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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 
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 (Høiby 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) (Ivanova 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 (Høiby 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 (Balcázar 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 
72 h (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 
(qPCR), 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 105 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).
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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 (Keleştemur 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 

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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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, 

Figure 1.  Jabłoński 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−1. Where E0 is the ground electronic state, E1 is the 
first excited electronic state and V1–V3 indicate the vibrational energy levels. Figure created in BioRender.
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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; Kusić 
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 

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 (Malinovská 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 

Figure 2. A pplications of Raman spectroscopy in biofilm analysis.
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–
1800 cm−1), the “cell silent region” (1800–2800 cm−1), and 
the high wavenumber region (2800–3800 cm−1) (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 (740 cm−1) and phe-
nylalanine (1002 cm−1)—an amino acid associated with 
proteins (Movasaghi et al. 2007). Most notably, two prom-
inent carotenoid peaks are observed (1158 and 1526 cm−1), 
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 I peak (1650 cm−1), 

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 1585 cm−1, corre-
sponding to guanine and adenine vibrations (Notingher 
et  al. 2002; Masyuko et  al. 2014). Additionally, strong 
peaks at 1126, 1310, and 1336 cm−1 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 1358 cm−1), carbohydrates, 
and lipids (1448 cm−1, the scissoring vibration of CH2) 
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; 
Rebrošová 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 782 cm−1, indicating changes 

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 532 nm laser excitation wave-
length, 100  ×  air lens (planktonic cells), 100% laser power (40 mW), 1 s 
acquisition time and 1  µm 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.
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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; Keleştemur 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 
999 cm−1, 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 III 
and amide I) appearing with the most intense peak at 
1002 cm−1, indicative of phenylalanine (Jung et  al. 
2014). Peaks associated with proteins tend to emerge 
as the biofilm matures, specifically peaks at 1660 and 
1550 cm−1 corresponding to amide I and amide II, 
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 1300 cm−1) 
in comparison to single cells (Kusić et  al. 2015). 
Therefore, the molecular composition of bacterial 
planktonic cells and biofilms is vastly different, with 

Raman spectra supporting previous research suggest-
ing that the abundance of proteins and lipids is greater 
in biofilms (Masyuko et  al. 2014; Kusić 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 1400 cm−1 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 
(Bernatová 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, Bernatová et  al. 
(2013) determined that changes in intensity of the 
785 cm−1 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 785 cm−1 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 
(Bernatová 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 1002 cm−1 
after 5 h 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 5 h. 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. 
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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 1658 cm−1 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 (Mlynáriková 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 (1800–2800 cm−1) (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 

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 24 h 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 24 h 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 2168 cm−1 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 (D2O), 13C glucose, and 15N labeling 
to investigate bacterial metabolism. SERS spectra of 
Escherichia coli cells labeled with 13C and 15N revealed 
shifts in peaks at 2081, 1623, 1532, and 1449 cm−1 
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 4 h 
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 
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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 (Bodelón 
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 
935 cm−1 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 

particularly important in clinical contexts. The develop-
ment of a SERS assay with the addition of a 
λ-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 
120 h 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 
(Keleştemur and Çulha 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 1544 cm−1 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−1, 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 24 h dual-species biofilm spectra was 
most similar to P. aeruginosa and lacked the 567 cm−1 
peak and the twin peaks corresponding to the carot-
enoid. However, the 567 cm−1 peak was observed in the 
72 h 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 484 cm−1 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, 
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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 400–600 cm−1 

regions, it is suitable for analysis of the high wavenum-
ber region (2800–3800 cm−1). Therefore, it is used as a 
substrate for SRS microscopy and can also be coated in 
metallic films for SERS (Mikoliunaite et  al. 2015; 
Kočišová 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.
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