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It was shown that several metabolic states of bacteria with various characteristics such as chemical
composition participate in the formation of biofilms. To study the connections and differences among
different bacterial metabolic states, five species of bacteria in exponential phase, stationary phase and
biofilm have been compared and investigated by micro-Raman spectroscopy. The spectral differences be-

tween different metabolic states showed that the chemical composition varied among those metabolic
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states. Moreover, as can be shown by the spectral differences and principal components (PCs), differ-
ent species and strains of bacteria behave differently. Furthermore, a principal component analysis (PCA)
combined with support vector machines (SVM) was applied to distinguish species of bacteria within the
same metabolic states. Our study provides valuable data for the comparison of bacteria between different
metabolic states utilizing micro-Raman spectroscopy in combination with chemometrics models.

© 2022 The Author(s). Published by Elsevier B.V.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

In batch culture, free-living, planktonic bacteria usually follow
a typical growth pattern with distinct growth phases, i.e. the lag,
exponential (log) and stationary phase [1]. During the initial lag
phase, bacterial cells adjust to the environment by upregulating
the cellular processes required for proliferation [2]. Independent
from nutrient availabilities, the bacterial population will start to
grow in a logarithmic fashion in the exponential growth phase,
quickly accumulating its biomass [2]. The resulting waste products
limit further growth and lead to an equilibrium of alive and dead
cells called the stationary phase [3].

Besides the planktonic lifestyle, bacteria can aggregate and
embed themselves into a self-produced matrix of extracellular
polymeric substances (EPS), forming microbial communities called
biofilms. Normally biofilms form when non-optimal conditions
like e.g. starvation occur [4]. During biofilm formation, starting
with planktonic cells, bacterial cells attach irreversibly to surfaces
when triggered by environmental elements, such as temperature,
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growth media, and pH [5]. After the attachment, the sessile bac-
teria secrete EPS and gradually constitute a mature biofilm. In
the end, the biofilm will break and release once more plank-
tonic cells [6]. These planktonic cells may start a new round of
biofilm formation somewhere else. Sessile bacteria in biofilms ex-
hibit a higher tolerance to antimicrobials than planktonic cells.
This antibiotic tolerance is not conferred by classical genetic re-
sistance determinants and is lost when bacteria transfer back into
the planktonic phase. Biofilm-embedded cells show different lev-
els of metabolic activity, with slow-growing subpopulations such
as persister cells and some faster-growing, exponential-phase-like
cells responsible for bacterial dispersal. Overall, biofilm-embedded
cells resemble the metabolic activity of stationary phase planktonic
cells [7].

A multitude of strategies have been applied to compare differ-
ent metabolic states in bacteria. Genomics and proteomics have
been widely used to explore the differences and connections be-
tween different metabolic states [8-11]. Whiteley et al. demon-
strated that only 1% of genes expressed differently in biofilms and
planktonic bacteria when assessed by DNA microarrays despite
huge differences between these two metabolic states [12]. Sauer
et al. demonstrated that several proteins in mature biofilm cells of
P. aeruginosa were differentially expressed, with protein expression
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patterns showing the great variation compared to those of plank-
tonic cells [13]. However, the genes and proteins expressed in dif-
ferent metabolic states are not functionally irreplaceable or repro-
ducibly, therefore it may be difficult to derive a therapeutic and
diagnostic value from these results [10]. To address this problem,
matrix assisted laser desorption ionization - time of flight (MALDI-
TOF) mass spectrometry is also used to analyze protein in expo-
nential phase, stationary phase and biofilms. The proteomic pat-
terns showed different protein composition between biofilms and
planktonic cells which indicate a unique lifestyle for A. baumannii
biofilms compared to planktonic cells. This could allow the iden-
tification of proteins with possible character in biofilm formation
and maintenance [14].

Vibrational spectroscopy such as Raman spectroscopy is a
reagent-free approach where chemical dyes or labels for identifica-
tion are not necessary. The characteristic of Raman spectroscopy is
that it is a non-invasive, rapid, and accurate analytical method that
offers a potential approach to identify bacteria [15]. It will not de-
stroy the sample like mass spectrometry and may leave the sample
for further analysis. Transformation between the different growth
phases of planktonic cells as well as the switch to the biofilm
lifestyle is accompanied by chemical composition variances, which
can also be depicted by micro-Raman spectroscopy, since it is a
phenotypic approach. The respective Raman signals represent the
variance in the chemical compositions of the bacteria such as pro-
tein, DNA, RNA, polysaccharides and lipids [16-19]. Raman spec-
troscopy has already been applied in exploring different metabolic
states and biofilms [20-23]. Escoriza et al. reported that the Ra-
man signals of nucleic acids in S. epidermidis and E. coli decrease
after the metabolic state of the bacteria changed from the expo-
nential phase to the stationary phase [20]. A study by Kusic et al.
described the chemical variances between planktonic cells and ses-
sile cells in biofilms by applying micro-Raman spectroscopy with
an excitation wavelength of 532 nm. Here, chemometric models
were also established for the differentiation of sessile cells and
planktonic cells [21]. However, in the described studies, a compar-
ison of planktonic cells in different growth phases, i.e. exponen-
tial phase and stationary phase, with sessile cells in biofilms has
not been elaborated. It is expected that sessile cells in biofilms are
more similar to bacteria in the stationary phase than in the expo-
nential phase, since the formation of persisters is a general stress
response [4]. The similarities and dissimilarities between plank-
tonic cells and sessile cells in biofilms are important to understand
the formation and metabolism of biofilm. Furthermore, the chemi-
cal differences which are represented by the micro-Raman spectra
may provide a unique description for cells at the corresponding
metabolic states.

In this study, micro-Raman spectroscopy has been applied to
evaluate the chemical compositions of single bacterial cells in
the exponential phase, stationary phase, and single sessile cells
in biofilms. To show the relation and distinction between differ-
ent lifestyles, Raman spectra of the bacterial species Pseudomonas
aeruginosa, Staphylococcus aureus, Staphylococcus epidermidis, En-
terococcus faecium and Enterococcus faecalis obtained from sin-
gle cells in three metabolic states were compared. And for the
first time, the Raman spectra between single cells in exponen-
tial phase and sessile cells in biofilms are considered. Together
with the comparison between single cells in the stationary phase
and sessile cells in biofilm, we show how the chemical composi-
tion differs between those lifestyles as well as the similarities be-
tween them. Furthermore, a principal component analysis (PCA)
was applied to understand the differences and relations between
different metabolic states, especially between the single cells in
the exponential phase and sessile cells in the biofilm. To further
demonstrate the variances between these metabolic states, statisti-
cal models combined with PCA and support vector machines (SVM)
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were performed on spectra of bacteria in different metabolic states
and all bacterial spectra.

2. Material and methods
2.1. Bacterial strains and media

The following ten strains were examined in the current study:
S. aureus DSM20231, S. aureus BK31397, S. epidermidis RP62A, S. epi-
dermidis VA78203, E. faecium UKO0O05, E. faecium BK24498, E. fae-
calis DSM20478, E. faecalis VA245, P. aeruginosa DSM22644 and P.
aeruginosa VA36580. The strains, S. aureus DSM20231, S. epider-
midis RP62A, E. faecalis DSM20478 and P. aeruginosa DSM22644
were supplied from the German Collection of Microorganisms and
Cell Cultures (Leibniz Institute DSMZ, Braunschweig, Germany). The
others were obtained from the Institute of Medical Microbiology,
Jena University Hospital. For the convenience of comparison and
explanation, we assign E. faecium UKO005 together with S. aureus
DSM20231, S. epidermidis RP62A, E. faecalis DSM20478 and P. aerug-
inosa DSM22644 into the DSMZ group, the other five strains as a
clinical group. For long storage, all bacteria were kept at -80 °C.
To obtain bacterial colonies, bacteria were inoculated on LB agar
(Carl Roth, X969.1) and incubated at 37 °C overnight. Liquid cul-
tures were prepared with 3 g/L tryptic soy broth (Sigma Aldrich,
1054590500) supplemented with 2 g/L glucose (Sigma Aldrich,
G8270-1KG).

2.2. Drip flow reactor (DFR)

To model the environments where biofilms originally grow such
as catheters, lungs with cystic fibrosis and the oral cavity, a drip
flow biofilm reactor was applied here [24]. The in-house-made
biofilm reactor contains four parallel chambers with vented lids on
the cover and in each chamber CaF, slides were inserted in the
center. The media inflow into the chamber was realized through
a cap on the cover and the outflow into a waste glass bottle. In
batch mode, the chambers will stay horizontal. While working in
flow mode, the reactor was maintained at 10 ° to the horizontal
line. The media was pumped by a peristaltic pump (Heidolph In-
struments GmbH, Schwabach, Germany) and a constant flow speed
was ensured.

2.3. Planktonic cell preparation

The bacteria were grown in batch culture in the liquid media at
37 °C with 120 rpm shaking. During the growing process aliquots
were taken from the suspension and the number of bacteria was
estimated by measuring the optical density (OD) at a wavelength
of 600 nm every hour. The cells in exponential phase were taken
from the first OD measurement indicating that the bacterial cells
enter the exponential phase, the cells in the stationary phase were
selected after 24 h. An example is shown in Fig. S1 (supporting in-
formation). For Raman measurements bacterial aliquots were taken
from the exponential and the stationary phase, respectively. The
samples were washed by centrifugation at 5000 g and 4 °C for
5 min. The supernatant was discarded, and the pellet was sus-
pended in sterile distilled water. After the washing process was
performed three times, the sample was pipetted onto a nickel slide
and dried at room temperature. The dried example of bacteria in
exponential phase (B) and stationary phase (C) are shown in mi-
croscopic images in Fig. S1.

2.4. Sessile cells in biofilm preparation

Bacteria were multiplied at 37 °C with 120 rpm shaking in lig-
uid media overnight. Then the DFR was established in the batch
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Fig. 1. Mean Raman spectra of bacteria for the DSMZ group (A-C), namely P. aeruginosa DSM 22644 (i), S. aureus DSM 20231 (ii), S. epidermidis RP62A (iii), E. faecium UK005
(iv) and E. faecalis DSM 20478 (v), and the clinical group (D-F), namely P. aeruginosa VA36580 (i), S. aureus BK31397 (ii), S. epidermidis VA78203 (iii), E. faecium BK24498 (iv)
and E. faecalis VA245 (v), at exponential phase (A and D), stationary phase (B and E) and sessile cells (C and F) in biofilms.
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Fig. 2. Raman difference spectra between single bacteria in the exponential phase and sessile cells in biofilms of (A) the DSMZ group and (B) the clinical group. P. aeruginosa
(i), S. aureus (ii), S. epidermidis (iii), E. faecium (iv) and E. faecalis (v).
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mode: With clipped outflow pipes, 15 mL of fresh liquid media
with 1 mL of the bacterial suspension was transferred into each of
the DFR chambers at 37 °C and cultivated for 16 h in batch mode.
After that, DFR started to work in flow mode: the flow speed was
set to 12 mL/h and then the media flowed through the chamber.
After 72 h, the CaF, slides were taken out and carefully rinsed with
sterile distilled water. The biofilms on CaF, slides were removed
carefully with an inoculation loop and then moved onto nickel foil
and dried at room temperature. The microscope image of a dried
example of sessile cells in a biofilm (D) is shown in Fig. S1.

2.5. Instrument setup

The Raman spectra of bacteria in exponential phase, stationary
phase and biofilms were obtained with a Raman microscope
(BioParticleExplorer, rap.ID Particle Systems GmbH, Berlin, Ger-
many). The wavelength of the incident light was 532 nm from a
solid-state frequency-doubled Nd:YAG laser source (LCM-S-111-
NNP25; Laser-export Co. Ltd., Moscow, Russia) with a laser power
of about 10 mW. An Olympus MPL-FLN-BD 100 x objective (Olym-
pus Corporation, Tokyo, Japan) focused the Raman excitation light
onto the sample with a spot size of around 1 pm. After removal of
the Rayleigh scattering, the scattered Raman light was diffracted
with a single-stage monochromator (HE 532; Horiba Jobin Yvon,
Munich, Germany) equipped with a 920 lines mm~! grating and
detected by a thermoelectrically cooled charge-coupled device
(CCD) camera (DV401-BV; Andor Technology, Belfast, Northern
Ireland) with a spectral resolution of 8 cm~!. To record a single
spectrum, a single bacterial cell was measured with 10 s integra-
tion time and 10% of the laser output power. While measuring
biofilms, a single sessile cell was selected and measured. Raman
spectra of planktonic cells in exponential phase and stationary
phase as well as sessile cells in biofilms for each strain were
obtained from three independently grown and measured repli-
cates. During the measurement, prepared bacterial replicates were
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moved to different sample holders, replicates were measured one
by one. From each replicate, around 50 Raman spectra each from
one single bacterial cell were obtained.

2.6. Data analysis

A classification procedure was performed in this study. All pre-
processing was done using a Raman analysis App (Leibniz IPHT
Ramanmetrix™). Raw Raman spectra have first been through de-
spiking to remove cosmic spikes, then the wavenumber was cal-
ibrated using Raman spectra of acetaminophen measured at the
same day as the reference. Next, to remove the spectral back-
ground, a method based on the SNIP clipping algorithm was ap-
plied [25]. Finally, all spectra were vector-normalized. Besides,
the highlighted wavenumber region between 1750 and 650 cm™!,
which covers the fingerprint for most chemical components was
used. Using this spectral region, the performance of the chemo-
metric analysis greatly improved. Pre-processed data were used
as input for principal component analysis (PCA). To classify the
data, a support vector machines (SVM) model with radial basis
kernels [26] was created and estimated using the leave-one-batch-
out-cross-validation (LOBOCV) method [27]. The number of princi-
pal component variables was optimized by finding the best cross-
validation on the training data based on the mean sensitivity of
the SVM.

3. Results and discussion

The primary goal of this study is to investigate dissimilarities as
well as similarities between sessile cells in biofilms and bacteria in
different growth phases, thus a single bacterium was measured for
each spectrum. Especially, for sessile cells in biofilms, every indi-
vidual bacterium was localized, and the laser focused on it (Fig.
S1D).
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Fig. 3. Raman difference spectra between single bacteria in the stationary phase and sessile cells in biofilms of (A) the DSMZ group and (B) the clinical group. P. aeruginosa

(i), S. aureus (ii), S. epidermidis (iii), E. faecium (iv) and E. faecalis (v).
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3.1. Mean spectra

The mean Raman spectra of each species (i-v) in the expo-
nential phase (A and D), the stationary phase (B and E), and the
biofilms (C and F) are shown in Fig. 1. While measuring a single
bacterium with an excitation wavelength of 532 nm, the whole
biochemical information of this cell was collected in the respec-
tive Raman spectrum. Although there are superimposed signals
originating from different contributions in the same Raman sig-
nal, we can still identify the composition of the cell through band
assignments. Considering the CH, and CH3 groups present in all
macromolecules, the band centered at 1450 cm~! shows the CH,
and CH; deformation vibration modes [28,29]. At 1669 cm~! and
1238 cm~!, amide I and amide Il signals representing protein were
found, respectively | [30,31]. The ring breathing vibration modes
of phenylalanine and tryptophan introduce a band at 1004 cm~!
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[18,30]. The Raman bands appearing at 1578, 1481, 1331, 780 and
725 cm~! are from nucleic acids [28,30]. The symmetric stretch-
ing vibrations of C-O-C glycosidic linkage are located at 1125 cm™!
[28], whereas the asymmetric stretching vibrations of C-O-C glyco-
sidic linkage and C-C skeletal bond are observed at 1097 cm~! [32].
These two bands can be assigned to polysaccharides. In the mean
spectra of both strains, despite the metabolic states, P. aeruginosa
exhibits higher signals at 1578, 1310, 1125 and 750 cm~! which
may be due to the existence of cytochrome [33,34].

3.2. Spectral differences

To investigate the dissimilarities as well as similarities of bac-
teria in different metabolic states, we calculated the differences of
the mean Raman spectra between the exponential phase and the
biofilms as well as the stationary phase and biofilms. Fig. 2 shows
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Fig. 4. Principal component analysis (PCA) scatter plot using the PC1 and PC2 values of Raman spectra for different metabolic states within the same species. (A) DSMZ
strain and (B) clinical strain of P. aeruginosa, (C) DSMZ strain and (D) clinical strain of E. faecium, (E) DSMZ strain and (F) clinical strain of S. epidermidis, whereby each cross
represents one spectrum and each ellipse correspond to 95% confidence regions for the PCA scores of each metabolic state.
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the Raman difference spectra between single bacteria in the expo-
nential phase and sessile cells in biofilms. Raman difference spec-
tra from the DSMZ group as well as the clinical group show a
higher relative intensity of the positive bands associated to nucleic
acids (1578, 1481, 780, 725 and 671 cm~1) in single cells from the
exponential phase than sessile cells from biofilms.

Fig. 3 depicts the Raman difference spectra between single bac-
teria in the stationary phase and sessile cells in biofilms. For all the
bacterial species in the clinical group (B), sessile cells in biofilms
have more intense signals representing DNA and RNA (1578, 1481,
780, 725 and 671 cm~!) than planktonic cells in the stationary
phase. In both strains of P. aeruginosa (i), we observed sharp
negative bands at 1578, 1310, 1125 and 750 cm~! which can be at-
tributed to cytochrome [33,34]. This shows that the Raman signals
derived from cytochrome in sessile cells of P. aeruginosa are more
intense than in the stationary phase. Moreover, in both difference
spectra of P. aeruginosa, sessile cells in biofilms exhibit more in-
tense signals from protein which can be observed by the negative
bands at 1669, 1238 and 1004 cm~!. However, planktonic cells in
the stationary phase display an increased lipid signal at 1440 cm~1.

The Raman spectral differences of single bacterial cells between
different metabolic states show variations in chemical composi-
tion. Compared to planktonic cells in the exponential phase, the
lower relative intensity of DNA signals may indicate that sessile
cells in biofilms replicate slower. Here, P. aeruginosa is different
from the other species: the relative intensity of the lipid signals
in sessile cells in biofilms is lower than that of cells in the sta-
tionary phase. This may be due to the modification of P. aerugi-
nosa membranes between sessile cells and planktonic cells char-
acterized by Benamara et al [35]. Furthermore, the relative inten-
sity of the Raman signals of cytochrome c in sessile cells is higher
compared to planktonic cells in the stationary phase. This may be
owing to the fact that cytochrome in P. aeruginosa supports the for-
mation of biofilm and virulence [36]. Feng et al. also showed the
increasing cytochrome amount during biofilm growth by Raman
spectroscopy [37]. Moreover, from the mean Raman spectra, ses-
sile cells in biofilms of P. aeruginosa are similar to bacterial cells in
the exponential phase. To further illustrate this, PCA scatter plots
using the first two principal components of Raman spectra for dif-
ferent metabolic states within each species are depicted in Fig. 4.
In the PCA scatter plot of P. aeruginosa (A and B), bacterial cells in
the exponential phase (red) stay close with sessile cells in biofilms
(blue) for both the clinical strain and the DSMZ strain. However,
in both the clinical strain and the DSMZ strain of E. faecium (C
and D), in the PCA plot the bacterial cells in the stationary phase
(green) are more similar to the sessile cells in biofilms (blue). For
the DSMZ strain (E) of S. epidermidis, bacterial cells in the station-
ary phase (green) resembling more to the sessile cells in biofilms
(blue), whereas this wasn’t observed for the stationary phase and
sessile cells in biofilms for the clinical strain (F) of S. epidermidis.
For E. faecalis (Fig. S2) and S. aureus (Fig. S3), there is no unified
conclusion either. Therefore, by the PCA plot of Raman spectra, the
chemical composition of sessile cells in biofilms can be close to
planktonic cells either in exponential phase or stationary phase.
However, this depends on the species and strains of bacteria whose
planktonic metabolic states are more comparable to sessile cells in
biofilm.

Compared with well-documented methods such as genomics
and proteomics in investigating the differences between plank-
tonic cells and biofilms, instead of emphasizing the types of
nucleic acid and protein expression [38,39], micro-Raman spec-
troscopy as a non-invasive and phenotypic approach is easier to
monitor the change of the chemical compositions of the ana-
lyzed cells. In addition, Raman spectroscopy further provide a
rapid and accurate method to classify between different species of
bacteria.

Journal of Molecular Structure 1277 (2023) 134831

Table 1
LOBOCYV results for spectra of bacteria in different metabolic states and all
bacterial spectra.

Sample Classification (LOBOCV)
TP/CM* Sensitivity [ %  Specificity | %

Exponential phase

S. epidermidis 185/299 61.9 97.4

S. aureus 260/299 87.0 89.0

E. faecium 233/295 79.0 98.5

E. faecalis 255/298 85.6 94.5

P. aeruginosa 294/298 98.7 98.6

Overall accuracy
Stationary phase

1227/1489 824

S. epidermidis 285/298 95.6 97.3
S. aureus 273/292 93.5 98.5
E. faecium 285/297 96.0 96.4
E. faecalis 268/298 89.9 99.2
P. aeruginosa 261/298 87.6 99.3

Overall accuracy 1372/1483 92.5

Biofilm
S. epidermidis 267/297 89.9 92.7
S. aureus 212294 72.1 97.1
E. faecium 285/300 95.0 98.1
E. faecalis 269/292 92.1 97.8
P. aeruginosa 277(295 93.9 100

Overall accuracy 1310/1478 88.6

All spectra
S. epidermidis 699/894 78.2 95.9
S. aureus 735/885 83.1 939
E. faecium 730/892 81.8 95.6
E. faecalis 718/888 80.9 95.1
P. aeruginosa 861/891 96.6 99.7

Overall accuracy  3743/4450  84.1

* TP = true positives, CM = all class members.

3.3. Classification

Similarities and dissimilarities of the mean Raman spectra be-
tween bacteria in the exponential and stationary phase as well as
in the biofilm can be observed through the mean spectra differ-
ences, however it is impossible to correctly assign a single spec-
trum to species or growth states just by observing. Accordingly,
with the advantage of chemometric techniques, it is practicable to
differentiate the spectra in species level. Here, models were estab-
lished to distinguish between Raman spectra of species in different
growth states, another model combined all the spectra and aim to
classify Raman spectra in of all species. PCA-SVM models for the
differentiation between bacterial species was established and veri-
fied using the LOBOCV. For each species, two strains and three in-
dependent replicates for each strain are involved.

Table 1 shows the classification results for Raman spectra of
bacteria in different metabolic states and all bacterial spectra. Bac-
teria at these different growth states were classified by a SVM at
the species level. The overall accuracy for the exponential and sta-
tionary phase as well as the biofilm is 82.4%, 92.5% and 88.6%,
respectively. The bacteria in the stationary phase and the biofilm
have a higher classification accuracy whereas the bacteria in the
exponential phase have the lowest accuracy. This might be be-
cause in the exponential phase bacteria have a higher physiological
heterogeneity. In the classification model for all spectra, most Ra-
man spectra were successfully classified, and the overall accuracy
is 84.1%. Most of the misclassified spectra stay (shown in Table S4)
within the same genus, for example, in the classification for spec-
tra of S. epidermidis, 192 out of 195 misclassified spectra were as-
signed as S. aureus.

4. Conclusion

We compared bacterial cells from the exponential phase, sta-
tionary phase, and biofilms by micro-Raman spectroscopy which
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can be used to find the variances among these metabolic states.
It showed that the chemical composition of planktonic cells is dif-
ferent from sessile cells in biofilms, which enhanced the under-
standing of biofilm formation. Moreover, we saw that the cells
of P. aeruginosa in exponential phase and biofilms are more re-
lated, while for other species this is not necessarily the case. In-
stead of a regular pattern, the chemical composition variances
between different metabolic states depend on the strains and
species. Our study further showed that micro-Raman spectroscopy
combined with PCA-SVM, can nevertheless differentiate between
species within the same metabolic state. It is also possible to clas-
sify the species of bacteria despite the metabolic states of bacteria.
Those results showed that the chemical compositions of bacteria
at different metabolic states are different, but also related to each
other. The classifications of different species provide valuable data
for further research of bacteria in different metabolic states. More-
over, biofilms are complex systems including different layers which
may have various chemical compositions. It will be interesting to
see in the future if the sessile cells from different layers in biofilm
can be characterized separately.
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