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ABSTRACT

Biofilms are microbial communities that adhere to surfaces and each other, encapsulated in a
protective extracellular matrix. These structures enhance resistance to antimicrobials, contributing
to 65-80% of human infections. The transition from free-living cells to structured biofilms involves
a myriad of molecular and structural adaptations. Raman spectroscopy is an analytical technique
that has recently been adapted for biofilm analysis. The ability to operate without interference
from water makes Raman spectroscopy a valuable tool for in situ characterization of biofilms,
including direct analysis from clinical samples. The technique also offers the advantage of imaging
speed and the capacity to generate extensive chemical and molecular data from samples, whilst
also being non-destructive. However, Raman spectroscopy is often limited by its low sensitivity,
particularly when applied to microbial analysis. This limitation has been addressed with the advent
of surface-enhanced Raman spectroscopy and stimulated Raman scattering microscopy. When
used in combination with traditional methods, these Raman technologies can be incredibly useful
for understanding the mechanisms underlying biofilm development, antimicrobial susceptibility
testing, and detection and discrimination of microorganisms. In this critical review, the application
of Raman spectroscopy and its derivatives as a tool for biofilm characterization is discussed along
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with its associated advantages and challenges.

Introduction

Biofilm development is associated with up to 80% of
microbial infections, presenting a significant hurdle in
the treatment and cure of clinical diseases (Wang et al.
2023). The earliest description of biofilms was recorded
in the seventeenth century by Antoni van Leeuwenhoek,
following his observation of microbial aggregates taken
from dental plaque scrapings. However, the term “bio-
film” was not formally introduced into medicine until
the 1980s by J. W. Costerton (Heiby 2014). Biofilms can
be described as communities of microorganisms which
are able to adhere to each-other and/or surfaces,
encased within a matrix composed of extracellular
polymeric substances (EPS) (lvanova et al. 2023).
Following van Leeuwenhoek’s earliest descriptions,
biofilm-associated microorganisms received little inter-
est, and research was focused on the pathogenesis of

planktonic bacteria until 1975, when the first paper
discussing biofilms was published (Hgiby 2014). In
recent years biofilms have been presented at the fore-
front of microbiological research, particularly in
response to the antimicrobial resistance (AMR) crisis
(Prentice and Webber 2024). The predicted 10 million
mortalities by 2050 due to AMR has made it clear that
characterization and early detection of clinically rele-
vant biofilms is paramount for scientists and clinicians
(O'Neill 2019).

Biofilm AMR can be attributed to several factors.
Encasing of the biofilm within an extracellular matrix
(ECM) provides a physical barrier against molecular
penetration and prevents antimicrobials from reaching
deeply embedded bacteria/fungi within the communi-
ties (Balcazar et al. 2015). As the most abundant com-
ponent of biofilms, EPS provides structural integrity to
biofilms and are also regarded as being integral to
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virulence whilst also contributing to AMR (Karygianni
et al. 2020). EPS are extracellular molecules which form
the “slime” layer visible on the surface of biofilms, play-
ing a crucial role in protection against desiccation,
phagocytosis, and most concerningly, antimicrobial
interventions (Angelin and Kavitha 2020). The ECM of
biofilms is the primary barrier to the action of antimi-
crobials, the intricate structure significantly reduces dif-
fusion into the biofilm. In many cases, antimicrobials
are deactivated before they are able to fully pass
through the ECM (Singh et al. 2021).

Subpopulations of microbial cells within the biofilm
can also become metabolically inactive or enter a tem-
porary dormant state rendering them less susceptible
to the targeted action of antimicrobials. These meta-
bolically inactive cells are termed as “persister” cells
and their re-activation is often the cause of recalci-
trance of biofilms (Carvalho et al. 2018). A term first
described in 1942, pioneering studies showed that 1%
of cells from a Staphylococcus aureus culture were
found to have survived penicillin treatment by becom-
ing metabolically inactive (Hobby et al. 1942). However,
persister cells could not be classed as resistant as they
were not found to be genetically mutated, but rather,
tolerant to antimicrobials (Wood et al. 2013). Persister
cells are characterized by the “temporary” phenotypic
resistance they exhibit, differentiating them from per-
manently resistant cells which develop from genetic
mutations or as a consequence of horizontal gene
transfer (Miyaue et al. 2018). Entering a “dormant” state
allows persister cells to evade the action of antimicro-
bials, since they are most often effective against repli-
cating, metabolically active cells. Despite a lack of
metabolic activity, persister cells remain viable and will
begin to replicate as antimicrobial concentrations
decrease, allowing the biofilm to regrow, leading to
recurrence of chronic infection (Soares et al. 2020).

The ECM and persister cells are only a few of many
mechanisms of survival and resistance exhibited by
biofilms. Changes in gene expression can increase the
likelihood of biofilm survival, for example, upregulation
of efflux pump expression is often observed during
exponential growth of both Gram-negative and
Gram-positive biofilms (Alav et al. 2018). Efflux pump
expression is associated with biofilm development and
AMR, particularly in reference to multi-drug-resistant
pathogens, such as S. aureus, Pseudomonas aeruginosa,
and Acinetobacter baumannii. Indeed, the use of efflux
pump inhibitors was able to partly, or completely,
reverse the multi-drug resistance often demonstrated
by Salmonella typhimurium (Martins et al. 2011).
Additionally, upregulation of ABC transporters has also
been found to positively correlate with fungal biofilm

development, particularly in Candida albicans (Soto
2013). To this end, efflux pumps provide promising tar-
gets for overcoming antifungal drug resistance (Holmes
et al. 2016; Engle and Kumar 2024). Nevertheless,
despite these advancements in alternative methods,
understanding the microbial composition, structure,
and/or orientation of the community remains para-
mount for appropriate intervention, particularly in
complex, mixed-species infections.

Current techniques for biofilm analysis

There is a wide array of techniques available for analy-
sis of biofilms, however, many still rely on traditional
culture methods. In clinical settings, patient samples
will be sent for standard microbial culture followed by
antimicrobial susceptibility testing and analytical pro-
file index (API) tests, which can take between 24 and
72h (Wang et al. 2022). Assays, such as crystal violet
(CV) and Alamar Blue are useful for measuring biomass
and metabolic activity (viability) of biofilms. Although
CV is a widely used and cost-effective technique, its
application is limited due to its inability to differentiate
between live and dead cells (Kamimura et al. 2022).
Alternatively, quantitative polymerase chain reaction
(gPCR), when used in conjunction with the propidium
monoazide assay, is an approach which is able to
quantify both the live and dead populations of a bio-
film. This is made possible using genus- or
species-specific DNA primers (Alvarez et al. 2013).
Similarly, Peptide Nucleic Acid Fluorescence In Situ
Hybridization (PNA FISH) also provides quantitative
information in combination with visualization of bio-
film morphology. However, probe design can be com-
plicated due to cross-reactivity and the requirement of
a minimum cell concentration of 10° cells/mL limits the
application of this technique (Harris and Hata 2013).
Other methods for visualizing biofilms include fluores-
cence microscopy, which can be combined with live/
dead stains, such as propidium iodide and SYTO 9. This
approach not only highlights the three-dimensional
architecture of biofilms but, when used in combination
with image analysis tools, can also reveal the impact of
treatments on biofilm viability (Mountcastle et al.
2021). In comparison, scanning electron microscopy
(SEM) provides information on the localization and size
of single bacteria within a biofilm and has also been
used to investigate interactions within the biofilm
community (Sugimoto et al. 2016). However, due to
the nature of SEM, as samples are exposed to a vac-
uum environment and electron beams, they must be
fixed prior to imaging making it impossible to profile
live biofilms (De Jonge and Peckys 2016).



There are also a range of spectroscopic methods
available for studying biofilms (Pandian et al. 2023).
Techniques, such as matrix assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF
MS) have become the gold-standard for rapid detection
of clinical microorganisms (Tsuchida and Nakayama
2022). MALDI-TOF MS boasts speed and accuracy when
compared to traditional culture methods and has even
surpassed 16s rRNA and 18s rRNA gene sequencing as
a tool for diagnostic purposes (Singhal et al. 2015).
MALDI-TOF MS has been used for the detection of bac-
teria from dental abscesses, bloodstream, and pulmo-
nary infections, revealing a varied microbial composition
at a genus and species level (Al-Manei et al. 2022; Li
et al. 2022; Yo et al. 2022). However, the lasers involved
in MALDI-TOF may be destructive to the sample and
affect the viability of the biofilms being analyzed
(Singhal et al. 2015). Infrared (IR) spectroscopy is another
technique exploited for identification of microorganisms
(Quintelas et al. 2018). However, the presence of water
interferes with IR spectroscopy, as water exhibits two
intense IR absorption peaks which may obscure the sig-
nals of other molecules (Kelestemur et al. 2018). As the
biofilm matrix is composed of over 70% water, this
makes it challenging to employ IR spectroscopy as a
technique for analysis of biofilms in situ (Kassem et al.
2023). The techniques discussed in this section are each
associated with inherent challenges and limitations,
whether it be reliance on costly probes, time-intensive
processes, or difficulties in imaging live biofilms. In con-
trast, Raman spectroscopy circumvents these obstacles,
emerging as a promising approach for biofilm analysis.

Raman spectroscopy as a tool for studying
biofilms

Over the last decade, Raman spectroscopy has been
referred to as a powerful, label-free technique for
studying microorganisms in a rapid manner, requiring
little or no sample preparation (Rodriguez et al. 2023).
Raman spectroscopy is based upon the theory of
Raman scattering, which is described as the inelastic
scattering of photons. When photons from a light
source interact with molecules, they are either absorbed
or scattered, most of the scattered light is termed as
Rayleigh scattering (Dyre 2016). Rayleigh scattering is
described as an elastic process as the scattered light is
at the same wavelength as the incident light. It was
previously thought that all scattered light abided by
this phenomenon (Vinogradov et al. 2021). However, it
was hypothesized by Adolf Smekal in 1923 that this
was not the case, and that some of the scattered light
is a different color than the incident light. This
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phenomenon was not experimentally proven until
1928, by C. V. Raman who measured the spectrum of
scattered light using a quartz spectrograph (Masters
2009). He was able to unequivocally confirm that some
scattered light was a different color and hence, a dif-
ferent wavelength from the incident light (Raman and
Krishnan 1928). This led to the development of the first
Raman spectrometer in the early 1930s. However, due
to the weak light sources available, the first commer-
cial instrument wasn't available until 1966 following
the invention of lasers (Mitsutake et al. 2019).

Raman spectroscopy is an analytical technique
which utilizes the inelastic scattering of photons, and
therefore, measures the vibrational modes of mole-
cules (Cialla-May et al. 2019). At the beginning of its
discovery, Raman scattering was carried out using sun-
light, or mercury arc lamps. The invention of lasers rev-
olutionized Raman spectroscopy by providing intense
light sources at defined wavelengths which could be
used for excitation (Masters 2009). As the vast majority
of photons provided by the incident light undergo
Rayleigh scattering, Raman scattering is often referred
to as a “weak” phenomenon. Interaction of a sample
with Raman lasers results in inelastic scattering which
can be divided into Stokes Raman scattering and
anti-Stokes Raman scattering (Figure 1).

Stokes Raman scattering occurs when energy is
transferred from the incident photon to the molecule.
This results in the scattering of a low energy photon at
a longer wavelength of light and relaxation of the mol-
ecule into a higher vibrational energy level. In anti-
Stokes scattering, there is a transfer of energy from the
molecule already in an excited vibrational state to the
incident photon. This involves the scattering of a high
energy photon at a shorter wavelength of light and
relaxation to a lower vibrational energy level (Jones
et al. 2019). Scattering of photons results in molecular
vibrations which provides information on the structural
and biochemical composition of a sample (Zhang et al.
2010). Furthermore, Raman spectroscopy is classified as
a non-destructive technique as it makes use of a
monochromatic laser which transfers small amounts of
energy in the sample in order to initiate scattering of
the photon and does not affect the chemical bonds
themselves. However, laser wavelength and power are
important considerations. Whilst increasing laser power
and acquisition time can improve the clarity of peaks
within a spectrum, too much power will lead to
absorption of the laser light, causing heating of the
sample and subsequent burning or photo-degradation
(Par et al. 2019).

As mentioned previously, Raman scattering is an
inherently weak phenomenon and therefore, signals
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Figure 1. Jabtonski energy diagram.

In contrast to Rayleigh scattering, Raman scattering describes a change in wavelength between the incident photon and the resulting scattered photon.
The difference between these two wavelengths is known as the Raman shift and is expressed as cm~'. Where EO is the ground electronic state, E1 is the
first excited electronic state and V1-V3 indicate the vibrational energy levels. Figure created in BioRender.

produced from biological samples, such as biofilms are
generally of low intensity (Tian et al. 2023). Therefore,
signal-to-noise ratio (SNR) is an important consider-
ation in Raman spectroscopy, where noise can impact
the accuracy of Raman spectral acquisition (Fan et al.
2021). A high SNR allows for clarity of peaks and iden-
tification and is especially important for low intensity
samples. SNR can be affected by a variety of factors
including: the laser power, integration time, prepara-
tion of the sample, background fluorescence, and the
choice of lens (Chen et al. 2014). Noise can appear in
a Raman spectrum from electronic, fluorescence, and
cosmic sources, however, in many cases these can be
removed during data pre-processing. Typically,
pre-processing of Raman spectral data involves stan-
dard quality control to remove noise and prepare the
data for further analysis. These steps often include:
cosmic ray removal, noise filtering, baseline subtrac-
tion, truncation (removing areas of the spectra which
are not relevant), smoothing, and normalization (Wahl
et al. 2022). Following these steps, the numerical data
can be imported into various data analysis platforms to
plot the spectra, carry out chemometric analysis includ-
ing principal component analysis (PCA), machine learn-
ing, etc.

Additionally, increasing acquisition times or the appli-
cation of signal enhancement techniques, such as

surface-enhanced Raman spectroscopy (SERS) are options
which help to mitigate the effects of background noise
and a weak Raman signal. SERS amplifies the Raman scat-
tering of molecules through the use of metal nanoparti-
cles and results in greater sensitivity than spontaneous
Raman spectroscopy. Irradiation of the roughened metal-
lic surface causes the surface electrons to become polar-
ized and begin to oscillate. Molecules at the metal surface
will therefore experience an increased electromagnetic
field. The greatest electromagnetic field will occur in
“hotspots” on or between metallic surfaces resulting in
increased Raman scattering from molecules adsorbed at
these locations (Faulds et al. 2010).

The strength of Raman signals can also be enhanced
through Stimulated Raman scattering microscopy (SRS)
is a cutting-edge technique that has recently been
adapted for microbiological research (Hu et al. 2019).
SRS microscopy is unique in its inclusion of two lasers,
a pump and Stokes beam, compared to the single
light source utilized in Raman spectroscopy, thereby
strengthening the Raman scattering signal. The differ-
ence in frequency between the pump and Stokes
beam will be equivalent to that of a particular molec-
ular vibration (Prince et al. 2017). The use of two lasers
has several advantages including increased sensitivity
of Raman signals, reduction of fluorescence interfer-
ence, greater chemical specificity, spatial resolution,



and the ability to penetrate deeper into thicker sam-
ples, making it ideal for imaging of biofilms (Shi et al.
2021; Brzozowski et al. 2022; Tipping et al. 2024).

Raman spectroscopy has applications in a range of
fields including chemistry, physics, and material sciences
(Pandey et al. 2021). In recent years, Raman spectroscopy
has become an increasingly popular tool in the biological
sciences, particularly in research focused on the cellular
processes involved in the development of cancer (Kuhar
et al. 2018). However, Raman spectroscopy has also
expanded into microbiological research and has proven
to be a useful technique for analysis of microbes at the
single cell and community level, antimicrobial susceptibil-
ity testing, rapid detection of pathogens, and studying of
polymicrobial biofilms (Figure 2) (Beier et al. 2012; Kusi¢
et al. 2015; Rebrosova et al. 2022; Shen et al. 2023).

Differentiation of planktonic cells and biofilms

Aside from the apparent phenotypic changes (as dis-
cussed above), transformation of planktonic bacterial

Figure 2. Applications of Raman spectroscopy in biofilm analysis.
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and fungal cells to biofilms is also accompanied by a
drastic change in the transcriptional and metabolic
profile of single cells as they begin to form structured
communities (Sauer et al. 2022). In general, upregula-
tion of genes involved in biosynthesis of secondary
metabolites and AMR has been reported in biofilms
(Pai et al. 2023). For example, analysis of S. aureus tran-
scriptomic data revealed upregulation of several genes
during the maturation stages of biofilm development.
Of these, rocD and gudB were two such genes, express-
ing essential enzymes involved in amino acid metabo-
lism known to also be integral to the survival of
biofilms of several other bacterial species (Nassar et al.
2020). Similarly, upregulation of the azole resistance
genes CDR and MDR has been reported in C. albicans
biofilms, in particular, CDR is highly expressed by dor-
mant persister cells (Malinovska et al. 2023).
Differentiating between the biochemical composition
of planktonic cells and biofilms may offer a better under-
standing of the underlying processes involved in the
development of biofilms. Identification of biochemical

Raman spectroscopy has been documented as a valuable technique for microbiological research. Its applications encompass (a) the differentiation of single
cells and microbial communities, (b) the detection of clinical biofilms, (c) the testing of existing and novel antimicrobials, and (d) the investigation of
polymicrobial biofilm infections. SERS: surface-enhanced Raman spectroscopy. Figure created in BioRender.
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markers key to the survival and persistence of biofilms
could offer potential targets for antimicrobial therapies.
Raman microscopy is a non-destructive technique which
provides spectral information on a particular sample, con-
sisting of peaks corresponding to cellular components
(Movasaghi et al. 2007). Raman spectra are split into
three spectral regions; the fingerprint region (300-
1800cm™), the “cell silent region” (1800-2800cm~"), and
the high wavenumber region (2800-3800cm~') (Ramos
et al. 2015). The fingerprint region shows unique vibra-
tional modes of bonds, such as bends, stretches, defor-
mation, or “breathing” of aromatic rings and vibrations of
side-chains. As such, the fingerprint region is where peaks
corresponding to nucleic acids, DNA, lipids, proteins, and
pigments will appear. For example, a demonstrative
Raman spectrum of S. aureus planktonic cells is included
here, focused on the fingerprint region which often
serves as a molecular signature (Figure 3). The spectrum
displays several characteristic peaks corresponding to key
biomolecules, including nucleic acids (740cm~') and phe-
nylalanine (1002cm~")—an amino acid associated with
proteins (Movasaghi et al. 2007). Most notably, two prom-
inent carotenoid peaks are observed (1158 and 1526cm™),
perhaps indicating the presence of staphyloxanthin, a
pigment produced by S. aureus that gives its colonies
their distinctive golden color (Pelz et al. 2005; Kim and
Chin 2023). Additionally, the Amide | peak (1650cm™"),

Figure 3. Fingerprint Raman spectra of Staphylococcus aureus

planktonic cells.

Staphylococcus aureus planktonic cells were pelleted and spread on cal-
cium fluoride disks. The average spectra were obtained from spontaneous
Raman scattering maps acquired using a 532nm laser excitation wave-
length, 100 x air lens (planktonic cells), 100% laser power (40mW), 1s
acquisition time and 1 pm step size. Spectra were processed by cosmic ray
removal, noise filter, truncation, baseline subtraction and normalized to the
maximum peak and plotted in Graphpad Prism. Important peaks are
labeled.

representing the vibrational mode of the protein peptide
backbone, is also evident (Movasaghi et al. 2007). In the
“cell silent” region there is little or no Raman signal as
biological materials tend not to have vibrational modes
which are Raman active in this region (Cui et al. 2022).
Finally, the high wavenumber region contains peaks cor-
responding to lipids, proteins, amides, and carbohydrates
which arise due to C-H, N-H, and O-H bond vibrations
and are always intense (Masson et al. 2018).

Most of the previous work related to Raman spec-
troscopy profiling of microbial cells is focused on the
common human pathogen, P. aeruginosa. Raman spec-
troscopic analysis of P. aeruginosa planktonic cells
revealed distinct vibrational peaks associated with the
presence of DNA and RNA. Specifically, a prominent
and intense peak was observed at 1585cm™', corre-
sponding to guanine and adenine vibrations (Notingher
et al. 2002; Masyuko et al. 2014). Additionally, strong
peaks at 1126, 1310, and 1336cm™" were evident, sig-
naling cytosine and adenine ring vibrations (Masyuko
et al. 2014). This is in accordance with other research
investigating spectral differences between Leibniz
Institute DSMZ and clinical isolates of S. aureus,
Staphylococcus epidermis, Enterococcus faecium, and
Enterococcus faecalis, where a higher intensity of nucleic
acids was observed in single cells during the exponen-
tial growth phase when compared to the biofilms
(Shen et al. 2023). Interestingly, in P. aeruginosa plank-
tonic cells, peaks corresponding to the presence of
proteins (1170, 1223, and 1358cm™'), carbohydrates,
and lipids (1448cm™, the scissoring vibration of CH,)
were much less pronounced (Masyuko et al. 2014).
However, it is important to acknowledge that while
Raman spectra are generally reproducible, variations
are expected between different strains of the same
species (Jung et al. 2014; Masyuko et al. 2014;
Rebrosova et al. 2017; Pistiki et al. 2022). Bacteria are
well known to mutate and adapt, leading to metabolic
and structural changes that can significantly influence
their spectral profiles (Lemmer et al. 2017; Lopatkin
et al. 2021). Differences between bacterial strains can
be reflected in their Raman spectra through the
appearance or absence of specific spectral peaks. For
instance, some strains may exhibit peaks correspond-
ing to carotenoids, unique membrane lipids, or varying
intensities of lipopolysaccharide signals—particularly
distinguishing between Gram-negative and Gram-
positive species. Moreover, even strains within the
same species can show subtle spectral variations, often
manifesting as slight shifts in characteristic Raman
peaks (Pistiki et al. 2022). For example, mutations or
changes in gene expression that alter the DNA back-
bone can shift the peak at 782cm™, indicating changes



in DNA conformation. Variations in antibiotic resistance
profiles can also be detected in Raman spectra, espe-
cially in regions associated with proteins and nucleic
acids (Nakar et al. 2022).

Therefore, the ability of Raman spectroscopy to dis-
tinguish between bacterial strains and physiological
states has proven useful in monitoring phenotypic
transitions, such as biofilm formation. The transition of
planktonic cells to a biofilm can be replicated in vitro
by simply plating suspensions of planktonic cells into
flat-bottom plates or coverslips. Therefore, transforma-
tion of planktonic cells into a biofilm has been shown
to be accompanied by a notable shift in the Raman
spectra (Shen et al. 2023). For example, in a P. aerugi-
nosa biofilm spectra the strength of the DNA/RNA
peaks seen in the planktonic spectra were significantly
reduced, whereas proteins and lipids were much more
noticeable (Masyuko et al. 2014; Kelestemur et al.
2018). It has been suggested that a reduction in the
intensity of DNA signals could suggest a slower rate of
replication in sessile biofilms cells (Shen et al. 2023).
However, there was an intense peak present at
999cm™!, indicative of proteins, e.g. phenylalanine
(Zhang et al. 2010). This is confirmed by results from
an average spectrum of a P. aeruginosa biofilm show-
ing several peaks associated with proteins (amide llI
and amide ) appearing with the most intense peak at
1002cm™!, indicative of phenylalanine (Jung et al.
2014). Peaks associated with proteins tend to emerge
as the biofilm matures, specifically peaks at 1660 and
1550cm™" corresponding to amide | and amide I,
respectively (Kim and Chin 2023). As such, the compo-
sition of biofilms will change as the structure transi-
tions from the initial stages of attachment to
maturation. The timeline associated with this process is
entirely dependent on the nature of the in vitro biofilm
model (Brown et al. 2023). Of course, such models are
indeed just that: “models.” These in vitro systems are
ideal for studying interactions between microorgan-
isms within the community in a controlled manner yet
may not recapitulate the in vivo microenvironment at a
particular ecological niche. Biochemical processes
occurring during the formation of clinically relevant
biofilms in patients remains to be studied using this
technology.

Others have observed similar phenotypic changes
whilst profiling the transition from planktonic to sessile
cells. Raman spectra of Legionella pneumophila biofilms
revealed increased signals corresponding to a greater
abundance of lipids (2890, 2850, 1440, and 1300cm™)
in comparison to single cells (Kusi¢ et al. 2015).
Therefore, the molecular composition of bacterial
planktonic cells and biofilms is vastly different, with
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Raman spectra supporting previous research suggest-
ing that the abundance of proteins and lipids is greater
in biofilms (Masyuko et al. 2014; Kusi¢ et al. 2015).
Similarly, Raman spectroscopy of planktonic cells will
focus only on the microbial cells, whereas imaging of a
biofilm will incorporate spectral information from the
entire biofilm community and its constituents (e.g. the
complexity of the ECM).

Although comparison of Raman spectra is useful for
highlighting differences between planktonic and bio-
film cells, it is incredibly difficult to accurately attribute
a single spectrum to a specific growth state solely
through observation. This challenge is further com-
pounded by the absence of reference databases that
catalog standardized microbial peak frequencies (Lee
et al. 2024). In contrast, the profiling of mammalian
cells using Raman spectroscopy is facilitated by the
availability of comprehensive databases that link peak
frequencies to their corresponding biomolecules
(Movasaghi et al. 2007). Therefore, chemometric tech-
niques are often employed to facilitate differentiation
and also identification of different species from mixed
samples (Shen et al. 2023). This has been shown using
PCA, a useful tool for investigating spectral variation
between different samples (He et al. 2018). PCA allows
for spectral data to be simplified and minimizes the
dimensionality whilst transforming the key compo-
nents of the spectra into variables. This allows for sim-
pler visualization and interpretation of data and
highlights peaks of interest which would otherwise not
be visible to the eye (Ong et al. 2012). Using PCA,
researchers were able to study variations in the Raman
spectra of various bacterial species in stationary, expo-
nential, and biofilm growth phases. It was found that
stationary cells of DSMZ S. epidermis resembled sessile
biofilms cells with respect to their mean Raman spec-
tra. However, this was not observed for the clinical
strains as clustering on the PCA plot was well defined
(Shen et al. 2023). This may suggest that whilst metab-
olism of planktonic cells better resembles sessile cells
in terms of laboratory strains of bacteria, this is not
observed in real-life, clinical strains.

In many cases, Raman spectroscopy is combined
with other techniques, such as scanning electron
microscopy, MALDI-TOF Mass spectrometry, or Fourier-
transform infrared spectroscopy (FTIR) for confirmational
analyses, particularly for bacterial detection studies
(AlMasoud et al. 2021). FTIR and Raman spectroscopy
are complementary techniques often used together to
confirm analysis of a particular sample and provide a
broader range of information (Farber et al. 2019). For
example, analysis of Cronobacter sakazakii (a common
foodborne pathogen) produced visually similar FTIR
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spectra between planktonic cells and biofilms. However,
IR spectra of the biofilm cells revealed higher intensity
absorption peaks of 1371 and 1400cm~' which indi-
cated the presence of polysaccharides (Sharma and
Prakash 2021). It is well known that polysaccharides
are an integral component of biofilms, responsible for
maintenance and structure as part of the EPS (Limoli
et al. 2015). Similarly, in a novel approach Raman spec-
troscopy, surface-enhanced Raman spectroscopy, and
MALDI-TOF-MS were used to differentiate between
mutants of a Campylobacter jejuni strain with varying
surface compositions. Using chemometric analysis, the
different mutants could be differentiated using Raman
spectroscopy of the fingerprint region. In particular,
the flaA~ mutant (lacking flagella) could be clearly dis-
criminated from the wild-type based on its PCA. This
was confirmed using MALDI-TOF-MS analysis as the
discriminant function analysis (DFA) showed obvious
separation between flaA~ and the remaining strains
(Chisanga et al. 2020). However, whilst combining
spectroscopic techniques can help validate findings,
some spectroscopic approaches may favor certain
organisms than others, making the selection of the
optimal method a valid consideration (Muhamadali
et al. 2016).

Antimicrobial susceptibility testing of antibiotics

AMR is an escalating global issue, posing a significant
threat to human health. Currently, 4.95 million deaths
are associated with AMR annually, due to treatment
failure (Murray et al. 2022). The primary challenge
faced in determining suitable treatment options lies
with the time constraints associated with current meth-
ods for microbial identification and antimicrobial sus-
ceptibility testing (Zhang et al. 2022). Consequently,
Raman spectroscopy has gained popularity as an alter-
native approach for this purpose, due to its rapidity
and independence from conventional culture methods
(Novikov et al. 2022).

Raman spectroscopy has scope as a tool to further
our understanding of the bacteriostatic and bacteri-
cidal activity of antibiotics. Classification of antibiotics
in this manner is important for a positive clinical out-
come. The mechanism of action of an antimicrobial is
typically confirmed using conventional methods, such
as determining the minimum inhibitory concentrations
(MIC) (Pankey and Sabath 2004). Bacteriostatic antibiot-
ics usually have a minimum bactericidal concentration
(MBC) to MIC ratio >4, however, it is important to note
that whilst an antibiotic may be bactericidal for one
species, this may not be the case for others (Landlinger
et al. 2020). As such, a combination of Raman

spectroscopy and the gold-standard MICs has been
used to observe the effects of various antibiotics
(Bernatova et al. 2013).

Generally, the most notable peaks present in the
Raman spectra of biological samples can be catego-
rized into four groups: proteins, DNA/RNA, sugars, and
lipids (Butler et al. 2016). As such, Bernatova et al.
(2013) determined that changes in intensity of the
785cm™ DNA peak (corresponding to vibration of
phosphorus diester O-P-O bonds) could serve as a
marker for antibiotic activity. Exposure of bacteria to
high concentrations of bactericidal antibiotics, such as
ciprofloxacin and penicillin was followed by a decrease
in the intensity of the 785cm™" peak, correlating with
an increase in fragmentation of DNA. Whereas treat-
ment with varying concentrations of the bacteriostatic
antibiotics clindamycin and chloramphenicol did not
significantly change the intensity of the DNA peak
(Bernatova et al. 2013). Therefore, Raman spectroscopy
may serve as a tool for unveiling the mechanism of
action of new antibiotics or novel antimicrobial
compounds.

More recent research has focused on evaluating the
efficacy of conventional treatments alongside inhibi-
tory molecules with established antimicrobial activity.
Eugenol is an example of a natural, essential oil
extracted from cloves which has been tested against
methicillin-resistant S. aureus (MRSA) biofilms to mea-
sure its antimicrobial activity (Hu et al. 2018). In this
study, Raman spectroscopy was also used as a tool for
monitoring biofilm formation in order to identify the
time points at which the biofilm would be the most
susceptible to antimicrobial treatment. Analysis of the
biofilm using Raman spectroscopy showed an increase
in intensity of the phenylalanine peak at 1002cm™
after 5h which is often used as an indicator of biofilm
formation due to increased protein formation (Jarvis
et al. 2004; Hu et al. 2018). Following this time point,
the spectra became more variable indicating greater
heterogeneity within the sample signaling the pres-
ence of reversibly and irreversibly attached cells.
Therefore, the biofilm appeared to be the most suscep-
tible between 0 and 5h. Indeed, antimicrobial treat-
ment of biofilms following the maturation stage is
often ineffective (Li et al. 2020; Tomizawa et al. 2021;
Kim and Chin 2023). As such, eugenol was applied to
a 5-h MRSA biofilm and the Raman spectra showed a
marked reduction in the signal intensity of DNA/RNA,
lipids, carotenoids, and amide peaks indicating biofilm
eradication (Kim and Chin 2023). The study also
included quantitative measurements of biofilm bio-
mass following treatment in the form of an antibiofilm
assay which involved sonication of treated biofilms.



The samples were then serially diluted and plated on
MBHI-sucrose agar and the viable colony forming units
(CFU) per mL were determined following incubation
(Kim and Chin 2023). Inclusion of conventional assays
in biofilm studies remains important for validating and
corroborating findings from Raman spectroscopic
measurements.

Antimicrobial testing of ceftazidime against a 72-h P.
aeruginosa biofilm yielded promising results in a simi-
lar study. The average Raman spectra of the biofilms
saw a decrease in signal intensity following exposure
to the antibiotic. This was particularly apparent at
1002, 1243, and 1658cm™' frequencies, corresponding
to proteins (Jung et al. 2014). It has been suggested
that a decrease in protein signal intensity is due to
protein denaturation, leading to bacterial cell death as
a result of treatment (Jung et al. 2013). This finding is
in line with the known bactericidal activity of ceftazi-
dime, a third-generation cephalosporin responsible for
inhibiting cell-wall synthesis enzymes (Al-Hasso and
Khalaf 2020). Importantly, researchers also sought to
obtain the average spectra of the antibiotic itself (Jung
et al. 2014). This is an important consideration to pre-
vent overlapping of signals between the biofilm and
the treatment. Similarly, the influence of culture media
has also been considered in the past as several studies
have shown this to be a potential factor which may
influence the Raman spectra. The choice of media and
its composition can affect microbial metabolism and
metabolite production, subsequently impacting the
Raman spectra. For example, some culture media con-
tain amino acids required for growth, which may gen-
erate Raman signals that interfere with those originating
from the bacteria (Mlyndrikova et al. 2015; Yang et al.
2018; Tewes et al. 2022).

Using Raman-based techniques for antimicrobial
testing offers a significant advantage over conventional
methods as the effects can also be monitored in
real-time, revealing if treatments have a time-dependent
effect (Tipping et al. 2016; Cheng et al. 2021). Using
SRS microscopy in combination with Raman tags allows
for tracking of drug uptake and interactions between
the treatment and the biofilm. Tags or probes are usu-
ally synthesized to include C=C, C=N or C-D bonds as
their vibrational frequencies exist within the cell-silent
region (1800-2800cm~") (Yamakoshi et al. 2012).
Therefore, they can be identified from the spectra or
SRS images without interference from the biological
sample (Wei et al. 2014). Using an aryl-alkyne Raman
tag, researchers found that vancomycin-PEPEA was
able to successfully destroy the upper layers of an S.
aureus biofilm by accumulating within the biofilm at
high concentrations. However, penetration depths of
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the drug were not consistent across the biofilm and
the foundational layers were only mildly affected by
sub-inhibitory concentrations of the antibiotic. As a
result, recalcitrance of the lower layers of the biofilm
occurred (Bae et al. 2019). Similarly, bacterial cells and
the EPS can also be conjugated with Raman tags in
order to visualize the major components of biofilms
(van Hoogstraten et al. 2024). Without real-time moni-
toring, ineffective treatments may go unrecognized,
contributing to antibiotic resistance and biofilm per-
sistence. This approach is therefore crucial for develop-
ing more effective and targeted interventions against
biofilm-related infections. However, this study focused
on the treatment of a 24h biofilm, which may be con-
sidered to be an immature biofilm (Chen et al. 2020;
van Dun et al. 2023). Indeed, it has been shown that
biofilms are more susceptible to treatment within the
first 24h of growth, and so, it may be useful for future
work to include testing of a mature biofilm more
reflective of “real world” chronic infections (Wolcott
et al. 2010).

Antimicrobial susceptibility testing of
antifungals

Although bacterial biofilms have been studied exten-
sively, the fungal microbiome has been somewhat
neglected in the past (Short et al. 2023). Invasive fun-
gal infections are now recognized as a significant
threat to public health. In 2022, the World Health
Organization (WHO) compiled a document on fungal
priority pathogens, outlining a research and public
health action plan. This was the first global initiative
for recognizing “priority” fungal pathogens, C. albicans,
Candida auris, Cryptococcus neoformans, and Aspergillus
fumigatus (Fisher et al. 2022; WHO 2022). Fungal bio-
films are clinically significant with several mechanisms
of antifungal resistance in place, and the ability to col-
onize several sites within the body including the oral
cavity, skin (chronic wounds), and the vagina (Ramage
et al. 2012; Delaney et al. 2019).

Currently, there has been limited research carried
out on fungal pathogens using Raman spectroscopy as
a tool for antimicrobial testing and tracking metabolic
activity. However, of those that exist, a recent study
sought to resolve the orientation of amphotericin B
(AmpB) in the Candida membrane using SRS micros-
copy. By focusing on the stretching vibrations of C=C
bonds in the fingerprint region, researchers were able
to visualize AmpB within the cell membrane and also
found increased accumulation of lipid droplets within
the fungal cell following treatment. The authors sug-
gested that accumulation of lipids may serve as a
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protective mechanism against AmpB treatment (Dong
et al. 2021). Another study sought to carry out rapid
antifungal susceptibility testing using SRS microscopy
in combination with deuterium probing. C. albicans
planktonic cells were incubated in media containing
deuterated glucose and either fluconazole (FLZ) or
AmpB (Chen et al. 2023). Deuterium is a stable isotope
also referred to as “heavy hydrogen” which can be
used to label glucose molecules by substituting hydro-
gen (C-H) with deuterium, the deuterated glucose is
taken up by cells and metabolized to form C-D bonds
(Lima et al. 2021; Di Martino et al. 2023). As such, the
C-D bond vibration can be measured with the SRS
intensity correlating with metabolic activity or viability.
Researchers were able to image the C-D bond vibra-
tion at 2168cm~' and showed that the relative SRS
intensity was reduced in C. albicans cells treated with
AmpB in comparison to the control, suggesting sus-
ceptibility to the treatment. Whereas intensity and
therefore  metabolic activity, was increased in
FLZ-treated cells (Chen et al. 2023). To this end, FLZ
resistance in C. albicans has been well established in
previous work (Fisher et al. 2022). However, the few
studies that have been carried out using Raman spec-
troscopy are limited to the testing of fungal planktonic
cells (Dong et al. 2021; Pezzotti et al. 2022; Chen
et al. 2023).

Labeling of cells with deuterium in this manner for
Raman spectroscopy was first carried out using bacte-
ria. The development of a novel Raman stable isotope
probing system was reported in combination with
Deuterated water (D,0), 3C glucose, and N labeling
to investigate bacterial metabolism. SERS spectra of
Escherichia coli cells labeled with *C and >N revealed
shifts in peaks at 2081, 1623, 1532, and 1449cm™'
when compared to the control (Wang et al. 2016;
Lima et al. 2022). This Raman system shows great
promise, as quantifying isotope levels could allow us
to quantify microbial presence, with potential clinical
applications for estimating bacterial (and fungal) load
from mixed-
infections.

Overall, Raman spectroscopy could be a powerful
tool for antimicrobial testing, enabling rapid assess-
ment of microbial metabolism and treatment efficacy
through the measurement of peaks corresponding to
biofilm formation and SRS microscopy. SRS microscopy
has several advantages over spontaneous Raman spec-
troscopy and has proven itself to be an extremely
powerful and versatile imaging tool. However, it has a
limited spectral range making imaging in the fingerprint
region challenging (Figueroa et al. 2018). In addition,
operation of an SRS microscope or even a conventional

Raman microscope requires specialized training in
spectroscopy and complex data interpretation, reduc-
ing its accessibility for widespread, clinical use.
Subsequently, this technique is also associated with
high usage and instrumentation costs making it diffi-
cult for use in clinical and point-of-care settings.
However, efforts are underway to increase accessibility
and standardization of SRS for clinical application (Shi
et al. 2021).

Detection and discrimination of clinical
biofilms

Other Raman-based techniques are more suitable for
application in clinical and point-of-care settings. For
detection and discrimination of microorganisms, a
popular Raman-based approach is SERS (Kearns et al.
2017). As previously discussed, this technique utilizes
metallic nanoparticles for label-free detection and sig-
nal enhancement, overcoming the challenge of low
intensity microbial signals faced by spontaneous
Raman spectroscopy (Ghebremedhin et al. 2016; Usman
et al. 2023). SERS nanoparticles can be made from a
variety of metal substrates including gold, silver, and
copper. In previous work, gold nanoparticles have
been shown to possess a high binding affinity for com-
ponents of the Gram-negative cell wall (Akanny et al.
2019, 2020). This may be useful for treatment of clini-
cal infections particularly at the community level where
antibiotics are prescribed without identification of the
causative agent. Rapid identification of the Gram-status
of the bacteria may be sufficient to allow for prescrip-
tion of the appropriate antibiotic. However, for antibi-
otic treatments to be as effective as possible, biofilms
must be detected before the ECM is fully developed.
Development of a benchtop SERS system used in con-
junction with 2D scanning has allowed for the detec-
tion of an immature in vitro biofilm, as early as 4h
following culture. This research was conducted in the
context of wound biofilm infections and therefore lab-
oratory strains of P. aeruginosa and S. aureus were used
to cultivate mono-species biofilms (Zheng et al. 2022).
Interestingly, the copper and silver coated SERS-active
substrates used in this work were shown to possess
antibiofilm properties and were disposable, allowing
for easy clean-up in potential clinical settings (Zheng
et al. 2022).

As mentioned previously, P. aeruginosa is often cho-
sen as a model organism for studying biofilms due to
its clinical relevance in various biological niches, robust
biofilm forming capabilities and use of quorum sensing
molecules during biofilm development (Qin et al.
2022). Pyocyanin is perhaps the most well-known



quorum sensing molecule produced by P. aeruginosa
biofilms, accounting for their blue-green color and
contributing to virulence. As a result, it has become a
popular target molecule for SERS analysis (Bodeldn
et al. 2018). In one study, electrochemical SERS was
used to collect information on the pyocyanin produc-
tion in pellicle biofilms formed by PA14 and FRD1
(mucoid strain isolated from cystic fibrosis sample).
Most noticeably the PCA of the 48-h FRD1 biofilm indi-
cated the presence of a component possibly corre-
sponding to phenazine-1-carboxamide or phenazine-1-
carboxylic acid, whilst this was not present in the PCA
of the 120-h PA14 biofilm (Do et al. 2019). Similarly,
comparison of pyocyanin SERS spectra of FRD1 and an
alternative strain, PAO1C in another study showed
some variations, namely that the FRD1 loading plots
revealed features corresponding to a unique peak at
935cm™ indicative of carbohydrate vibrations relating
to its mucoid phenotype (Polisetti et al. 2017).

A significant amount of research still centers on lab-
oratory strains of P. aeruginosa using traditional culture
methods, limiting its clinical relevance. However, a
diagnostic SERS assay which is independent of micro-
bial culture has been reported. Clinical sputum sam-
ples previously confirmed as being either positive or
negative for P. aeruginosa were used to test the assay.
By using this assay in combination with the orthogonal
Partial Least Square with Discriminant Analysis
(O2PLS-DA), researchers were able to distinguish
between sputum samples with 95.6% sensitivity and
93.3% specificity (Wu et al. 2014). In this case, the
O2PLS-DA was used to project the pyocyanin SERS
spectra (wavenumbers and corresponding SERS intensi-
ties) into new coordinates in order to obtain positive
or negative predictions. This allows for the classifica-
tion of spiked samples based on known traits of pyo-
cyanin (Kriem et al. 2020). However, due to the
complexity and volume of the sputum matrix direct
analysis by SERS resulted in no pyocyanin peaks being
present in the spectra. A chloroform extraction method
was used to extract the pyocyanin from the sputum,
and the chloroform layers were taken forward for SERS
analysis and showed characteristic pyocyanin peaks
(Wu et al. 2014). Similarly, research conducted by Kriem
et al. (2020) applied O2PLS-DA to the fingerprint spec-
tra of five oral subgingival bacteria: Fusobacterium
nucleatum, Streptococcus mutans, Veillonella dispar,
Actinomyces naeslundii, and Prevotella nigrescens. The
O2PLS-DA was reported as being successful in discrim-
inating between 90% of the mono-species biofilms
(Kriem et al. 2020). Partial least squares regression in
combination with SERS can be used for the quantifica-
tion of pathogens as well as detection, which is
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particularly important in clinical contexts. The develop-
ment of a SERS assay with the addition of a
A-exonuclease (enzyme which digests DNA at the 5’
end of the molecule) has allowed for the detection of
pathogens associated with bacterial meningitis:
Streptococcus pneumoniae, Haemophilus influenzae, and
Neisseria meningitidis in the pico-molar (pM) range.
SERS intensities were obtained and diluted pathogen
DNA was used to test the assay. Limits of detection
were determined as 45.3, 99.5, and 21.7 pM for N. men-
ingitidis, S. pneumoniae, and H. influenzae, respectively,
highlighting its extreme sensitivity (Gracie et al. 2014).

In another study, SERS of P. aeruginosa, C. albicans,
and S. epidermis biofilms revealed unique spectral pro-
files for each pathogen, changes in protein, lipid, and
nucleic acid intensities were observed as the biofilms
matured. In combination with PCA, the biofilms could
be differentiated at every time point between 4 and
120h based on their fingerprint SERS spectra.
Interestingly, stark differences were observed in the
PCA of SERS spectra of the 24- and 48-h C. albicans
biofilms, suggesting greater variation in fungal biofilm
growth and maturation in comparison to bacteria, a
phenomenon that requires much further investigation
(Kelestemur and Culha 2017).

From these studies, it can be concluded that SERS
has potential as a tool for rapid detection of key micro-
bial virulence factors (e.g. pyocyanin) which could be
used as an indicator of infection. Additionally, SERS
appears to be able to differentiate between the produc-
tion of pyocyanin from different strains as discussed
previously. However, pellicle biofilms were used for test-
ing, but P. aeruginosa surface biofilms may show altered
pyocyanin production. Further research is needed on
detecting virulence markers in suspension, as Raman
spectroscopy of clinical samples like saliva, mucus, or
blood could reveal the presence of pathogens, eliminat-
ing the need for isolated biofilm samples. Although the
combination of SERS and machine learning has poten-
tial for discrimination of clinical biofilms, the testing and
analysis remain time-consuming, requiring expertise in
spectroscopy, and are not yet streamlined for a straight-
forward sample-to-result workflow.

Analysis of polymicrobial biofilms

Currently, analysis of biofilms using Raman spectroscopic
approaches has been limited to the testing of simplified
mono or dual-species biofilms, therefore, biofilm com-
munity dynamics have not been taken into consider-
ation. However, in vivo biofilms are polymicrobial and
exhibit greater complexity in structure with a variety of
bacterial and fungal species colonizing the biofilm
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at different stages (Kulshrestha and Gupta 2022).
Furthermore, previous research has demonstrated that
polymicrobial interactions play an important role in bio-
film persistence, pathogenesis and tolerance to antimi-
crobials (Peters et al. 2012). There is significant potential
for expanding this research, as Raman spectroscopy
could be pivotal in advancing clinical biofilm detection
and understanding the complexities of polymicrobial
biofilm communities.

Whilst limited, research focusing on Raman spectro-
scopic analysis of dual-species biofilms has been pub-
lished in recent years. In one study, confocal Raman
spectroscopy revealed differences in the Raman spectra
of P. aeruginosa and S. aureus mono and dual-species
biofilms. The P. aeruginosa biofilm spectra exhibited
peaks corresponding to phenylalanine and amides, sig-
naling proteins, and peaks at 567 and 1544cm™' indic-
ative of polysaccharides and pyocyanin, respectively.
The S. aureus Raman spectra also indicated the pres-
ence of the same biomolecules, but two additional
peaks could be observed at 1158 and 1517 cm™’, repre-
senting the C-C and C=C stretches of a carotenoid
pigment which gives S. aureus colonies their golden
color (Kim and Chin 2023; Vestweber et al. 2024).
Interestingly, the 24h dual-species biofilm spectra was
most similar to P. aeruginosa and lacked the 567 cm™
peak and the twin peaks corresponding to the carot-
enoid. However, the 567 cm™' peak was observed in the
72h dual-species biofilm (Vestweber et al. 2024). The
presence of a higher intensity polysaccharide peak in
the mature, 72-h biofilm spectra aligned with what has
been previously understood; increasing mass of poly-
saccharides coincides with the developing ECM as the
biofilm matures (Jiao et al. 2010; Balsanelli et al. 2014).

In a similar study, the Raman spectra of a dual-species
biofilm of S. aureus and Bacillus licheniformis (a potential
probiotic) were characterized by its carotenoid signal.
These species were selected due to their significance in
dry surface biofilms, which are prevalent in both the
environment and hospitals (Centeleghe et al. 2022).
Information taken from Raman spectral maps was used
to determine the percentage of the imaged area domi-
nated by S. aureus based on the spectral information.
However, this was not possible for B. licheniformis. It was
suggested that identification of B. licheniformis from the
dual-species biofilm model was difficult due to limita-
tions of the Raman microscope in identifying non-
pigmented bacteria, such as B. licheniformis, which form
white/cream-colored colonies (Tewes et al. 2022).
However, this could be overcome by the use of an
iron-rich media which stimulates B. licheniformis to pro-
duce pulcherrimin; a red pigment, making Raman imag-
ing easier (Li et al. 2017; Tewes et al. 2022).

While research on Raman spectroscopy of
dual-species biofilms is lacking, studies on polymicro-
bial biofilms are even more limited, with only a few
papers published on the topic. One study focusing on
the effect of quaternary ammonium silane (QAS) as a
cavity disinfectant, used a 3-species biofilm model con-
sisting of S. mutans, Actinomyces naeslundii, and
Streptococcus sanguinis. In comparison to the control
(untreated biofilm), biofilms treated with QAS saw a
decrease in intensity of the 484cm=' Raman peak,
which signaled the presence of biofilm. This reduction
was gradual according to concentration of QAS, with
the greatest reduction observed in biofilms treated
with 10% QAS (Daood et al. 2020).

As mentioned previously, the distinct and intense
signals emitted by microbial pigments provides an
effective means of detecting pigment-producing micro-
organisms within multi-species biofilms. Therefore,
Raman spectroscopy was applied for the analysis of
“pink” biofilms taken from a bathroom - microbial bio-
films commonly found in moist environments appear
pink due to the presence of pigment producing micro-
organisms. Analysis revealed signals associated with
carotenoids and polyenes from the pink biofilms, the
peaks corresponding to the pigments showed varied
distribution of intensities in different areas of the bio-
film. The authors predicted that the carotenoids and
polyenes were produced by more than one microor-
ganism and suggested that the spectra taken from the
pink biofilm resembled previously reported spectra of
Rhodococcus spp. (Zheng et al. 2013; Horiue et al. 2020).

Overall, Raman spectroscopy has the potential to
enable non-destructive, label-free analysis of polymi-
crobial biofilms with high spatial resolution. Maximizing
its potential requires the integration of analytical
chemistry and microbiology through complementary
techniques like molecular assays and advanced data
analysis. This interdisciplinary approach could enhance
biofilm characterization and our understanding of
microbial interactions.

Challenges and advantages in utilizing Raman
spectroscopy for microbial sample analysis

Although Raman spectroscopy has become a popular
tool for microbial analysis, research is still in its nascent
stages in comparison to the extensive research con-
ducted on mammalian cells. Therefore, there are some
limitations regarding the use of Raman spectroscopy
for microbiological research. Whilst Raman spectros-
copy is a powerful technique, as discussed above, it is
associated with high instrumentation and operational
costs, particularly in the case of advanced techniques,



such as SRS microscopy where the instrument itself
can be prohibitively expensive. Therefore, limiting its
widespread adoption, particularly in clinical settings.
Beyond this, interpretation of Raman spectra requires
specialist training to extract meaningful biological
information from the spectral data. Whilst there are
tabulated peak frequencies available for characteriza-
tion of Raman spectra, these are often constructed in
order to identify components of human tissues or cells
and are therefore, not always representative of micro-
biological spectra (Movasaghi et al. 2007). However,
peak frequencies relating to general biomolecules,
such as proteins, lipids, DNA/RNA, etc., are found to be
consistent across different sample types (Movasaghi
et al. 2007; Kim and Chin 2023).

Whilst there are increasing volumes of spectral data
relating to microorganisms being published, there is a
lack of reference databases available which store stan-
dardized peak frequencies. As a result, “MicrobioRaman:
an open-access web repository for microbiological
Raman spectroscopy data” has recently been intro-
duced (Lee et al. 2024). The aim of MicrobioRaman is
to act as a repository for researchers to share microbi-
ological Raman data by following a set of reporting
standards, such as provision of unprocessed raw Raman
data, peak identification, details regarding the Raman
software system used, sample collection and culturing
conditions, amongst others (Lee et al. 2024). A plat-
form, such as this will serve as a “chemical catalog”
which spectroscopists and microbiologists alike can
use for characterization of Raman spectra, standardiz-
ing experimental protocols and reporting of data.

Although there are a plethora of molecular methods
available for studying the composition of biofilms,
these approaches require significant sample processing
including various cell lysis/extraction steps and/or use
of expensive buffers or stains in the context of imag-
ing (Izard and Limberger 2003; Park et al. 2019).
Additionally, this does not take into account the time
constraints associated with the running of experiments,
such as flow cytometry, quantification of protein
expression, or sequencing. By comparison, Raman
spectroscopy is extremely rapid as biofilms can be
grown on calcium fluoride disks to minimize back-
ground interference, before washing and imaging
(Locke et al. 2022). Other substrates are also available
for Raman spectroscopy including spectrosil quartz
and glass microscope slides, selection of substrates is
an important consideration as it may have impacts on
background noise and depending on the microorgan-
ism of interest, biofilm growth may vary on different
surfaces (Fullwood et al. 2014). Although glass exhibits
broad Raman peaks in the 850-1150 and 400-600cm™"
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regions, it is suitable for analysis of the high wavenum-
ber region (2800-3800cm™"). Therefore, it is used as a
substrate for SRS microscopy and can also be coated in
metallic films for SERS (Mikoliunaite et al. 2015;
Kocisova et al. 2016).

Despite these limitations and challenges, Raman
spectroscopy remains a highly efficient technique,
offering rapid analysis and multiplexing capabilities.
Depending on acquisition times, Raman spectra can be
obtained within seconds, therefore, providing a much
faster and more efficient snapshot of the biofilm pro-
file or the effect of a treatment. Furthermore, Raman
spectroscopy is also non-destructive and can therefore
be carried out on live biofilms over multiple time
points and conditions. These advantages make it par-
ticularly promising for applications, such as antimicro-
bial susceptibility testing, where speed and precision
are crucial for effective clinical decision-making.

Conclusions

Raman spectroscopy is an advanced and highly prom-
ising technique for the analysis of biofilms, offering
detailed insights at both structural and molecular lev-
els. The ability to identify biomolecules critical to the
transition from single cells to biofilms may enhance
our understanding of the complex processes underly-
ing biofilm development whilst highlighting potential
targets for antimicrobial therapy. However, Raman scat-
tering is a relatively weak phenomenon and innova-
tions in Raman-based approaches, such as SERS and
SRS microscopy are essential and have transformed
biofilm analysis. These advancements amplify microbial
signal intensities, distinguish  between various
biofilm-forming species, and enable rapid antimicrobial
susceptibility testing.

The value of Raman spectroscopy within biofilm
research lies in its unique ability to provide label-free
and in situ molecular and structural information in an
extremely rapid manner. As cases of AMR surge at an
alarming pace, such a technique is crucial in mitigating
this growing crisis, acting as a potential diagnostic
alternative in biofilm research and as a tool for rapid
antimicrobial susceptibility testing. Encouragingly,
Raman-based tools have already been applied directly
to clinical samples, demonstrating their translational
potential; however, efficient and rapid extraction of
microbial material from complex samples remains a
critical bottleneck. Further development is required to
enhance its accessibility for clinical applications, cou-
pled with the standardization of microbial peak fre-
quencies and experimental protocols. Additionally,
greater focus is needed on investigating the role of
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fungi within biofilms and on recognizing the polymi-
crobial complexity of real-world infections in Raman
spectroscopy studies. Integrating Raman spectroscopy
with traditional culture methods, molecular techniques,
and other spectroscopic approaches commonly used in
microbiological laboratories will provide a more com-
prehensive understanding of biofilms and drive prog-
ress in combating their associated challenges.

Disclosure statement

The authors would like to declare that they have no compet-
ing interests. Coauthor Jason L. Brown as deputy editor in
chief for Critical Reviews in Microbiology journal, had no
involvement in the peer review of this article and has no
access to information regarding its peer review. Full respon-
sibility for the editorial process for this article was delegated
to Gordon Ramage (editor in chief).

Funding

The corresponding authors would like to thank NorthWestBio
and the BBSRC-funded Doctoral Training Partnership for
funding of Zainab Bilal, on the PhD project entitled
“Investigating phenotypic changes in wound biofilms in

response to antimicrobial treatment using Raman
Spectroscopy.”
ORCID

Jason L. Brown
Karen Faulds

http://orcid.org/0000-0002-8168-5333
http://orcid.org/0000-0002-5567-7399

References

Akanny E, Bonhommé A, Commun C, Doleans-Jordheim A,
Bessueille F, Bourgeois S, Bordes C. 2019. Development of
uncoated near-spherical gold nanoparticles for the label-
free quantification of Lactobacillus rhamnosus GG by surface-
enhanced Raman spectroscopy. Anal Bioanal Chem. 411(21):
5563-5576. doi: 10.1007/s00216-019-01938-4.

Akanny E, Bonhommé A, Commun C, Doleans-Jordheim A,
Farre C, Bessueille F, Bourgeois S, Bordes C. 2020.
Surface-enhanced Raman spectroscopy using uncoated
gold nanoparticles for bacteria discrimination. J Raman
Spectrosc. 51(4):619-629. doi: 10.1002/jrs.5827.

Alav |, Sutton JM, Rahman KM. 2018. Role of bacterial efflux
pumps in biofilm formation. J Antimicrob Chemother.
73(8):2003-2020. doi: 10.1093/jac/dky042.

Al-Hasso MZ, Khalaf SH. 2020. Comparison of five methods
for detection of extended spectrum B-lactamases in gram
negative enteric bacteria. Karbala Int J Mod Sci. 6(1). doi:
10.33640/2405-609X.1364.

Al-Manei K, Ghorbani M, Naud S, Al-Manei KK, Sobkowiak MJ,
Lund B, Hazirolan G, Sillberg Chen M, Ozenci V. 2022.
Clinical microbial identification of severe oral infections by
MALDI-TOF mass spectrometry in Stockholm county: an
11-year (2010 to 2020) epidemiological investigation.

Microbiol Spectr. 10(6):e0248722. doi: 10.1128/spectrum.
02487-22.

AlMasoud N, Muhamadali H, Chisanga M, AlRabiah H, Lima
CA, Goodacre R. 2021. Discrimination of bacteria using
whole organism fingerprinting: the utility of modern phys-
icochemical techniques for bacterial typing. Analyst.
146(3):770-788. doi: 10.1039/d0an01482f.

Alvarez G, Gonzalez M, Isabal S, Blanc V, Le6n R. 2013.
Method to quantify live and dead cells in multi-species
oral biofilm by real-time PCR with propidium monoazide.
AMB Express. 3(1):1. doi: 10.1186/2191-0855-3-1.

Angelin J, Kavitha M. 2020. Exopolysaccharides from probiot-
ic bacteria and their health potential. Int J Biol Macromol.
162:853-865. doi: 10.1016/j.ijbiomac.2020.06.190.

Bae K, Zheng W, Ma Y, Huang Z. 2019. Real-time monitoring
of pharmacokinetics of antibiotics in biofilms with
Raman-tagged hyperspectral stimulated Raman scattering
microscopy. Theranostics. 9(5):1348-1357. doi: 10.7150/
thno.32043.

Balcézar JL, Subirats J, Borrego CM. 2015. The role of biofilms
as environmental reservoirs of antibiotic resistance. Front
Microbiol. 6:1216. doi: 10.3389/fmicb.2015.01216.

Balsanelli E, De Baura VA, De Oliveira Pedrosa F, De Souza
EM, Monteiro RA. 2014. Exopolysaccharide biosynthesis en-
ables mature biofilm formation on abiotic surfaces by her-
baspirillum seropedicae. PLOS One. 9(10):e110392. doi:
10.1371/journal.pone.0110392.

Beier BD, Quivey RG, Berger AJ. 2012. Raman microspectrosco-
py for species identification and mapping within bacterial
biofilms. AMB Express. 2(1):35. doi: 10.1186/2191-0855-2-35.

Bernatova S, Samek O, Pilat Z, Sery M, Jezek J, Jakl P, Siler M,
Krzyzének V, Zemanek P, Hola V, et al. 2013. Following the
mechanisms of bacteriostatic versus bactericidal action us-
ing raman spectroscopy. Molecules. 18(11):13188-13199.
doi: 10.3390/molecules181113188.

Bodelén G, Montes-Garcia V, Pérez-Juste J, Pastoriza-Santos I.
2018. Surface-enhanced Raman scattering spectroscopy for
label-free analysis of P. aeruginosa Quorum sensing. Front
Cell Infect Microbiol. 8:143. doi: 10.3389/fcimb.2018.00143.

Brown JL, Butcher MC, Veena CLR, Chogule S, Johnston W,
Ramage G. 2023. Generation of multispecies oral bacteria
biofilm models. Methods Mol Biol. 2588:187-199. doi:
10.1007/978-1-0716-2780-8_12.

Brzozowski K, Matuszyk E, Pieczara A, Firlej J, Nowakowska
AM, Baranska M. 2022. Stimulated Raman scattering mi-
croscopy in chemistry and life science—Development, in-
novation, perspectives. Biotechnol Adv. 60:108003. doi:
10.1016/j.biotechadv.2022.108003.

Butler HJ, Ashton L, Bird B, Cinque G, Curtis K, Dorney J,
Esmonde-White K, Fullwood NJ, Gardner B, Martin-Hirsch
PL, et al. 2016. Using Raman spectroscopy to characterize
biological materials. Nat Protoc. 11(4):664-687. doi:
10.1038/nprot.2016.036.

Carvalho G, Balestrino D, Forestier C, Mathias JD. 2018. How
do environment-dependent switching rates between sus-
ceptible and persister cells affect the dynamics of biofilms
faced with antibiotics? NPJ Biofilms Microbiomes. 4(1):6.
doi: 10.1038/541522-018-0049-2.

Centeleghe |, Norville P, Hughes L, Maillard JY. 2022. Dual
species dry surface biofilms; Bacillus species impact on
Staphylococcus aureus survival and surface disinfection. J
App! Microbiol. 133(2):1130-1140. doi: 10.1111/jam.15619.


http://orcid.org/0000-0002-8168-5333
http://orcid.org/0000-0002-5567-7399
https://doi.org/10.1007/s00216-019-01938-4
https://doi.org/10.1002/jrs.5827
https://doi.org/10.1093/jac/dky042
https://doi.org/10.33640/2405-609X.1364
https://doi.org/10.1128/spectrum.02487-22
https://doi.org/10.1128/spectrum.02487-22
https://doi.org/10.1039/d0an01482f
https://doi.org/10.1186/2191-0855-3-1
https://doi.org/10.1016/j.ijbiomac.2020.06.190
https://doi.org/10.7150/thno.32043
https://doi.org/10.7150/thno.32043
https://doi.org/10.3389/fmicb.2015.01216
https://doi.org/10.1371/journal.pone.0110392
https://doi.org/10.1186/2191-0855-2-35
https://doi.org/10.3390/molecules181113188
https://doi.org/10.3389/fcimb.2018.00143
https://doi.org/10.1007/978-1-0716-2780-8_12
https://doi.org/10.1016/j.biotechadv.2022.108003
https://doi.org/10.1038/nprot.2016.036
https://doi.org/10.1038/s41522-018-0049-2
https://doi.org/10.1111/jam.15619

Chen C, Wang Y, Wu F, Hong W. 2023. Rapid antifungal sus-
ceptibility testing based on single-cell metabolism analysis
using stimulated Raman scattering imaging. Anal Chem.
95(42):15556-15565. doi: 10.1021/acs.analchem.3c02243.

Chen S, Lin X, Yuen C, Padmanabhan S, Beuerman RW, Liu Q.
2014. Recovery of Raman spectra with low signal-to-noise
ratio using Wiener estimation. Opt Express. 22(10):12102-
12114. doi: 10.1364/0e.22.012102.

Chen X, Thomsen TR, Winkler H, Xu Y. 2020. Influence of bio-
film growth age, media, antibiotic concentration and expo-
sure time on Staphylococcus aureus and Pseudomonas aeru-
ginosa biofilm removal in vitro. BMC Microbiol. 20(1):264.
doi: 10.1186/512866-020-01947-9.

Cheng Q, Miao Y, Wild J, Min W, Yang Y. 2021. Emerging ap-
plications of stimulated Raman scattering microscopy in
materials science. Matter. 4(5):1460-1483. doi: 10.1016/j.
matt.2021.02.013.

Chisanga M, Linton D, Muhamadali H, Ellis DI, Kimber RL,
Mironov A, Goodacre R. 2020. Rapid differentiation of
Campylobacter jejuni cell wall mutants using Raman spectros-
copy, SERS and mass spectrometry combined with chemom-
etrics. Analyst. 145(4):1236-1249. doi: 10.1039/c9an02026h.

Cialla-May D, Schmitt M, Popp J. 2019. Theoretical principles
of Raman spectroscopy. Phys Sci Rev. 4(6). doi: 10.1515/
psr-2017-0040.

Cui D, Kong L, Wang Y, Zhu Y, Zhang C. 2022. In situ identifi-
cation of environmental microorganisms with Raman spec-
troscopy. Environ Sci Ecotechnol. 11:100187. doi: 10.1016/j.
ese.2022.100187.

Daood U, Burrow MF, Yiu CKY. 2020. Effect of a novel quater-
nary ammonium silane cavity disinfectant on cariogenic
biofilm formation. Clin Oral Investig. 24(2):649-661. doi:
10.1007/s00784-019-02928-7.

De Jonge N, Peckys DB. 2016. Live cell electron microscopy is
probably impossible. ACS Nano. 10(10):9061-9063. doi:
10.1021/acsnano.6b02809.

Delaney C, O’'Donnell LE, Kean R, Sherry L, Brown JL, Calvert
G, Nile CJ, Cross L, Bradshaw DJ, Brandt BW, et al. 2019.
Interkingdom interactions on the denture surface: implica-
tions for oral hygiene. Biofilm. 1:100002. doi: 10.1016/j.
bioflm.2019.100002.

Di Martino RMC, Maxwell BD, Pirali T. 2023. Deuterium in
drug discovery: progress, opportunities and challenges.
Nat Rev Drug Discov. 22(7):562-584. doi: 10.1038/541573-
023-00703-8.

Do H, Kwon S-R, Fu K, Morales-Soto N, Shrout JD, Bohn PW.
2019. Electrochemical surface-enhanced Raman spectros-
copy of pyocyanin secreted by Pseudomonas aeruginosa
communities. Langmuir. 35(21):7043-7049. doi: 10.1021/
acs.langmuir.9b00184.

Dong P-T, Zong C, Dagher Z, Hui J, Li J, Zhan Y, Zhang M,
Mansour MK, Cheng J-X. 2021. Polarization-sensitive stimu-
lated Raman scattering imaging resolves amphotericin B
orientation in Candida membrane. Sci Adv. 7(2). doi:
10.1126/sciadv.abd5230.

Dyre JC. 2016. Rayleigh scattering revisited. Nature Mater.
15(11):1150-1151. doi: 10.1038/nmat4735.

Engle K, Kumar G. 2024. Tackling multi-drug resistant fungi
by efflux pump inhibitors. Biochem Pharmacol. 226:116400.
doi: 10.1016/j.bcp.2024.116400.

Fan X, Zeng Y, Zhi Y, Nie T, Xu Y, Wang X. 2021. Signal-to-
noise ratio enhancement for Raman spectra based on

CRITICAL REVIEWS IN MICROBIOLOGY 15

optimized Raman spectrometer and convolutional denois-
ing autoencoder. J Raman Spectrosc. 52(4):890-900. doi:
10.1002/jrs.6065.

Farber C, Li J, Hager E, Chemelewski R, Mullet J, Rogachev AY,
Kurouski D. 2019. Complementarity of Raman and infrared
spectroscopy for structural characterization of plant epicu-
ticular waxes. ACS Omega. 4(2):3700-3707. doi: 10.1021/
acsomega.8b03675.

Faulds K, Hernandez-Santana A, Smith WE. 2010. The inorganic
chemistry of surface enhanced Raman scattering (SERS). In:
Spectroscopic properties of inorganic and organometallic
compounds. The Royal Society of Chemistry. vol. 41, pp.
1-21. doi: 10.1039/9781849730853-00001.

Figueroa B, Fu W, Nguyen T, Shin K, Manifold B, Wise F, Fu D.
2018. Broadband hyperspectral stimulated Raman scattering
microscopy with a parabolic fiber amplifier source. Biomed
Opt Express. 9(12):6116-6131. doi: 10.1364/b0e.9.006116.

Fisher MC, Alastruey-lzquierdo A, Berman J, Bicanic T, Bignell
EM, Bowyer P, Bromley M, Briiggemann R, Garber G,
Cornely OA, et al. 2022. Tackling the emerging threat of
antifungal resistance to human health. Nat Rev Microbiol.
20(9):557-571. doi: 10.1038/541579-022-00720-1.

Fullwood LM, Griffiths D, Ashton K, Dawson T, Lea RW, Davis
C, Bonnier F, Byrne HJ, Baker MJ. 2014. Effect of substrate
choice and tissue type on tissue preparation for spectral
histopathology by Raman microspectroscopy. Analyst.
139(2):446-454. doi: 10.1039/c3an01832f.

Ghebremedhin M, Yesupriya S, Crane NJ. 2016. Surface en-
hanced Raman spectroscopy as a point-of-care diagnostic
for infection in wound effluent. In: Optical diagnostics and
sensing XVI: toward point-of-care diagnostics. Washington,
USA: SPIE (Society of Photo-Optical Instrumentation
Engineers). doi: 10.1117/12.2212667.

Gracie K, Correa E, Mabbott S, Dougan JA, Graham D,
Goodacre R, Faulds K. 2014. Simultaneous detection and
quantification of three bacterial meningitis pathogens by
SERS. Chem Sci. 5(3):1030-1040. doi: 10.1039/C35SC52875H.

Harris DM, Hata DJ. 2013. Rapid identification of bacteria and
candida using pna-fish from blood and peritoneal fluid
cultures: a retrospective clinical study. Ann Clin Microbiol
Antimicrob. 12(1):2. doi: 10.1186/1476-0711-12-2.

He X, Liu Y, Huang S, Liu Y, Pu X, Xu T. 2018. Raman spectros-
copy coupled with principal component analysis to quan-
titatively analyze four crystallographic phases of explosive
CL-20. RSC Adv. 8(41):23348-23352. doi: 10.1039/
C8RA02189A.

Hobby GL, Meyer K, Chaffee E. 1942. Observations on the
mechanism of action of penicillin. Proc Soc Exp Biol Med.
50(2):281-285. doi: 10.3181/00379727-50-13773.

Hgiby N. 2014. A personal history of research on microbial
biofilms and biofilm infections. Pathog Dis. 70(3):205-211.
doi: 10.1111/2049-632X.12165.

Holmes AR, Cardno TS, Strouse JJ, Ivnitski-Steele I, Keniya MV,
Lackovic K, Monk BC, Sklar LA, Cannon RD. 2016. Targeting
efflux pumps to overcome antifungal drug resistance.
Future Med Chem. 8(12):1485-1501. doi: 10.4155/
fmc-2016-0050.

Horiue H, Sasaki M, Yoshikawa Y, Toyofuku M, Shigeto S.
2020. Raman spectroscopic signatures of carotenoids and
polyenes enable label-free visualization of microbial distri-
butions within pink biofilms. Sci Rep. 10(1):7704. doi:
10.1038/5s41598-020-64737-3.


https://doi.org/10.1021/acs.analchem.3c02243
https://doi.org/10.1364/oe.22.012102
https://doi.org/10.1186/s12866-020-01947-9
https://doi.org/10.1016/j.matt.2021.02.013
https://doi.org/10.1016/j.matt.2021.02.013
https://doi.org/10.1039/c9an02026h
https://doi.org/10.1515/psr-2017-0040
https://doi.org/10.1515/psr-2017-0040
https://doi.org/10.1016/j.ese.2022.100187
https://doi.org/10.1016/j.ese.2022.100187
https://doi.org/10.1007/s00784-019-02928-7
https://doi.org/10.1021/acsnano.6b02809
https://doi.org/10.1016/j.bioflm.2019.100002
https://doi.org/10.1016/j.bioflm.2019.100002
https://doi.org/10.1038/s41573-023-00703-8
https://doi.org/10.1038/s41573-023-00703-8
https://doi.org/10.1021/acs.langmuir.9b00184
https://doi.org/10.1021/acs.langmuir.9b00184
https://doi.org/10.1126/sciadv.abd5230
https://doi.org/10.1038/nmat4735
https://doi.org/10.1016/j.bcp.2024.116400
https://doi.org/10.1002/jrs.6065
https://doi.org/10.1021/acsomega.8b03675
https://doi.org/10.1021/acsomega.8b03675
https://doi.org/10.1039/9781849730853-00001
https://doi.org/10.1364/boe.9.006116
https://doi.org/10.1038/s41579-022-00720-1
https://doi.org/10.1039/c3an01832f
https://doi.org/10.1117/12.2212667
https://doi.org/10.1039/C3SC52875H
https://doi.org/10.1186/1476-0711-12-2
https://doi.org/10.1039/C8RA02189A
https://doi.org/10.1039/C8RA02189A
https://doi.org/10.3181/00379727-50-13773
https://doi.org/10.1111/2049-632X.12165
https://doi.org/10.4155/fmc-2016-0050
https://doi.org/10.4155/fmc-2016-0050
https://doi.org/10.1038/s41598-020-64737-3

16 . Z.BILALETAL.

Hu F, Shi L, Min W. 2019. Biological imaging of chemical
bonds by stimulated Raman scattering microscopy. Nat
Methods. 16(9):830-842. doi: 10.1038/s41592-019-0538-0.

Hu Q, Zhou M, Wei S. 2018. Progress on the antimicrobial
activity research of clove oil and eugenol in the food anti-
sepsis field. J Food Sci. 83(6):1476-1483. doi: 10.1111/
1750-3841.14180.

Ivanova LA, Egorov VV, Zabrodskaya YA, Shaldzhyan AA,
Baranchikov AY, Tsvigun NV, Lykholay AN, Yapryntsev AD,
Lebedev DV, Kulminskaya AA, et al. 2023. Matrix is every-
where: extracellular DNA is a link between biofilm and min-
eralization in Bacillus cereus planktonic lifestyle. NPJ Biofilms
Microbiomes. 9(1):9. doi: 10.1038/541522-023-00377-5.

lzard J, Limberger RJ. 2003. Rapid screening method for
quantitation of bacterial cell lipids from whole cells. J
Microbiol Methods. 55(2):411-418. doi: 10.1016/S0167-
7012(03)00193-3.

Jarvis RM, Brooker A, Goodacre R. 2004. Surface-enhanced
Raman spectroscopy for bacterial discrimination utilizing a
scanning electron microscope with a Raman spectroscopy
interface. Anal Chem. 76(17):5198-5202. doi: 10.1021/
ac049663f.

Jiao Y, Cody GD, Harding AK, Wilmes P, Schrenk M, Wheeler
KE, Banfield JF, Thelen MP. 2010. Characterization of extra-
cellular polymeric substances from acidophilic microbial
biofilms. Appl Environ Microbiol. 76(9):2916-2922. doi:
10.1128/AEM.02289-09.

Jones RR, Hooper DC, Zhang L, Wolverson D, Valev VK. 2019.
Raman techniques: fundamentals and Frontiers. Nanoscale
Res Lett. 14(1):231. doi: 10.1186/s11671-019-3039-2.

Jung GB, Lee YJ, Lee G, Park H-K. 2013. A simple and rapid
detection of tissue adhesive-induced biochemical changes
in cells and DNA using Raman spectroscopy. Biomed Opt
Express. 4(11):2673-2682. doi: 10.1364/boe.4.002673.

Jung GB, Nam SW, Choi S, Lee G-J, Park H-K. 2014. Evaluation
of antibiotic effects on Pseudomonas aeruginosa biofilm us-
ing Raman spectroscopy and multivariate analysis. Biomed
Opt Express. 5(9):3238-3251. doi: 10.1364/boe.5.003238.

Kamimura R, Kanematsu H, Ogawa A, Kogo T, Miura H, Kawai
R, Hirai N, Kato T, Yoshitake M, Barry DM, et al. 2022.
Quantitative analyses of biofilm by using crystal violet
staining and optical reflection. Materials. 15(19):6727. doi:
10.3390/ma15196727.

Karygianni L, Ren Z, Koo H, Thurnheer T. 2020. Biofilm matrix-
ome: extracellular components in structured microbial
communities. Trends Microbiol. 28(8):668-681. doi: 10.1016/
j.tim.2020.03.016.

Kassem A, Abbas L, Coutinho O, Opara S, Najaf H, Kasperek D,
Pokhrel K, Li X, Tiquia-Arashiro S. 2023. Applications of Fourier
transform-infrared spectroscopy in microbial cell biology and
environmental microbiology: advances, challenges, and fu-
ture perspectives. Front Microbiol. 14:1342406. doi: 10.3389/
fmicb.2023.1304081.

Kearns H, Goodacre R, Jamieson LE, Graham D, Faulds K.
2017. SERS detection of multiple antimicrobial-resistant
pathogens using nanosensors. Anal Chem. 89(23):12666-
12673. doi: 10.1021/acs.analchem.7b02653.

Kelestemur S, Avci E, Culha M. 2018. Raman and surface-
enhanced Raman scattering for biofilm characterization.
Chemosensors. 6(1):5. doi: 10.3390/chemosensors6010005.

Kelestemur S, Culha M. 2017. Understanding and discrimina-
tion of biofilms of clinically relevant microorganisms using

surface-enhanced Raman scattering. Appl Spectrosc.
71(6):1180-1188. doi: 10.1177/0003702816670916.

Kim J, Chin YW. 2023. Antimicrobial agent against methicillin-
resistant Staphylococcus aureus biofilm monitored using
Raman spectroscopy. Pharmaceutics. 15(7):1937. doi:
10.3390/pharmaceutics15071937.

Kotisova E, Prochazka M, Sipova H. 2016. Thiol-modified
gold-coated glass as an efficient hydrophobic substrate for
drop coating deposition Raman (DCDR) technique. J
Raman Spectrosc. 47(11):1394-1396. doi: 10.1002/jrs.4961.

Kriem LS, Wright K, Ccahuana-Vasquez RA, Rupp S. 2020.
Confocal Raman microscopy to identify bacteria in oral
subgingival biofiim models. PLOS One. 15(5):0232912.
doi: 10.1371/journal.pone.0232912.

Kuhar N, Sil S, Verma T, Umapathy S. 2018. Challenges in ap-
plication of Raman spectroscopy to biology and materials.
RSC Adv. 8, 25888-25908. doi: 10.1039/c8ra04491k.

Kulshrestha A, Gupta P. 2022. Polymicrobial interaction in bio-
film: mechanistic insights. Pathog Dis. 80(1):ftac010. doi:
10.1093/femspd/ftac010.

Kusi¢ D, Kampe B, Ramoji A, Neugebauer U, Résch P, Popp J.
2015. Raman spectroscopic differentiation of planktonic
bacteria and biofilms. Anal Bioanal Chem. 407(22):6803-
6813. doi: 10.1007/s00216-015-8851-7.

Landlinger, C., Tisakova, L., Oberbauer, V., Schwebs, T,
Muhammad, A, Latka, A., Van Simaey, L., Vaneechoutte, M.,
Guschin, A., Resch, G. Swidsinski, S., Swidsinski, A, &
Corsini, L. (2021). Engineered Phage Endolysin Eliminates
Gardnerella Biofilm without Damaging Beneficial Bacteria
in Bacterial Vaginosis Ex Vivo. Pathogens (Basel,
Switzerland), 10(1), 54. 10.3390/pathogens10010054

Lee KS, Landry Z, Athar A, Alcolombri U, Pramoj Na Ayutthaya
P, Berry D, de Bettignies P, Cheng J-X, Csucs G, Cui L, et al.
2024. MicrobioRaman: an open-access web repository for
microbiological Raman spectroscopy data. Nat Microbiol.
9(5):1152-1156. doi: 10.1038/541564-024-01656-3.

Lemmer KC, Zhang W, Langer SJ, Dohnalkova AC, Hu D, Lemke
RA, Piotrowski JS, Orr G, Noguera DR, Donohue TJ, et al.
2017. Mutations that alter the bacterial cell envelope increase
lipid production. mBio. 8(3):e00513-17. doi: 10.1128/
mBio.00513-17.

Li B, Zhu C, Sun L, Dong H, Sun Y, Cao S, Zhen L, Qi Q, Zhang

Q, Mo T, et al. 2022. Performance evaluation and clinical

validation of optimized nucleotide MALDI-TOF-MS for my-

cobacterial identification. Front Cell Infect Microbiol.

12:1079184. doi: 10.3389/fcimb.2022.1079184.

X, Wang D, Cai D, Zhan Y, Wang Q, Chen S. 2017.

Identification and high-level production of pulcherrimin in

Bacillus licheniformis DW2. Appl Biochem Biotechnol.

183(4):1323-1335. doi: 10.1007/s12010-017-2500-x.

Y, Xiao P, Wang Y, Hao Y. 2020. Mechanisms and control

measures of mature biofilm resistance to antimicrobial

agents in the clinical context. ACS Omega. 5(36):22684—

22690. doi: 10.1021/acsomega.0c02294.

Lima C, Muhamadali H, Goodacre R. 2021. The role of Raman
spectroscopy within quantitative metabolomics. Annu Rev
Anal Chem. 14(1):323-345. doi: 10.1146/annurev-anchem-
091420-092323.

Lima C, Muhamadali H, Goodacre R. 2022. Simultaneous
Raman and infrared spectroscopy of stable isotope la-
belled Escherichia coli. Sensors. 22(10):3928. doi: 10.3390/
$22103928.

L

L


https://doi.org/10.1038/s41592-019-0538-0
https://doi.org/10.1111/1750-3841.14180
https://doi.org/10.1111/1750-3841.14180
https://doi.org/10.1038/s41522-023-00377-5
https://doi.org/10.1016/S0167-7012(03)00193-3
https://doi.org/10.1016/S0167-7012(03)00193-3
https://doi.org/10.1021/ac049663f
https://doi.org/10.1021/ac049663f
https://doi.org/10.1128/AEM.02289-09
https://doi.org/10.1186/s11671-019-3039-2
https://doi.org/10.1364/boe.4.002673
https://doi.org/10.1364/boe.5.003238
https://doi.org/10.3390/ma15196727
https://doi.org/10.1016/j.tim.2020.03.016
https://doi.org/10.1016/j.tim.2020.03.016
https://doi.org/10.3389/fmicb.2023.1304081
https://doi.org/10.3389/fmicb.2023.1304081
https://doi.org/10.1021/acs.analchem.7b02653
https://doi.org/10.3390/chemosensors6010005
https://doi.org/10.1177/0003702816670916
https://doi.org/10.3390/pharmaceutics15071937
https://doi.org/10.1002/jrs.4961
https://doi.org/10.1371/journal.pone.0232912
https://doi.org/10.1039/c8ra04491k
https://doi.org/10.1093/femspd/ftac010
https://doi.org/10.1007/s00216-015-8851-7
https://doi.org/10.3390/pathogens10010054
https://doi.org/10.1038/s41564-024-01656-3
https://doi.org/10.1128/mBio.00513-17
https://doi.org/10.1128/mBio.00513-17
https://doi.org/10.3389/fcimb.2022.1079184
https://doi.org/10.1007/s12010-017-2500-x
https://doi.org/10.1021/acsomega.0c02294
https://doi.org/10.1146/annurev-anchem-091420-092323
https://doi.org/10.1146/annurev-anchem-091420-092323
https://doi.org/10.3390/s22103928
https://doi.org/10.3390/s22103928

Limoli DH, Jones CJ, Wozniak DJ. 2015. Bacterial extracellular
polysaccharides in biofilm formation and function. Microbiol
Spectr. 3(3). doi: 10.1128/microbiolspec.mb-0011-2014.

Locke AK, Zaki FR, Fitzgerald ST, Sudhir K, Monroy GL, Choi
H, Won J, Mahadevan-Jansen A, Boppart SA. 2022.
Differentiation of otitis media-causing bacteria and bio-
films via Raman spectroscopy and optical coherence to-
mography. Front Cell Infect Microbiol. 12:869761. doi:
10.3389/fcimb.2022.869761.

Lopatkin AJ, Bening SC, Manson AL, Stokes JM, Kohanski MA,
Badran AH, Earl AM, Cheney NJ, Yang JH, Collins JJ, et al.
2021. Clinically relevant mutations in core metabolic genes
confer antibiotic resistance. Science. 371(6531):eaba0862.
doi: 10.1126/science.aba0862.

Malinovska Z, Conkové E, Véaczi P. 2023. Biofilm formation in
medically important Candida species. J Fungi. 9(10):955.
doi: 10.3390/jof9100955.

Martins M, McCusker M, Amaral L, Fanning S. 2011. Mechanisms
of antibiotic resistance in Salmonella: efflux pumps, genet-
ics, quorum sensing and biofilm formation. Lett Drug Des
Discov. 8(2):114-123. doi: 10.2174/157018011794183770.

Masson LE, O'Brien CM, Pence IJ, Herington JL, Reese J, van
Leeuwen TG, Mahadevan-Jansen A. 2018. Dual excitation
wavelength system for combined fingerprint and high
wavenumber Raman spectroscopy. Analyst. 143(24):6049-
6060. doi: 10.1039/c8an01989d.

Masters BR. 2009. C. V. Raman and the Raman effect—
Landmark—American Chemical Society. Opt Photon News.
20(3), 40-45.

Masyuko RN, Lanni EJ, Driscoll CM, Shrout JD, Sweedler JV,
Bohn PW. 2014. Correction: spatial organization of
Pseudomonas aeruginosa biofilms probed by combined
matrix-assisted laser desorption ionization mass spectrom-
etry and confocal raman microscopy. Analyst. 139(22):6058-
6060. doi: 10.1039/C4AN90079K.

Mikoliunaite L, Rodriguez RD, Sheremet E, Kolchuzhin V,
Mehner J, Ramanavicius A, Zahn DRT. 2015. The substrate
matters in the Raman spectroscopy analysis of cells. Sci
Rep. 5(1):13150. doi: 10.1038/srep13150.

Mitsutake H, Poppi RJ, Breitkreitz MC. 2019. Raman imaging
spectroscopy: history, fundamentals and current scenario
of the technique. J Braz Chem Soc. 30 (11). doi:
10.21577/0103-5053.20190116.

Miyaue S, Suzuki E, Komiyama Y, Kondo Y, Morikawa M, Maeda
S. 2018. Bacterial memory of persisters: bacterial persister
cells can retain their phenotype for days or weeks after
withdrawal from colony-biofilm culture. Front Microbiol.
9:1396. doi: 10.3389/fmicb.2018.01396.

Mlynarikova K, Samek O, Bernatova S, Ruzicka F, Jezek J,
Haronikova A, Siler M, Zemanek P, Hold V. 2015. Influence
of culture media on microbial fingerprints using raman
spectroscopy. Sensors. 15(11):29635-29647. doi: 10.3390/
s151129635.

Mountcastle SE, Vyas N, Villapun VM, Cox SC, Jabbari S,
Sammons RL, Shelton RM, Walmsley AD, Kuehne SA. 2021.
Biofilm viability checker: an open-source tool for automat-
ed biofilm viability analysis from confocal microscopy im-
ages. NPJ Biofilms Microbiomes. 7(1):44. doi: 10.1038/
s41522-021-00214-7.

Movasaghi Z, Rehman S, Rehman IU. 2007. Raman spectros-
copy of biological tissues. Appl Spectrosc Rev. 42(5):493-
541. doi: 10.1080/05704920701551530.

CRITICAL REVIEWS IN MICROBIOLOGY 17

Muhamadali H, Subaihi A, Mohammadtaheri M, Xu Y, Ellis DI,
Ramanathan R, Bansal V, Goodacre R. 2016. Rapid, accu-
rate, and comparative differentiation of clinically and in-
dustrially relevant microorganisms: via multiple vibrational
spectroscopic fingerprinting. Analyst. 141(17):5127-5136.
doi: 10.1039/c6an00883f.

Murray CJL, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar
G, Gray A, Han C, Bisignano C, Rao P, Wool E, et al. 2022.
Global burden of bacterial antimicrobial resistance in 2019:
a systematic analysis. Lancet. 399(10325):629-655. doi:
10.1016/50140-6736(21)02724-0.

Nakar A, Pistiki A, Ryabchykov O, Bocklitz T, Rosch P, Popp J.
2022. Detection of multi-resistant clinical strains of E. coli
with Raman spectroscopy. Anal Bioanal Chem. 414(4):1481-
1492. doi: 10.1007/500216-021-03800-y.

Nassar R, Hachim M, Nassar M, Kaklamanos EG, Jamal M,
Williams D, Senok A. 2020. Microbial metabolic genes cru-
cial for S. aureus biofilms: an insight from re-analysis of
publicly available microarray datasets. Front Microbiol.
11:607002. doi: 10.3389/fmicb.2020.607002.

Notingher |, Verrier S, Romanska H, Bishop AE, Polak JM,
Hench LL. 2002. In situ characterisation of living cells by
Raman spectroscopy. Spectroscopy. 16(2):43-51. doi:
10.1155/2002/408381.

Novikov A, Sayfutdinova A, Botchkova E, Kopitsyn D,
Fakhrullin R. 2022. Antibiotic susceptibility testing with
Raman biosensing. Antibiotics. 11(12):1812. doi: 10.3390/
antibiotics11121812.

O'Neill J. 2019. Tackling drug-resistant infections globally: fi-
nal report and recommendations: the review on antimicro-
bial resistance. 2016. https://amr-review.org.Publ.html.

Ong YH, Lim M, Liu Q. 2012. Comparison of principal compo-
nent analysis and biochemical component analysis in
Raman spectroscopy for the discrimination of apoptosis
and necrosis in K562 leukemia cells. Opt Express. 20(20):
22158-22171. doi: 10.1364/0e.20.022158.

Pai L, Patil S, Liu S, Wen F. 2023. A growing battlefield in the war
against biofilm-induced antimicrobial resistance: insights from
reviews on antibiotic resistance. Front Cell Infect Microbiol.
13:1327069. doi: 10.3389/fcimb.2023.13270609.

Pandey DK, Kagdada HL, Sanchora P, Singh DK. 2021.
Overview of Raman spectroscopy: fundamental to applica-
tions. In: Progress in optical science and photonics. Springer
Nature, Singapore. doi: 10.1007/978-981-33-6084-6_6.

Pandian S, Lakshmi S, Priya A, Balasubramaniam B, Zaukuu
J-L, Durgadevi R, Abe-Inge V, Sohn S-I. 2023. Spectroscopic
methods for the detection of microbial pathogens and di-
agnostics of infectious diseases—an updated overview.
Processes. 11(4):1191. doi: 10.3390/pr11041191.

Pankey GA, Sabath LD. 2004. Clinical relevance of bacterio-
static versus bactericidal mechanisms of action in the
treatment of gram-positive bacterial infections. Clin Infect
Dis. 38(6):864-870. doi: 10.1086/381972.

Par M, Gamulin O, Spanovic N, Bjelovucic R, Tarle Z. 2019.
The effect of excitation laser power in Raman spectroscop-
ic measurements of the degree of conversion of resin
composites. Dent Mater. 35(9):1227-1237. doi: 10.1016/j.
dental.2019.05.018.

Park S, Reyer MA, McLean EL, Liu W, Fei J. 2019. An improved
method for bacterial immunofluorescence staining to elimi-
nate antibody exclusion from the fixed nucleoid. Biochemistry.
58(45):4457-4465. doi: 10.1021/acs.biochem.9b00724.


https://doi.org/10.1128/microbiolspec.mb-0011-2014
https://doi.org/10.3389/fcimb.2022.869761
https://doi.org/10.1126/science.aba0862
https://doi.org/10.3390/jof9100955
https://doi.org/10.2174/157018011794183770
https://doi.org/10.1039/c8an01989d
https://doi.org/10.1039/C4AN90079K
https://doi.org/10.1038/srep13150
https://doi.org/10.21577/0103-5053.20190116
https://doi.org/10.3389/fmicb.2018.01396
https://doi.org/10.3390/s151129635
https://doi.org/10.3390/s151129635
https://doi.org/10.1038/s41522-021-00214-7
https://doi.org/10.1038/s41522-021-00214-7
https://doi.org/10.1080/05704920701551530
https://doi.org/10.1039/c6an00883f
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1007/s00216-021-03800-y
https://doi.org/10.3389/fmicb.2020.607002
https://doi.org/10.1155/2002/408381
https://doi.org/10.3390/antibiotics11121812
https://doi.org/10.3390/antibiotics11121812
https://amr-review.org.Publ.html
https://doi.org/10.1364/oe.20.022158
https://doi.org/10.3389/fcimb.2023.1327069
https://doi.org/10.1007/978-981-33-6084-6_6
https://doi.org/10.3390/pr11041191
https://doi.org/10.1086/381972
https://doi.org/10.1016/j.dental.2019.05.018
https://doi.org/10.1016/j.dental.2019.05.018
https://doi.org/10.1021/acs.biochem.9b00724

18 . Z.BILALETAL.

Pelz A, Wieland K-P, Putzbach K, Hentschel P, Albert K, Gtz F.
2005. Structure and biosynthesis of staphyloxanthin from
Staphylococcus aureus. J Biol Chem. 280(37):32493-32498.
doi: 10.1074/jbc.M505070200.

Peters BM, Jabra-Rizk MA, O'May GA, Costerton JW, Shirtliff
ME. 2012. Polymicrobial interactions: impact on pathogen-
esis and human disease. Clin Microbiol Rev. 25(1):193-213.
doi: 10.1128/CMR.00013-11.

Pezzotti G, Kobara M, Nakaya T, Imamura H, Asai T, Miyamoto
N, Adachi T, Yamamoto T, Kanamura N, Ohgitani E, et al.
2022. Raman study of pathogenic Candida auris: imaging
metabolic machineries in reaction to antifungal drugs.
Front Microbiol. 13:896359. doi: 10.3389/fmicb.2022.896359.

Pistiki A, Monecke S, Shen H, Ryabchykov O, Bocklitz TW,
Résch P, Ehricht R, Popp J. 2022. Comparison of different
label-free Raman spectroscopy approaches for the discrim-
ination of clinical MRSA and MSSA isolates. Microbiol
Spectr. 10(5):e0076322. doi: 10.1128/spectrum.00763-22.

Polisetti S, Baig NF, Morales-Soto N, Shrout JD, Bohn PW.
2017. Spatial mapping of pyocyanin in Pseudomonas aeru-
ginosa bacterial communities using surface enhanced
Raman scattering. Appl Spectrosc. 71(2):215-223. doi:
10.1177/0003702816654167.

Prentice EL, Webber MA. 2024. Mechanisms of antimicrobial
resistance in bio films. 1-10. doi: 10.1038/544259-024-
00046-3.

Prince RC, Frontiera RR, Potma EO. 2017. Stimulated Raman
scattering: from bulk to nano. Chem Rev. 117(7):5070-
5094. doi: 10.1021/acs.chemrev.6b00545.

Qin S, Xiao W, Zhou C, Pu Q, Deng X, Lan L, Liang H, Song
X, Wu M. 2022. Pseudomonas aeruginosa: pathogenesis, vir-
ulence factors, antibiotic resistance, interaction with host,
technology advances and emerging therapeutics. Signal
Transduct Target Ther. 7(1):199. doi: 10.1038/541392-022-
01056-1.

Quintelas C, Ferreira EC, Lopes JA, Sousa C. 2018. An over-
view of the evolution of infrared spectroscopy applied to
bacterial typing. Biotechnol J. 13(1):320 to 329. doi:
10.1002/biot.201700449.

Ramage G, Rajendran R, Sherry L, Williams C. 2012. Fungal
biofilm resistance. Int J Microbiol. 2012:528521. doi:
10.1155/2012/528521.

Raman CV, Krishnan KS. 1928. A new type of secondary radia-
tion [11]. Nature. 121(3048):501-502. doi: 10.1038/121501c0.

Ramos IRM, Malkin A, Lyng FM. 2015. Current advances in
the application of Raman spectroscopy for molecular diag-
nosis of cervical cancer. Biomed Res Int. 2015:561242. doi:
10.1155/2015/561242.

Rebrosova K, Samek O, Kizovsky M, Bernatova S, Hola V,
Ruzicka F. 2022. Raman spectroscopy—a novel method for
identification and characterization of microbes on a single-
cell level in clinical settings. Front Cell Infect Microbiol.
12:866463. doi: 10.3389/fcimb.2022.866463.

Rebrosova K, Siler M, Samek O, Rdzi¢ka F, Bernatova S, Hola
V, Jezek J, Zeméanek P, Sokolovd J, Petrd$ P, et al. 2017.
Rapid identification of staphylococci by Raman spectrosco-
py. Sci Rep. 7(1):14846. doi: 10.1038/541598-017-13940-w.

Rodriguez L, Zhang Z, Wang D. 2023. Recent advances of
Raman spectroscopy for the analysis of bacteria. Anal Sci
Adv. 4(3-4):81-95. doi: 10.1002/ansa.202200066.

Sauer K, Stoodley P, Goeres DM, Hall-Stoodley L, Burmeglle M,
Stewart PS, Bjarnsholt T. 2022. The biofilm life cycle: expanding

the conceptual model of biofilm formation. Nat Rev Microbiol.
20(10):608-620. doi: 10.1038/s41579-022-00767-0.

Sharma G, Prakash A. 2021. Combined use of fourier trans-
form infrared and Raman spectroscopy to study planktonic
and biofilm cells of Cronobacter sakazakii. J Microbiol
Biotechnol Food Sci. 3(4), 310-314.

Shen H, Rosch P, Thieme L, Pletz MW, Popp J. 2023.
Comparison of bacteria in different metabolic states by
micro-Raman spectroscopy. J Mol Struct. 1277:134831. doi:
10.1016/j.molstruc.2022.134831.

Shi L, Fung AA, Zhou A. 2021. Advances in stimulated Raman
scattering imaging for tissues and animals. Quant Imaging
Med Surg. 11(3):1078-1101. doi: 10.21037/qims-20-712.

Short B, Bakri A, Baz A, Williams C, Brown J, Ramage G. 2023.
There is more to wounds than bacteria: fungal biofilms in
chronic wounds. Curr Clin Micro Rpt. 10(1):9-16. doi:
10.1007/540588-022-00187-x.

Singh S, Datta S, Narayanan KB, Rajnish KN. 2021. Bacterial
exo-polysaccharides in biofilms: role in antimicrobial resis-
tance and treatments. J Genet Eng Biotechnol. 19(1):140.
doi: 10.1186/543141-021-00242-y.

Singhal N, Kumar M, Kanaujia PK, Virdi JS. 2015. MALDI-TOF
mass spectrometry: an emerging technology for microbial
identification and diagnosis. Front Microbiol. 6:791. doi:
10.3389/fmicb.2015.00791.

Soares A, Alexandre K, Etienne M. 2020. Tolerance and per-
sistence of Pseudomonas aeruginosa in biofilms exposed to
antibiotics: molecular mechanisms, antibiotic strategies
and therapeutic perspectives. Front Microbiol. 11:2057. doi:
10.3389/fmicb.2020.02057.

Soto SM. 2013. Role of efflux pumps in the antibiotic resis-
tance of bacteria embedded in a biofilm. Virulence. 4(3):
223-229. doi: 10.4161/viru.23724.

Sugimoto S, Okuda K-, Miyakawa R, Sato M, Arita-Morioka
K-, Chiba A, Yamanaka K, Ogura T, Mizunoe Y, Sato C, et
al. 2016. Imaging of bacterial multicellular behaviour in
biofilms in liquid by atmospheric scanning electron mi-
croscopy. Sci Rep. 6(1):25889. doi: 10.1038/srep25889.

Tewes TJ, Centeleghe |, Maillard JY, Platte F, Bockmiihl DP.
2022. Raman microscopic analysis of dry-surface biofilms
on clinically relevant materials. Microorganisms. 10(7):1369.
doi: 10.3390/microorganisms10071369.

Tian S, Zhang Z, Meng F, Wang Z, Luo L. 2023. Recent ad-
vances in enhancement of Raman scattering intensity for
biological applications. Chem Biomed Imaging. 1(7):575-
589. doi: 10.1021/cbmi.3c00017.

Tipping WJ, Faulds K, Graham D. 2024. Advances in super-
resolution stimulated Raman scattering microscopy. Chem
Biomed Imaging. 2(11):733-743. doi: 10.1021/cbmi.4c00057.

Tipping WJ, Lee M, Serrels A, Brunton VG, Hulme AN. 2016.
Stimulated Raman scattering microscopy: an emerging
tool for drug discovery. Chem Soc Rev. 45(8):2075-2089.
doi: 10.1039/c5cs00693g.

Tomizawa T, Nishitani K, Ito H, Okae Y, Morita Y, Doi K, Saito
M, Ishie S, Yoshida S, Murata K, et al. 2021. The limitations
of mono- and combination antibiotic therapies on imma-
ture biofilms in a murine model of implant-associated
osteomyelitis. J Orthop Res. 39(2):449-457. doi: 10.1002/
jor.24956.

Tsuchida S, Nakayama T. 2022. MALDI-based mass spectrom-
etry in clinical testing: focus on bacterial identification.
Appl Sci. 12(6):2814. doi: 10.3390/app12062814.


https://doi.org/10.1074/jbc.M505070200
https://doi.org/10.1128/CMR.00013-11
https://doi.org/10.3389/fmicb.2022.896359
https://doi.org/10.1128/spectrum.00763-22
https://doi.org/10.1177/0003702816654167
https://doi.org/10.1038/s44259-024-00046-3
https://doi.org/10.1038/s44259-024-00046-3
https://doi.org/10.1021/acs.chemrev.6b00545
https://doi.org/10.1038/s41392-022-01056-1
https://doi.org/10.1038/s41392-022-01056-1
https://doi.org/10.1002/biot.201700449
https://doi.org/10.1155/2012/528521
https://doi.org/10.1038/121501c0
https://doi.org/10.1155/2015/561242
https://doi.org/10.3389/fcimb.2022.866463
https://doi.org/10.1038/s41598-017-13940-w
https://doi.org/10.1002/ansa.202200066
https://doi.org/10.1038/s41579-022-00767-0
https://doi.org/10.1016/j.molstruc.2022.134831
https://doi.org/10.21037/qims-20-712
https://doi.org/10.1007/s40588-022-00187-x
https://doi.org/10.1186/s43141-021-00242-y
https://doi.org/10.3389/fmicb.2015.00791
https://doi.org/10.3389/fmicb.2020.02057
https://doi.org/10.4161/viru.23724
https://doi.org/10.1038/srep25889
https://doi.org/10.3390/microorganisms10071369
https://doi.org/10.1021/cbmi.3c00017
https://doi.org/10.1021/cbmi.4c00057
https://doi.org/10.1039/c5cs00693g
https://doi.org/10.1002/jor.24956
https://doi.org/10.1002/jor.24956
https://doi.org/10.3390/app12062814

Usman M, Tang J-W, Li F, Lai J-X, Liu Q-H, Liu W, Wang L.
2023. Recent advances in surface enhanced Raman spec-
troscopy for bacterial pathogen identifications. J Adv Res.
51:91-107. doi: 10.1016/j.jare.2022.11.010.

van Dun SCJ, Verheul M, Pijls BGCW, van Prehn J, Scheper H,
Galli F, Nibbering PH, de Boer MGJ. 2023. Influence of sur-
face characteristics of implant materials on MRSA biofilm
formation and effects of antimicrobial treatment. Front
Microbiol. 14:1145210. doi: 10.3389/fmicb.2023.1145210.

van Hoogstraten SWG, Kuik C, Arts JJC, Cillero-Pastor B. 2024.
Molecular imaging of bacterial bioflms—a systematic re-
view. Crit Rev Microbiol. 50(6):971-992. doi: 10.1080/
1040841X.2023.2223704.

Vestweber PK, Wachter J, Planz V, Jung N, Windbergs M. 2024.
The interplay of Pseudomonas aeruginosa and Staphylococcus
aureus in dual-species biofilms impacts development, antibi-
otic resistance and virulence of biofilms in in vitro wound
infection models. PLOS One. 19(5):e0304491. doi: 10.1371/
journal.pone.0304491.

Vinogradov AP, Shishkov VY, Doronin IV, Andrianov ES, Pukhov
AA, Lisyansky AA. 2021. Quantum theory of Rayleigh scat-
tering. Opt Express. 29(2):2501-2520. doi: 10.1364/0e.412852.

Wahl J, Klint E, Hallbeck M, Hillman J, Wardell K, Ramser K.
2022. Impact of preprocessing methods on the Raman
spectra of brain tissue. Biomed Opt Express. 13(12):6763—
6777. doi: 10.1364/boe.476507.

Wang H, Zhang W, Tang YW. 2022. Clinical microbiology in
detection and identification of emerging microbial patho-
gens: past, present and future. Emerg Microbes Infect.
11(1):2579-2589. doi: 10.1080/22221751.2022.2125345.

Wang S, Zhao Y, Breslawec AP, Liang T, Deng Z, Kuperman LL,
Yu Q. 2023. Strategy to combat biofilms: a focus on biofilm
dispersal enzymes. NPJ Biofilms Microbiomes. 9(1):63. doi:
10.1038/541522-023-00427-y.

Wang Y, Song Y, Tao Y, Muhamadali H, Goodacre R, Zhou N-Y,
Preston GM, Xu J, Huang WE. 2016. Reverse and multiple
stable isotope probing to study bacterial metabolism and
interactions at the single cell level. Anal Chem. 88(19):9443-
9450. doi: 10.1021/acs.analchem.6b01602.

Wei L, Hu F, Shen Y, Chen Z, Yu Y, Lin C-C, Wang MC, Min W.
2014. Live-cell imaging of alkyne-tagged small biomole-
cules by stimulated Raman scattering. Nat Methods.
11(4):410-412. doi: 10.1038/nmeth.2878.

Wolcott RD, Rumbaugh KP, James G, Schultz G, Phillips P, Yang
Q, Watters C, Stewart PS, Dowd SE. 2010. Biofilm maturity

CRITICAL REVIEWS IN MICROBIOLOGY 19

studies indicate sharp debridement opens a timedependent
therapeutic window. J Wound Care. 19(8):320-328. doi:
10.12968/jowc.2010.19.8.77709.

Wood TK, Knabel SJ, Kwan BW. 2013. Bacterial persister cell
formation and dormancy. Appl Environ Microbiol. 79(23):
7116-7121. doi: 10.1128/AEM.02636-13.

[WHOQ] World Health Organization. 2022. WHO fungal priority
pathogens list to guide research, development and public
health action. Licence: CC BY-NC-SA 3.0 IGO.

Wu X, Chen J, Li X, Zhao Y, Zughaier SM. 2014. Culture-free
diagnostics of Pseudomonas aeruginosa infection by silver
nanorod array based SERS from clinical sputum samples.
Nanomedicine. 10(8):1863-1870. doi: 10.1016/j.nano.
2014.04.010.

Yamakoshi H, Dodo K, Palonpon A, Ando J, Fujita K,
Kawata S, Sodeoka M. 2012. Alkyne-tag Raman imaging
for visualization of mobile small molecules in live cells.
J Am Chem Soc. 134(51):20681-20689. doi: 10.1021/
ja308529n.

Yang E, Fan L, Yan J, Jiang Y, Doucette C, Fillmore S, Walker
B. 2018. Influence of culture media, pH and temperature
on growth and bacteriocin production of bacteriocinogen-
ic lactic acid bacteria. AMB Express. 8(1):10. doi: 10.1186/
$13568-018-0536-0.

Yo C-H, Shen Y-H, Hsu W-T, Mekary RA, Chen ZR, Lee W-TJ,
Chen S-C, Lee C-C. 2022. MALDI-TOF mass spectrometry
rapid pathogen identification and outcomes of patients
with bloodstream infection: a systematic review and
meta-analysis. Microb Biotechnol. 15(10):2667-2682. doi:
10.1111/1751-7915.14124.

Zhang W, He S, Hong W, Wang P. 2022. A review of
Raman-based technologies for bacterial identification and
antimicrobial susceptibility testing. Photonics. 9(3):133. doi:
10.3390/photonics9030133.

Zhang Y, Hong H, Cai W. 2010. Imaging with Raman spectros-
copy. Curr Pharm Biotechnol. 11(6):654-661. doi: 10.2174/
138920110792246483.

Zheng YT, Toyofuku M, Nomura N, Shigeto S. 2013. Correlation
of carotenoid accumulation with aggregation and biofilm
development in Rhodococcus sp. SD-74. Anal Chem.
85(15):7295-7301. doi: 10.1021/ac401188f.

Zheng Z, Xing J, Shi H, Wu M, Yang R, Yao P, Xu RX. 2022. 2D
scanning SERS probe for early biofilm boundary determi-
nation. Sens Actuators B Chem. 363:131822. doi: 10.1016/j.
snb.2022.131822.


https://doi.org/10.1016/j.jare.2022.11.010
https://doi.org/10.3389/fmicb.2023.1145210
https://doi.org/10.1080/1040841X.2023.2223704
https://doi.org/10.1080/1040841X.2023.2223704
https://doi.org/10.1371/journal.pone.0304491
https://doi.org/10.1371/journal.pone.0304491
https://doi.org/10.1364/oe.412852
https://doi.org/10.1364/boe.476507
https://doi.org/10.1080/22221751.2022.2125345
https://doi.org/10.1038/s41522-023-00427-y
https://doi.org/10.1021/acs.analchem.6b01602
https://doi.org/10.1038/nmeth.2878
https://doi.org/10.12968/jowc.2010.19.8.77709
https://doi.org/10.1128/AEM.02636-13
https://doi.org/10.1016/j.nano.2014.04.010
https://doi.org/10.1016/j.nano.2014.04.010
https://doi.org/10.1021/ja308529n
https://doi.org/10.1021/ja308529n
https://doi.org/10.1186/s13568-018-0536-0
https://doi.org/10.1186/s13568-018-0536-0
https://doi.org/10.1111/1751-7915.14124
https://doi.org/10.3390/photonics9030133
https://doi.org/10.2174/138920110792246483
https://doi.org/10.2174/138920110792246483
https://doi.org/10.1021/ac401188f
https://doi.org/10.1016/j.snb.2022.131822
https://doi.org/10.1016/j.snb.2022.131822

	Under the lens: using Raman spectroscopy as a unique system in biofilm analyses
	ABSTRACT
	Introduction
	Current techniques for biofilm analysis
	Raman spectroscopy as a tool for studying biofilms
	Differentiation of planktonic cells and biofilms
	Antimicrobial susceptibility testing of antibiotics
	Antimicrobial susceptibility testing of antifungals
	Detection and discrimination of clinical biofilms
	Analysis of polymicrobial biofilms
	Challenges and advantages in utilizing Raman spectroscopy for microbial sample analysis
	Conclusions
	Disclosure statement
	Funding
	ORCID
	References


