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A B S T R A C T   

Diagnosing biofilm infections has remained a constant challenge for the last 50 years. Existing diagnostic 
methods struggle to identify the biofilm phenotype. Moreover, most methods of biofilm analysis destroy the 
biofilm making the resultant data interpretation difficult. In this study we introduce Fourier Transform Infra-Red 
(FTIR) spectroscopy as a label-free, non-destructive approach to monitoring biofilm progression. We have uti
lised FTIR in a novel application to evaluate the chemical composition of bacterial biofilms without disrupting 
the biofilm architecture. S. epidermidis (RP62A) was grown onto calcium fluoride slides for periods of 30 min–96 
h, before semi-drying samples for analysis. We report the discovery of a chemical marker to distinguish between 
planktonic and biofilm samples. The appearance of new proteins in biofilm samples of varying maturity is 
exemplified in the spectroscopic data, highlighting the potential of FTIR for identifying the presence and 
developmental stage of a single biofilm.   

1. Introduction 

Biofilms are the preferred form of bacterial growth and are wide
spread both in nature and in human infection [1–3]. Despite our un
derstanding of the health, industrial, environmental and economic 
impact of biofilms, there is much that remains unclear about biofilm 
development, including the temporal changes of the extracellular matrix 
(ECM) over time [4]. After attachment to a surface, bacteria become 
embedded within the ECM [5]. This hydrated matrix contains poly
saccharides, lipids, proteins, phospholipids and eDNA and fulfils a 
number of critical roles including intercellular communication, resis
tance to desiccation and tolerance to antimicrobial treatment [6–8]. 
Once a biofilm infection has progressed, no current antimicrobial ther
apies will completely eradicate or disinfect them [9]. In the healthcare 
setting, such as in chronic wound infection, a key problem in clinical 
management is determining at what point a biofilm phenotype is pre
sent, which has significant implications on the effectiveness of antimi
crobial treatment. Bacteria in a biofilm are at least 10 times more likely 
to resist available treatment options [10]. 

A major problem in investigating the transition from free-floating to 
adherent cells, onto the definitive biofilm phenotype and hence deter
mining the best treatment options, is that current methods for quanti
tative analysis of biofilm requires the disruption of the ECM. This makes 
accurate temporal analysis of biofilm ECM inherently problematic. 
Diagnosis of infection is primarily rooted in culture plate assay or im
aging techniques which remain unchanged since the 1980s [11,12]. 
These existing standardised clinical methods struggle to differentiate 
between planktonic and biofilm growing phenotypes [13]. Other 
methods of diagnosis are reliant on chemical labelling and total dehy
dration of the sample before analysis, which not only changes the 
chemical composition of the sample, but also requires a significant in
vestment of time [14,15]. For example, in the culture plate methods, 
samples undergo multiple 24 h incubation periods, during which the 
patient’s condition may worsen [13]. A rapid diagnostic solution is 
required where samples can be collected and analysed in the same day, 
to both determine which microorganism is causing an infection and 
whether the phenotype of the microbe has switched from planktonic to 
sessile. This would allow a more targeted approach to antimicrobial use 
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[16,17]. 
The use of Fourier transform infrared spectroscopy (FTIR), a non- 

destructive method, has the potential to allow multiple analyses of the 
same biofilm, without damaging the encased bacteria [18]. FTIR is a 
vibrational spectroscopic technique that uses Fourier transformation, a 
mathematical method, to convert the information yielded by infra-red 
spectroscopy into an easily read format [19]. Infrared spectroscopy 
(IR) exposes the sample to IR light in a spectrometer. Photons are either 
absorbed or transmitted by the sample producing a spectrum which is 
unique to each chemical bond. FTIR spectroscopy is a widely used tool 
for structural and compositional analysis of natural materials [20]. 
Recently, spectroscopy has emerged as a major tool for biomedical ap
plications and has made significant progress in the field of clinical 
evaluation [21]. 

Microbiology experienced an explosion in the use of FTIR for clas
sifying bacteria in the late 20th century [22,23]. One of the first studies 
into the use of FTIR for microorganism analysis was conducted by 
Flemming et al. [24] This study evidenced the notion of identifying 
bacterial strains with spectroscopy by assigning chemical signatures to 
each strain and from then myriad studies have reported the use of FTIR 
to detect bacteria [25]. Research has since expanded to the spectro
scopic study of a wide range of microbes and the biofilms they can form, 
incorporating real-time monitoring of cellular activity and how the 
surrounding environment influences biofilm composition [26–28]. 
Furthermore investigations have been carried out into the process by 
which sessile cells adhere within their environment as well as the 
preferred conformation which they adopt [29]. FTIR is gradually 
becoming more standardised, though it is often applied in conjunction 
with other analytical techniques to confirm the presence of chemical 
components. For instance, Serra et al. utilised FTIR to supplement their 
investigation into B. pertussis biofilm growth, using the spectroscopy to 
provide chemical information to accurately characterise the microor
ganism [30]. Despite the volume of research dedicated to optimising 
FTIR for biofilm analysis and characterisation, there is a lack of reports 
monitoring the growth of a single biofilm. It would be beneficial to 
understand chemical changes as microbes shift from the planktonic to 
the biofilm state. Ideally a chemical marker could be specifically asso
ciated with the irreversible attachment of microbial cells to a surface, 
strengthening the potential to explore methods to prevent or delay 
biofilm maturation in infected wound sites. 

In this study we have used FTIR side by side with routine methods to 
examine temporal changes of the biofilm over a 96-h period in order to 
identify biomarkers of the switching to a biofilm phenotype. Here we 
show a number of differences in key areas of the FTIR spectrum that 
begin to develop as early as 30 min into biofilm development and remain 
consistent over the subsequent 24–96 h of biofilm growth. 

2. Materials & methods 

2.1. Characterisation of biofilm 

Staphylococcus epidermidis RP62A (ATCC 35984) and ATCC 12228 
were used throughout this study and was stored long-term in glycerol at 
− 80 ◦C. S. epidermidis (RP62A) was revived on Luria Bertani (LB) agar 
(Sigma-Aldrich, UK) for 24 h at 37 ◦C. Following initial growth on solid 
media, bacteria were propagated in LB broth (Sigma-Aldrich, UK) 
overnight and washed by centrifugation. Bacterial cells were suspended 
in PBS and standardised to an optical density of 0.6 at 600 nm, equiv
alent to 1x108 cells/mL. Standardised cells were then adjusted to 1x107 

cells/mL in nutrient broth (NB, Sigma-Aldrich, UK). 
Biofilms were grown at over 96 h in nutrient broth on Thermanox 

coverslips (ThermoFisher, UK) at 37 ◦C. At early and late time points of 
0.5, 1, 2, 4, 24, 48, 72 and 96 h biofilm media and any non-adherent 
cells were removed and biofilms were incubated with alamarBlue 
(ThermoFisher, UK), which was prepared in biofilm growth media as per 
the manufacturer’s instructions, for 1.5 h at 37 ◦C. Fluorescence of 

alamarBlue incubated with each biofilm was measured in a plate reader 
at excitation/emission wavelengths of 544/590 nm. For colony forming 
unit (CFU) counting the biomass was removed by sonication in an ul
trasonic water bath for 10 min before being serially diluted in PBS and 
plated on LB agar to quantify biofilm CFUs. Plates were subsequently 
incubated at 37 ◦C for 24 h. Biofilm characterisation data was plotted 
and analysed using GraphPad Prism (version 9). Means of biofilm 
viability, biomass and CFUs were compared using Kruskal-Wallis tests 
with Dunn’s post-hoc test and statistical significance was determined 
where P < 0.05. 

2.2. Biofilm sample preparation for FTIR 

Cells for biofilms were prepared as described above and then grown 
in 20 mL of growth media (nutrient broth or brain heart infusion) on 
calcium fluoride windows (Galvoptics, UK) from 30 min to 96 h by 
incubating the slides in the bacterial culture. Following incubation, 
samples removed from solution and transferred to an isolated desiccant 
chamber for 30 min to partially dry, removing bulk hydration whilst 
maintaining the ECM. Chamber was a sealed Perspex box, containing 
fixed and regularly cleaned Perspex shelf with silica bead tray directly 
underneath. Biofilm samples analysed with FTIR immediately following 
drying. Planktonic samples analysed in a similar way by looping onto 
clean calcium fluoride slide and isolating for 30 min in desiccant 
chamber before spectra collection. 

2.3. Fourier-transform infrared (FTIR) spectroscopy 

A desktop Summit PRO FTIR spectrometer (Nicolet, Thermo Scien
tific, UK) with iD1 transmission sampling apparatus was used for all 
analysis. All data was collected using OMNIC Paradigm™ software 
(Thermo Scientific, UK). Data acquisition was performed at 4 cm− 1 

resolution, accumulating 64 scans over a spectral range of 4000-800 
cm− 1. For each sample, 3 locations were analysed, demonstrating 
varying biomass distribution on the calcium fluoride slides. Each sample 
was repeated in triplicate. 

Data analysis was conducted using OMNIC software in the first 
instance. Each spectrum was processed in the same way, completing 
normalisation followed by a base line correction. Unscrambler X 
(CAMO, Sweden) was then used for the multivariant analysis (MVA) 
methods Cluster Analysis (CA), Principal Component Analysis (PCA) and 
Linear Discriminant Analysis (LDA). Every PCA was setup with a mini
mum of 12 orthogonal variables depending on the spectral region used, 
where the number of PCs chosen for each setup described >99% of the 
variation. All LDA models were setup over the full spectral range. In each 
LDA, three random spectra from the data set were left out of the training 
models at each run. 

3. Results 

3.1. Assessing biofilm growth kinetics 

Firstly, to determine S. epidermidis biofilm dynamics, bacterial cells 
were grown in microtiter plates and the biofilm phenotype was assessed 
over 96 h (Fig. 1A). S. epidermidis (RP62A) was found to form biofilms 
after only 0.5 h of growth, but this became a more robust phenotype 
following 2 h of growth where biofilm viability and biomass increased 
3.2 and 2.8-fold, respectively, compared to the previous observed time 
point (1 h). Biofilm viability continued to increase until 48 h (P < 0.05). 
From 72 h incubation, the biofilm thickness increased such that uptake 
of Alamar Blue dye was inhibited, resulting in apparent lowered cell 
viability, a phenomena which has previously been noted in the literature 
[31]. However, continued growth of the biofilm is evidenced by the 
S. epidermidis biomass increasing significantly following 96 h growth (P 
< 0.01). This significant increase in biomass was reflected in total bio
film CFUs (Fig. 1B) where total biofilm cells increased significantly to 
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1.6x107 and 2.4x107 CFU/mL after 48 and 96 h growth, respectively (P 
< 0.05 and 0.01, respectively). 

3.2. Differentiating between planktonic and biofilm FTIR 

The FTIR spectra from a representative S. epidermidis (RP62A) 
planktonic sample and mature biofilm sample, incubated in Nutrient 
Broth (NB), are compared where the main areas of difference are an
notated (Fig. 2). Firstly, significant spectral differences were observed in 
the Amide I and II regions at 1700-1500 cm− 1. Two amide regions are 
definable in the planktonic sample, but once the biofilm has formed we 
observe the merging of these two regions, exhibited by the shoulder 
peak at 1600 cm− 1. Secondly, changes are observed in the peak region 
relating to DNA and RNA structures at 1085-1060 cm− 1. Here peak 
definition is shifted, as the peak at 1082 cm− 1 becomes more defined in 
the biofilm sample. Further to this, the lipid region, 3500–2900 cm− 1, is 
broadened in the biofilm sample. The changes found between planktonic 

and mature biofilms samples have been quantified across 5 separate 
experiments such that the average wavenumbers (in cm− 1) of the: amide 
I region is 1653.6 and 1646.6; phospholipid peak is 1064.6 and 1082.6; 
and, key DNA peak is 934.6 and 919, for planktonic and matured bio
films, respectively for each of the three regions. For a complete peak 
analysis, detailing variability between repeat experiments, Supplemen
tary Table 1. 

Spectra from the planktonic and mature biofilm were then compared 
by principal component analysis (PCA) with the results shown in Fig. 3. 
All data points remained consistently separated with zero outliers to the 
data set (Supplementary Fig. 1), validating the use of FTIR to distinguish 
the bacterial samples. Linear discriminant analysis (LDA) was also 
applied to demonstrate that the spectra can be predicted to 100% ac
curacy (Supplementary Fig. 2). This reinforced the notion that FTIR can 
be successfully used to differentiate between planktonic and biofilm 
samples. 

To confirm that the FTIR spectral shifts relate solely to the 

Fig. 1. Characterisation of Staphylococcus epidermidis biofilms. S. epidermidis biofilms were grown on coverslips for up to 96 h in nutrient broth at 37 ◦C. 
Throughout the growth period, biofilm biomass, viability and colony forming units (CFUs) were quantified. Biofilm viability (A; black squares) was measured by 
fluorescence of alamar blue after 1.5 h incubation and biomass was assessed by crystal violet staining (A; white squares). Biofilms were then removed from the 
coverslips via sonication, serially diluted and plated on LB agar for CFU quantification (B). Symbols denote statistical significance when compared to S. epidermidis 
following 0.5 h growth and error bars represent standard deviation of the mean, hash symbols relate to alamar blue data whereas Asterix is related to crystal violet 
data (#, *, P < 0.05; ##, **, P < 0.01). 

Fig. 2. FTIR spectrum of S. epidermidis planktonic cells (blue) overlaid with spectrum for semi-dry mature biofilm (red). All samples have been analysed on 
calcium fluoride slides. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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production of a biofilm, a non-biofilm forming S. epidermidis strain, 
ATCC 12228, was incubated in NB for 72 h. The consequent FTIR spectra 
demonstrate negligible shift in the amide I peak between the planktonic 
and biofilm sample (spectra given in Supplementary Fig. 3). For further 
validation, to ensure observed spectral differences are not a result of the 
NB, the experiment was repeated in a different growth media, Brain 
Heart Infusion (BHI). In this case, the amide I peak shifted from 1653 
cm− 1 in the planktonic sample to 1640 cm− 1 in the mature biofilm 
sample (complete peak analysis, Supplementary Table 2). This reaffirms 
the observation that FTIR can distinguish between a planktonic and 
biofilm sample. 

3.3. Investigation of mature biofilms 

Analysis of biofilms grown for 24, 48, 72 and 96 h show a clear shift 
between the planktonic and all biofilm samples in the lower wave
number section, i.e. the “fingerprint region” (1700-900 cm− 1) (Fig. 4). 
When comparing biofilm samples, spectral analysis was limited to the 
fingerprint region because differing hydration can cause variations 
within the spectra (exemplified in Supplementary Fig. 4). The broad
ening of the amide I and II regions is the most evident feature of the 
spectral change, with the two regions distinct in the planktonic sample 
but merging into a single peak in the 24-h biofilm, and then remaining 
unchanged for the 96-h duration of the experiment. There is also a shift 
of 7–10 cm− 1 between the planktonic sample and the 24-h biofilm 
sample. However, between the 24-h sample and the 48 to 96-h samples, 
only small shifts are evident (Supplementary Table 3). To determine the 
statistical significance of the data set, a PCA was performed (Supple
mentary Fig. 5), from which we see separation between 24, 48- and 72-h 
samples, but as we move to 96-h samples the data becomes overlapped. 

3.4. Early stage biofilms 

Fig. 5 overlays the FTIR spectra collected for samples incubated from 
30 min to 4 h, alongside the planktonic sample spectrum, seen in Figs. 2 
and 4. The amide I region (1700-1600 cm− 1) is shifted to lower wave
numbers as the biofilm forms: planktonic (1652 cm− 1), 30 min (1648 

Fig. 3. Principal component analysis for biofilm (red) and planktonic cells 
(blue) computed in three-dimensions. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 4. FTIR spectra from single analysis of S. epidermidis planktonic sample (blue) plotted against semi-dry biofilm on calcium fluoride after incubation for: 24 h 
(purple), 48 h (green), 72 h (teal) and 96 h (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

A.R. Crisp et al.                                                                                                                                                                                                                                 



Biofilm 6 (2023) 100141

5

cm− 1), 1 h (1647 cm− 1), 2 h (1646 cm− 1) and 4 h (1644 cm− 1). This shift 
is complete by 24 h, with an overall shift of between 7 and 10 cm− 1 

repeatably reported. This was reproducible across three experiments 
(Supplementary Table 4). The amide II region (1600-1500 cm− 1) is 
merging into one broad peak with the amide I region. The peak at 1550 
cm− 1 is only completely distinct in the planktonic sample. The phos
pholipid region is changed immediately between the planktonic sample 
and the sample incubated for 30 min. 

4. Discussion 

Biofilms are known to be important in the pathophysiology of in
fections, however diagnosing the presence of a biofilm in clinical sam
ples has always presented problems as most methods used to evaluate 
the presence of biofilm disrupt the biofilm itself. This causes problems 
both in the diagnostic lab, but also in studying the development of 
biofilms as current techniques make longitudinal measurements diffi
cult. We have used FTIR, a non-destructive method, to follow the 
development of the same biofilm over time. FTIR produces a spectrum 
by measuring the excitation and relaxation of biochemical groups (such 
as C––O, CH2, CH3, C – O – C and O–P–O) or linkages, belonging to 
phospholipids, proteins, carbohydrates, collagen and amino acids. FTIR 
spectra from bacterial samples exhibit a complex peak distribution with 
prominent adsorption in almost all regions of the spectra. We have 
examined changes in wavenumber of specific spectral peaks related to 
different chemical signatures which are linked to the development of the 
biofilm phenotype. We have also seen differences in the intensity, 
height, of spectral peaks, but it is not reliable to use FTIR spectral 
measurements quantitatively. 

In this study we chose to use S. epidermidis as a model, firstly because 
this organism is widely implicated in infections of implanted medical 
devices and intravascular cannulas [32]. For the work, calcium fluoride 
was utilised as the substrate material because it is transparent to infrared 
light, reducing interference with signals from the microorganism 

sample. To prevent sample and substrate damage, a simple transmission 
FTIR method was applied. Whilst an ATR approach may have optimised 
the spectroscopic result, using transmission FTIR permitted the repeated 
analysis of a single sample without direct contact with the sampling 
apparatus. By analysing with ATR, these samples would arguably be 
damaged and the risk of contamination would be increased. To repeat 
the work, without repeated analysis, using ATR-FTIR, aluminium foil 
could be explored as an alternative substrate. The strain of S epidermidis 
which we used (RP62A) develops features of a biofilm phenotype within 
the first 4 h of incubation, with an increase in biomass between 1- and 
4-h of incubation that plateaus between 4 h and 24 h incubation. This 
allows us to examine the changes relating to early biofilm development, 
attachment and micro-colony formation, occurring in the first 4 h. Our 
initial experiments concentrated on the differentiation of planktonic 
cells from biofilm. When we compare planktonic and biofilm pheno
types a clear wavenumber shift occurs of 7–10 cm− 1 in the Amide I re
gion. We also report a shift of 14 cm− 1 in the phospholipid region and a 
convergence of two peak at 935/895 cm− 1 in the planktonic sample, to a 
single peak at 919 cm− 1 in the biofilm samples. All of these spectral 
alterations, that remained the same in two different growth media, 
indicate the development of a different chemical composition in the 
sample once a biofilm has begun to form [33]. For comparison a 
non-biofilm forming S. epidermidis strain (ATCC 12228) was incubated 
in NB for 72 h [34]. From evaluating the FTIR spectra of the planktonic 
cells and the incubated sample, the amide I region remained unshifted. 
This strengthens the conclusion that the amide I shift relates directly to 
the formation of the biofilm. 

When we examined spectral shifts between planktonic and biofilms 
over time the most noticeable feature is the shift in the amide region at 
1650 cm− 1. This change, which begins between 30 min and 1 h and is 
complete by 24 h of biofilm maturity is the clearest biomarker of the 
biofilm phenotype in this organism. This spectral shift of 10 cm− 1 of the 
same band represents a significant change in the chemical composition 
of the biofilm and is related to changes in the chemical structures of 

Fig. 5. FTIR spectra of representative S. epidermidis planktonic sample (blue) plotted against semi-dry biofilm forming samples, from one experiment, incubated for: 
30 min (purple), 1 h (green), 2 h (teal) and 4 h (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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proteins developing in the biofilms over this time frame. The spectra in 
Fig. 5 appear to have additional peaks within the defining peak at 1645 
cm− 1. This difference in curve smoothness originates from signal 
reflectance when collecting FTIR spectra and does not affect peak shift. 
Another consideration between the FTIR spectra presented in this study 
are the differing absorbance scales. This is a result of differing amounts 
of biomass present at the surface during the analysis. In the early stage of 
biofilm growth there are less bacteria, hence the spectral scale is 
0.005–0.055, whereas the spectra relating to mature biofilms range from 
0.02 to 0.20. This does not cause an issue when examining peak wave
number shifts. 

Further data analysis demonstrated that despite natural biological 
variance between sample sets, spectral differences remain generally 
consistent. We do however observe small peak shifts that arguably relate 
to biological differences between different experiments. This requires 
further exploration if this method is to become widely used and it will be 
important to standardise at which point peak shifts become significant 
and consistent between the data sets [35]. When small shifts, less than 2 
cm− 1, are reported, it is conceivable that the concentration of proteins 
has changed very slightly but this is often not consistent between ex
periments [36]. When peak shifts increase and become consistent be
tween experiments, we can suggest a fundamental change in protein 
composition, as we see when comparing planktonic and biofilm FTIR 
spectra, Fig. 2. This is exemplified in our PCA where late-stage biofilms 
have overlapping data points, despite small variations in peak positions. 
Whereas, our planktonic and biofilms sample data points, which have 
larger peak shifts of more than 5 cm− 1, definitively separate in multi
variant analysis. 

Another area of difference in the FTIR spectra was in the lipid region, 
3500-2900 cm− 1. We decided not to include this when comparing bio
films of varying maturity as changes could be related to the influence of 
differing sample hydration. While we controlled this by trying to stan
dardise the level of hydration in all samples, in our opinion relying on 
analysis of this area would introduce too much uncertainty. Our method 
to standardise semi-drying involved isolating the sample in a sealed 
Perspex container containing a silica drying agent, for 30 min. Without 
this partial drying, the resultant FTIR spectra became overwhelmed with 
water signals, leading to biofilm samples of differing maturity, that 
clearly demonstrated the expected shift in amide I peak, but had 
confusing overlapping regions linked to water content. Despite our effort 
to control hydration, there was variation. If we had applied significantly 
longer drying times there was a risk of complete sample desiccation 
which would disrupt the biofilm architecture, arguably rendering the 
chemical composition inaccurate. Thus, we decided to concentrate on 
analysis of the fingerprint region, which is less influenced by water 
content and where the key spectral changes occur as the phenotype 
switches from planktonic to biofilm. 

As the biofilm matures, we expect protein composition to change 
with the production of the ECM and subsequent development of the 
biofilm structure, evidenced by the amide I peak shift in the FTIR 
spectra. We observe minimal development after 24 h as this 
S. epidermidis biofilm is fully mature by 24 h so we are unable to identify 
different chemical signatures. As such there are protein signatures that 
remain constant between the planktonic and biofilm samples particu
larly proteins which exhibit peaks in the amide III region at 1333 cm− 1. 
It is also important to note that changes co-incident with the shift in the 
amide peak also occur such as changes in the phospholipid peak, 1082 
cm− 1, but these secondary changes do not give us any additional in
formation about the chemical evolution of the biofilm. 

As we have shown the spectra between 24 and 96 h of biofilm 
maturity remain constant, but FTIR spectroscopy has shown substantial 
chemical changes in the early stage of biofilm development. We observe 
a clear merging of the amide I and II regions which is complete by 24 h of 
biofilm development. In terms of chemical changes these regions are 
linked to protein structures which are likely to change as the biofilm 
matures. The amide I region relates to C––O stretching modes and amide 

II is the N–H bend and stretch. These regions come from the amino acids 
present in the sample. Amide II specifically relates to the secondary 
protein structure and is a defined individual peak in the planktonic 
sample. As the incubation period is increased, this amide II peak at 1550 
cm− 1 converges with the amide I peak, denoting a change in the struc
ture of the proteins within the sample. The amide I peak simultaneously 
shifts as the biofilm develops with the planktonic average wavenumber 
at 1653.6 cm− 1, steadily decreasing until we have a mature biofilm 
where the average wavenumber occurs at 1646.8 cm− 1. These changes 
coincide with the community of bacteria irreversibly attaching to the 
surface of the calcium fluoride slide and the production of extracellular 
polymeric substances. 

Not all changes in the spectra relate so closely to chemical changes 
when evaluating the presence of the biofilm phenotype compared to a 
planktonic sample. A further difference in the FTIR spectra occurs in the 
high wavenumber region, 3500-2900 cm− 1. The peak in this area, cen
tred at 3280 cm− 1, is noticeably sharper in the planktonic sample than 
the 24-h biofilm sample. The primary factor affecting this region of the 
FTIR spectrum is water content and as biofilms are likely to be more 
hydrated than planktonic organisms, this results in a broadening of the 
peak unrelated to changes in the chemical composition of the biofilm 
[37]. This emphasises the importance of sample preparation to ensure 
that all samples are analysed in a similar state of hydration i.e. semi 
dried, to prevent the presence of water overwhelming other components 
contributing to the spectrum. Despite the semi-dry state of the biofilm 
samples, the lipid region of the FTIR spectra is consistently broadened 
suggesting the presence of the ECM. To further clarify this point, samples 
were rehydrated after analysis allowing repeated FTIR spectra collec
tions, revealing comparable results. Partial drying of these samples for 
30 min in a simple desiccant chamber was crucial because the FTIR 
signals of the sample could alter with complete drying potentially 
causing ECM and protein structures to break down, this would result in a 
different series of FTIR peaks. Similarly, analysing completely hydrated 
biofilm samples could result in an overwhelming water peak, preventing 
reliable spectral analysis. The standardised method we employed, using 
semi-dry samples, ensured both the reliability of analysis and the 
viability of microorganisms, proven by re-hydrating the samples with 
PBS and ensuring that the biofilms were still viable post sampling. 

5. Conclusion 

We have developed a potential spectroscopic approach to allow 
label-free, non-destructive testing of an intact biofilm. For a single strain 
of S. epidermidis (RP62A), the biofilm shows clear differences in the FTIR 
spectra compared to the planktonic phenotype, from as early as 30 min 
of biofilm maturity. The shift of amide I wavenumber position and the 
merging of the amide I and II regions is a consistent and early biomarker 
for the development of a biofilm phenotype in our S. epidermidis model. 

This is a proof-of-concept study and further work is needed firstly to 
see if this spectral shift occurs in different bacterial species, as they form 
biofilms, to determine whether the same changes occur across a number 
of organisms, or if each species has its own unique biomarker. Secondly, 
we need to determine whether the cells within the biofilm or the ECM 
are the major component driving the chemical changes that we are 
observing as the biofilm develops. With further investigation and con
siderations for background signals that exist within realistic biopsy 
samples, this method has potential future applications within clinical 
diagnosis to differentiate between infections derived from planktonic 
microorganisms and those which have already switched to the biofilm 
phenotype. 
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