 200 rpm until 

the light absorbance at 600 nm reached 1.0 (corresponding to 10
9
 cfu mL

-1 
– Spekol UV VIS 

3.02, Analytic Jena, Jena, Germany). The bacterial suspension was pelleted at 5000 × g for 10 

min at 20ºC then washed three times with ultrapure water (Purelab Ultra Genetic, ELGA 

LabWater, High Wycombe, UK). After that, a ten-fold dilution series was prepared using 

ultrapure water. S. aureus strain (ATCC 43300 used for SEM imaging) was grown in Brain 

Heart Infusion (BHI) broth at 37°C with shaking until the OD600 reached 0.5-1. The E. coli 

JM101TR and Katushka strains were grown in 2× YT medium. This nutrient-rich microbial 

broth is composed of 16 g/L Tryptone, 10 g/L Yeast Extract and 5.0 g/L NaCl at pH ~6.8. The 

AAEC185 (pUT2002) and AAAEC185 (pMMB66) strains were grown in LB medium with 

antibiotic selection (25 µg/mL chloramphenicol for pUT2002 and 100 µg/mL ampicillin for 

pMMB66). In all cases, the growth was done at 37°C with shaking until the OD600 reached 
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0.5-1. Part of the culture (10 mL) was washed with ultrapure Milli-Q water (20 mL), re-

suspended in Milli-Q water (1 mL) and diluted to required concentration.  

2.6. Principal component analyses (PCA) 

PCA was performed with Origin Pro software. The spectral region from 200 to 2200 cm
-1

 was 

taken into-account. The order of the principal components indicates their importance to the 

datasets. By maximizing the variance, PC1 describes the spectral weighting which maximizes 

the discrimination among the various data sets, PC2, by maximizing the residual variance 

describes a weighting that maximizes the discrimination in a subset orthogonal to PC1, and so 

on. The percentages associated to each principal component indicate the respective 

contribution of each component to the total variance (i.e., their relevance in the discrimination 

process). In the PCA analysis, all the spectra presented in this work were taken into account 

(3 to 5 per strain) as they were obtained on the SERS study: E. coli JM101TR (low 

concentration), S. aureus (high and low concentrations) together with supplementary spectra 

(where more spectra were acquired) in the case of E. coli PMMB66 (11 spectra), E. coli 

Katushka (6 spectra).  

 

3. Results and discussion 

3.1. SERS signature of densely packed bacteria on glass/Ag NSs surfaces 

Two model bacteria were directly deposited on the SERS active 7 nm-thick Ag substrate: the 

Gram-positive S. aureus and Gram-negative E. coli. They are expected to strongly interact 

with Ag NSs since both of them have a negatively charged cell wall due to the presence of 

teichoic acids for S. aureus and phosphoryl and carboxylate groups in lipopolysaccharides for 

E. coli [36]. In a first stage, we focused on the SERS response of a homogeneous and dense 

layer of bacteria on top of the Ag substrate. In order to obtain such a layer, high 
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concentrations of bacteria are necessary, as depicted in the optical images in Electronic 

Supplementary Material Figure S2-1, with values ≥10
8
 CFU mL

-1
 for S. aureus and 10

10
 CFU 

mL
-1

 for E. coli. SEM images (Figure 1) reveal the formation of densely-packed bacteria 

carpets for S. aureus, whereas large domains of interlinked bacteria together with small areas 

of naked Ag substrate are observed for E. coli. In both cases, the spherical shape for S. aureus 

and the rod-like shape for E. coli are preserved.  

 

 

Figure 1. SEM images of (A) S. aureus ATCC 43300 deposited at 10
8
 CFU mL

-1
 and (B) E. 

coli JM101TR deposited at 10
10

 CFU mL
-1

 on the 7 nm-thick Ag substrate. 
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SERS spectra of S. aureus ATCC 25923 strain were first measured at 633 nm on random 

places (Figure 2) and show very high reproducibility with an intense vibration band located at 

231 cm
-1

 due to silver-oxide mode or ionic species sorbed onto the metal surface [37]. No 

SERS response was recorded from the substrate itself (in absence of bacteria) or when the 

bacteria were directly deposited on glass. Surprisingly, their spectral fingerprints appear to 

consist of a restricted number of peaks. It is well-accepted that only cell wall components in 

close vicinity to the SERS substrate, within approximately 10 nm, contribute to the SERS 

signal [38],[39],[40]. In our case, two bands at 730 and 1323 cm
-1

 are mainly observable and 

are characteristic of adenine vibrations, more precisely ascribed to the ring breathing mode, 

and (C-H, N-H) bending and (C-N) stretching modes of the adenine ring, respectively. 

Contributions from the aromatic rings are also visible at 1397 and 1457 cm
-1

 [41],[21], 

confirming the presence of adenine/adenosine type compounds. When bacteria are placed 

directly onto a SERS-active substrate, it has been demonstrated that dominant molecular 

species arise essentially from metabolites secreted by the bacteria [7],[42]
 
or from a bacterial 

lysis [43]. From these considerations and from the SERS spectra of adenine-related 

compounds recorded on the 7 nm-thick Ag substrate (see Figure S2-2), we deduce that the 

signature of S. aureus is dominated by the signature of adenosine and/or adenosine 

triphosphate (ATP) since they have similar signatures. Close examination of the spectra 

reveals a better coincidence of the S. aureus Raman features with those of ATP rather with 

those of adenosine, even though the intensity ratio of the main bands would better match with 

adenosine. Indeed, the overlap between the SERS spectra of ATP and S. aureus is optimal in 

the 1460-1800 cm
-1

 and 900-925 cm
-1

 spectral regions (Figure S2-2B-C). For adenosine, 

there are additional peaks at 908 cm
-1

 and at wavenumbers higher than 1450 cm
-1

, as 

compared to ATP and S. aureus. The band at 1125 cm
-1

 may be associated to the stretching 

mode of phosphate groups [44]. No evidence of DNA/RNA species is found since the 
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signatures of the bases at around 700-800 cm
-1

 and above 1600 cm
-1

 are absent [45],[46]. 

Notably, the absence of a peak at 652 cm
-1

 characteristic of DNA bases (i.e. guanine and 

thymine bases) disfavors the alternative possibility of bacterial genome release, as mentioned 

in the work of Lemma et al. [47]. In addition, bacterial cells are known to secrete extracellular 

ATP during growth [48] or when exposed to a surface [49],[50],[51]. Although hydrolysis or 

degradation of ATP into purine components like adenosine has been reported [42],[48], to our 

knowledge, no direct formation or secretion of adenosine on solid surface is described in 

literature. Therefore, the observed SERS features appear to be mainly associated with ATP 

release. The fact that the metabolite largely dominates the SERS signal is probably due to the 

high concentration of ATP generated outside the bacteria [49]. Moreover, the small size of 

ATP results in intimate contact with the nanostructures compared to the cell membrane 

covering large number of nanostructures, leading to reproducible SERS enhancement.  
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Figure 2. SERS spectra of S. aureus ATCC 25923 at 10
9
 CFU mL

-1
 on different areas of the 

glass/Ag film (7 nm) obtained on random places using 633 nm laser excitation at 2.5 mW 

power, 100× objective, 10 s acquisition time, 1 accumulation. The bottom traces are the SERS 

spectrum of ATP deposited from a 18.5 mM solution (laser power excitation 0.1 mW), and 

the featureless spectra of an area of the sample without bacteria and of S. aureus directly 

deposited on a glass slide using the same experimental SERS parameters.  

 

The SERS response of various strains of Gram-negative E. coli K12 deposited on the 7 nm-

thick film was studied using the same Raman parameters as for S. aureus (see Electronic 

Supplementary Material, Figure S2-3A). However, two broad strong-intensity bands located 

at 1350 and 1560 cm
-1

 are visible which are most likely due to D and G bands of amorphous 
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carbon, respectively, formed through photo-induced degradation of the lipopolysaccharide 

layer in Gram-negative bacteria [52]-[53]. Using lower laser power and short Raman 

acquisition times (see Electronic Supplementary Material, Figure S2-3Ae) minimize the 

carbonization effects and allow the Raman signature of E. coli to be recorded. Figure 3 

represents the SERS spectrum of the first strain called E. coli Katushka that is genetically 

modified by the fluorescent protein Katushka. Even under reduced laser power, the 

reproducibility of E. coli Katushka SERS signature, recorded at different places on the 

substrate, is lower than that obtained for S. aureus. This variability is likely to be related to 

the heterogeneity of the E. coli arrangement on the substrate, as compared to the compact 

carpet of S. aureus. However, SERS spectra successively acquired at the same location (see 

Electronic Supplementary Material, Figure S2-3B) do not change even after 9 scans, 

indicating that no degradation of the sample takes place and underlining the fact that the 

observed differences originate from the sample itself. Moreover, there is no interference of the 

growth medium since no SERS response of a non-diluted 2× YT solution is detected and no 

Raman response is recorded when the bacteria are directly deposited on glass, confirming the 

SERS effect of the silver nanostructures.  
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Figure 3. SERS spectra of E. coli Katushka (10
10 

CFU mL
-1

) recorded at different places 

using 633 nm laser excitation and 100× objective at 0.1 mW power, 10 s acquisition time, 1 

accumulation (the top grey spectrum is computed as the average of the 5 spectra of the same 

frame); As a control, SERS spectra of non-diluted 2× YT solution (bottom grey spectrum) and 

E. coli Katushka directly deposited on glass (bottom grey spectrum) were acquired using the 

same Raman parameters are presented. 

 

As compared to S. aureus, the SERS spectrum of E. coli Katushka is also more complex. 

While the two main bands related to the adenine ring vibrations at 732 and 1322 cm
-1

 are 

present, there is no correspondence with SERS features of known metabolites or adenine-

containing molecules like DNA, RNA or flavin derivatives present in the inner side of the cell 

wall membrane (riboflavin, flavin adenine dinucleotide FAD) [54]. Several bands related to 

characteristic vibrations of proteins at 1627 cm
-1

 (amide I), 1552 cm
-1

 (amide II) and 1270 cm
-
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1
 (amide III) are observed. The band at 1450 cm

-1
 is ascribed to the deformation modes of C-

H from proteins, but also from lipids or saccharides. The band at 1390 cm
-1

 may be attributed 

to the symmetric stretching mode of carboxylate sCOO
-
 and at 1154 cm

-1
 to the stretching 

modes C-C and C-N from proteins and/or to C-C skeleton in lipids. Concerning the 

vibrations at 550 and 1144 cm
-1

, their attributions are more complex since they can be 

associated either with carbohydrate vibrations (deformation and stretching C-O modes, 

respectively) or with proteins ((S-S) and (C-C, C-N), respectively) [55],[56],[57]. As 

reported by Mosier-Ross [7],
 
surface immobilized nanoparticles cannot give information on 

the inner part of the membrane, i.e. the periplasm made of peptidoglycans since they cannot 

go through the outer lipopolysaccharide layer of the cell. Since Raman features of adenine 

derivatives are present, but no secretions or metabolites are observed, we deduce that the 

SERS features of E. coli are mainly due to the proteins from the pili/flagella or outer 

membrane and to the lipopolysaccharides, which contain adenine part in the lipid layer [9]. 

 

We recorded SERS spectra of two other E. coli K12 strains devoid of flagella under the same 

conditions, as previously. From Figure 4A, the spectra of E. coli JM101TR strain are not 

perfectly similar when recorded at random places, but their signatures are different from those 

of E. coli Katushka, notably by the disappearance of the three peaks at 550, 1129 and above 

1600 cm
-1

, allowing a discrimination between both strains. The absence of the amide I band 

might be related to the absence of flagella. In parallel, the CH2 of the saturated lipids is seen 

at 1450 cm
-1

 together with the adenine vibrations at 727 and 1378 cm
-1

. For the E. coli 

AAEC185(pUT2002) strain, a much higher reproducibility of the SERS spectra is achieved 

with characteristic vibrations located between 890 and 1130 cm
-1

, different from those 

observed for E. coli Katushka and JM101TR strains (Figure 4B). We note the absence of 

adenine and amide I vibrations as compared to E. coli Katushka, the 880-1130 cm
-1

 spectral 
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range is richer in bands which may be associated to the C-C and  C-O stretchings of the LPS 

carbohydrates. Finally, the SERS signatures of the last E. coli strain called 

AAEC185(pMMB66) devoid of pili and flagella both reveal a remarquable reproducibility 

(Figure 4C). Adenine vibrations are again visible at 728, 1325, 1397 and 1457 cm
-1

, 

suggesting probable secretion of adenine-type metabolites on the Ag substrate. In addition, we 

observe similar findings with the SERS spectrum of non-treated E. coli strains from Lemma et 

al. work [47], notably the two intense bands at 653 and 728 cm
-1

, suggesting not only 

adenine-type metabolites but also bacterial genome release. In summary, though some 

fluctuations are apparent on the SERS spectra, the four strains exhibit four distinguished 

SERS signatures visible by naked eye, allowing a clear discrimination between the strains.  
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Figure 4. SERS spectra of E. coli JM101TR (A), AAEC185(pUT2002) (B), and AAEC185 

(pMMB66) (C) strains deposited from 10
10

 CFU mL
-1

 solutions on 7 nm-thick Ag film 

recorded using 633 nm laser excitation at 0.1 mW, 100× objective, 10 s acquisition time, 1 

accumulation. The spectra shown in grey are spectra computed as the average of the 5 spectra 

of the same frame.  
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3.2. SERS signature of isolated bacteria  

Until now, high bacteria concentrations (deposited from 10
10

 CFU mL
-1

 suspensions) were 

used for SERS analysis. At such high concentrations, bacteria densely cover the SERS 

substrate. Decreasing the analysed bacteria concentration leads to the presence of isolated 

single bacteria on the surface. Such substrates are, therefore, well-suited for the screening of 

single bacteria cells. We focused on S. aureus and E. coli JM101TR deposited from 10
4
 CFU 

mL
-1

 solutions on the SERS interface. SEM images were performed after 30 min of contact 

with the bacteria solution. From Figure 5, the lysis of the bacterial cells can be observed in 

both cases, with an estimation of about 70% of damaged S. aureus membrane versus 15% for 

E. coli (based on SEM images). As compared to the densely packed layer of bacteria, low 

concentrated bacteria seem to be more vulnerable to the bactericidal effect of the silver 

substrate.   



21 

 

 

Figure 5. SEM images of S. aureus ATCC 43300 (A) and E. coli JM101TR (B) deposited 

from 10
4
 CFU mL

-1
 suspension on 7 nm-thick Ag film after 30 min of contact. 

 

Raman measurements were performed at different places around S. aureus bacteria islands 

since they tend to form small clusters, as displayed in the optical image in Figure S2-4 

(Electronic Supplementary Material). At this scale, no information about the structural 

integrity of the bacteria is evident. The SERS spectra in Figure 6A (recorded using the same 

acquisition parameters as for the dense layer of S. aureus) show more variability even when 

repeating scans at the same area. The peaks are much less intense, as compared to the spectra 

in Figure 2. Moreover, the ATP signature does not dominate the spectra and new bands 
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appear, which may be attributed to the bacterial membrane and/or cellular lysis. Concerning 

E. coli JM101TR strain, single isolated bacteria can be obtained, for which two Raman 

mappings were performed at different places around and on top of a single bacterium. Four 

representative spectra from each mapping are displayed in Figure 6B. The corresponding 

acquisition points are depicted in the optical images displayed in Figure S2-5 (see Electronic 

Supplementary Material) as intersections of the two perpendicular lines. The size of the laser 

beam (0.4 µm) is drawn as a white circle on the optical image depicted on Figure S2-5 (see 

Electronic Supplementary Material). A third mapping was realized around a group of bacteria, 

as displayed on Figure S2-6, Electronic Supplementary Material.   

 

Figure 6. SERS spectra of S. aureus (10
4
 CFU mL

-1
) at three different areas recorded at 2.5 

mW power, ×100 objective, 10 s acquisition time, 1 accumulation. The top grey spectrum is 

computed as the average of the 3 spectra of the same frame, the bottom grey spectrum has 

been recorded at a location free of S. aureus (A); Four different spectra extracted from two 

SERS mappings of a single bacterium E. coli JM101TR (10
4 

CFU mL
-1

) at 0.1 mW, 100× 
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objective, 10 s acquisition time, 1 accumulation (B); the grey spectra are the average of the 4 

spectra recorded in each mapping. 

 

The SERS spectra of a single bacterium are not identical and they somewhat differ from those 

obtained at 10
10

 CFU mL
-1

. No indication of bacteria lysis (change in shape) can be found in 

the corresponding microscopy images. Therefore, the variations probably originate from the 

different environments of the bacterium. The SERS signatures highly depend on the position 

of the laser beam around the bacterium. For instance, when the laser beam is focused on the 

top of the bacterium (spectra 2 and 7 in Figure 8B or spectrum 11 in Figure S2-6, Electronic 

Supplementary Material), the peak intensities appear much weaker than when the laser beam 

is located close to the bacteria/Ag interface, suggesting that the SERS signal may arise from 

the lipopolysaccharides and the pili of the E. coli bacterium. 

   

3.3. Statistical analysis of the SERS spectra  

To better evaluate the spectral differences at low concentration and compare them with those 

obtained at higher concentration, the multivariate statistical technique, called principal 

component analyse (PCA), was used. Although such statistical tools are mainly employed to 

analyse large datasets, they can be helpful to be applied to a few SERS spectra (less than 5 

spectra per strain) as reported in the literature (see for instance [58] and [59]). PCA was 

performed on all SERS spectra recorded for S. aureus and for the four E. coli strains 

presented in Figures 2, 3, 4 and 6. The 3D representation shown in Figure 7 corresponds to 

the analysis along the first three principal components. This representation straightforwardly 

allows for distinguishing six clusters: four clusters corresponding to the four distinct strains of 

E. coli bacteria and two distinct clusters for the S. aureus strain at high and low surface 
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concentrations. The spectra corresponding to negative values of PC1 are ascribed to the 

Katushka strain, those corresponding to positive values of PC1 and positive values of PC2 are 

assigned to the E. coli AAEC185(pMMB66) strain and those corresponding to positive values 

of PC1 and negative values of PC2 and opposite value of PC3 are due to the E. coli 

AAEC185(pUT2002) and JM101TR strains. Noticeably, in spite of some visual differences, 

the spectra corresponding to JM101TR bacteria deposited from 10
10

, 10
9
, 10

8
 or 10

4
 CFU mL

-

1
 suspensions gather in the same cluster (positive value of PC3), confirming that the SERS 

signals originate from only one type of bacteria. In the case of S. aureus, two clusters are 

obtained, depending on the surface concentration of the bacteria. This observation highlights 

that the bacteria do not behave similarly at high or low concentration, the Raman spectra 

bearing signatures from ATP secretion at high concentration and that of bacteria cell wall or 

cell lysis at low concentration. The high weight of PC1, close to 93%, significates that the 

corresponding component is the most relevant for discriminating between the various spectra. 

As a matter of fact, PC1 exhibits a spectral shape similar to that of the Raman spectra 

recorded for the Katushka strain (more precisely, the opposite of the spectral shape). The high 

value of the variance ascribed to PC1 therefore reflects the high amplitude variation of the 

spectra recorded for the Katushka strain. PC2 allows for easily separating the three clusters 

corresponding to S. aureus at low concentration and high concentration and JM101TR strains, 

at positive and relatively low values of PC1. PC3 permits for distinguishing E. coli pMMB66 

from E. coli AAEC185(pUT2002) and S. aureus at low concentration from E. coli 

AAEC185(pMMB66). Apart from the actual differences due to a change of the bacteria 

behaviour in response to their environment (as those highlighted above for S. aureus), spectra 

appear to exhibit larger variations when probing isolated bacteria rather than dense 

aggregates. The variability of the SERS response is intrinsic to the very local enhancement of 

the Raman scattering at some hot spots and is further amplified for the analysis of bacteria, 
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since the size of the laser spot is smaller than the size of bacteria. When aggregated bacteria 

cover the Ag nanostructures, the various responses tend to somewhat average, with a locally 

more uniform environment resulting in more reproducible spectra; this is why spectra 

recorded at low concentrations are less reproducible and more subject to accidental variations. 

However, as shown by the PCA, these variations turn out to be not statistically significant, or 

at least do not take over the variations in the Raman spectra from one strain to another one.  

 

 

Figure 7. Principal component analysis of SERS spectra recorded for different strains: E. coli 

Katushka (pentagon cluster), JM101TR (triangle cluster), pMMB66 (square cluster), 

pUT2002 (star cluster) and S. aureus (sphere cluster) at high and low concentrations. In the 

case of E coli strain, high concentration refers to 10
10

 CFU.mL
-1

 (carpet of bacteria) and low 

concentration to 10
9 

- 10
4
 CFU.mL

-1
 (group of bacteria to single bacteria). In the case of S. 

aureus, high concentration refers to 10
9
 CFU.mL

-1
 (carpet) and low concentration to 10

4
 

CFU.mL
-1

 (single and small groups of bacteria).  

 

4. Conclusion 
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The influence of aggregation of S. aureus and E. coli bacteria on the SERS response was 

studied using thermally evaporated Ag films. Starting from a dense layer of bacteria, 

reproducible spectra of S. aureus are obtained whereas spectra recorded for E. coli appear 

somewhat more variable. Decreasing the bacteria concentration of the solution deposited on 

the SERS substrate up to 10
4
 CFU mL

-1
 allows for screening a single bacterium; then, more 

pronounced variations are found from spectra to spectra. We attribute these results to signals 

arising from different environments surrounding the bacteria together with bactericidal effect 

of the silver. Thanks to PCA, these differences are shown to be significant and can be 

rationalized in terms of changes in the integrity of bacteria. Moreover, PCA makes also 

possible to objectively discriminate between four different strains of E. coli thanks to their 

specific SERS signatures. In the case of S. aureus, a different response is observed as a 

function of the surface concentration of bacteria, giving rise to two distinct clusters in PCA. 

This separation highlights the secretion of ATP at high concentration, whereas the poor 

stability of bacteria at low concentration allows for detecting the cell wall signature and/or 

cell lysis. To conclude, these substrates, in spite of their simple, robust, fast and easy 

technique of production, meet the challenges for fast single cell analysis of bacteria using 

SERS. Like many other types of SERS substrates, the obtained spectra may have some 

specificity associated with the substrate fabrication process, but the substrates allow for 

obtaining rationalized and meaningful results when the analysis of the spectra includes PCA. 
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In Section 1 is discussed the preparation of silver-based substrates and their optimization for 

dye probes detection; Section 2 describes the characterization of bacteria using 7 nm-thick 

silver films (Figure S2-1. Optical images of 7 nm-thick Ag film without and with S. aureus 

and E. coli JM101TR; Figure S2-2. SERS spectra of S. aureus compared with SERS obtained 

for some biomolecules and metabolites; Figure S2-3. SERS spectra of E. coli Katushka at 

different acquisition parameters and at repeated scan on the same location; Figure S2-4. 

Optical image of S. aureus deposited at low concentration on 7 nm-thick Ag film; Figure S2-

5. Locations corresponding to the spectra extracted from two SERS mappings of E. coli 

JM101TR at low concentrations; Figure S2-6. Locations corresponding to the spectra 

extracted from mapping 3 of E. coli JM101TR.  
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