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Introduction

Metabolic fingerprinting of periodontal bacteria: a
multi-scale mass spectrometry and vibrational
spectroscopy approach

Jawaher Albahri, 2 #° Daniel Smaje,® Yun Xu, (22 Steven Robinson,®
Heather Allison,® Kathryn A. Whitehead 2 ¢ and Howbeer Muhamadali ) *®

Periodontitis is a prevalent condition characterised by progressive destruction of the supporting period-
ontium around teeth, resulting from prolonged interactions between the host immune system and bac-
terial infection. Classifying periodontal bacteria remains challenging due to their high diversity, culturabil-
ity, strain level variability, biofilm complexity, and methodological constraints. Fourier Transform Infrared
(FT-IR)
Streptococcus spp., Porphyromonas gingivalis, Actinomyces israelii, Fusobacterium nucleatum, and

spectroscopy was employed to investigate the biochemical composition of five oral
Parvimonas micra at microbial-community level. In parallel, Matrix-Assisted Laser Desorption/lonisation
Time-of-Flight (MALDI-TOF) mass spectrometry, the gold standard analytical platform in clinical settings,
was used for a comprehensive understanding of cellular protein/peptide molecules, identifying approxi-
mately 20 m/z features associated with the clustering pattern. Particularly, P. gingivalis was distinctly clus-
tered within higher m/z range (8000-16 500), primarily driven by features at 9329, 9800, and 11029 m/z,
highlighting the potential of this window for its specific identification. Additionally, Optical Photothermal
Infrared (O-PTIR) spectroscopy, combined with chemometrics, was also utilised at single-cell level.
Classification patterns across IR techniques and MALDI-MS were comparable, revealing significant vari-
ation in protein and lipid profiles among the studied strains. P. gingivalis, F. nucleatum and A. israelii
exhibited distinct clustering, while S. anginosus and S. oralis showed significant variation within the
Streptococcus spp. The overall clustering pattern was primarily attributed to spectral information within
amides (1500-1800 cm™) and fatty acids (2800-3050 cm™) regions, alongside vibrational bands
observed between (900-1200 cm™), indicative of polysaccharides and phosphate-containing com-
pounds. The submicron spatial resolution demonstrated by O-PTIR, suggests promising potential for
direct application to clinical samples without the need for prolonged culturing.

oral microbiome in response to the breakdown products of
periodontal tissues and the efficacy of anti-bacterial mecha-

Periodontitis is a globally pervasive condition characterised by
the progressive inflammation of the periodontal tissues, result-
ing from a complex interaction between microbial infection
and the host immune response.” Nevertheless, the progression
of periodontitis is contingent upon dysbiotic alterations in the
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nisms.> According to the complex theory, oral bacteria associ-
ated with subgingival plaque formation are classified into five
colour-labelled groups based on their presence in tooth coloni-
sation and periodontitis severity.® The red complex bacteria
Porphyromonas gingivalis, Tanerrela forsythia, and Treponema
denticola are known as the keystone pathogens in chronic peri-
odontitis, and they are strict anaerobes and late colonisers in
subgingival biofilm formation, appearing in later stages of per-
iodontitis.* Clinically, the impacts of periodontitis are not
restricted to the oral cavity. As it has been explored in our pre-
vious review,” periodontal pathogens and their toxins can dis-
seminate to distal parts of the body, having been reported in
conjunction with some systemic diseases such as Alzheimer’s
disease,® Parkinson’s disease,” chronic kidney disease,® and
diabetes,” highlighting its broader clinical relevance. Beyond
oral health, periodontitis imposes economic burden, with
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global costs, including treatment expenses and productivity
loss, estimated to be in the billions annually."’

The application of appropriate detection and identification
methods provides valuable information on the early diagnosis
of periodontitis, assisting in designing preventive and thera-
peutic intervention strategies, which have been demonstrated
by recent studies.'™'* Although the traditional microbial phe-
notyping methods including Gram staining, microscopy tests,
colony morphology, and analytical profile index (API) tests are
still valuable, they are often time-consuming, subjective, have
specificity limitations and may not always differentiate closely
related species."®> Many methods require up to 48 hours to
acquire reliable results for these fastidious bacteria.'* Such
methods require complementary techniques for fast, precise,
and reliable results. Vibrational spectroscopy and mass spec-
trometry techniques, such as metabolic fingerprinting
approaches, have attracted a lot of interest for such appli-
cations. These approaches are generally quick and reproduci-
ble, requiring minimal sample preparation, with the potential
to provide simultaneous information on a diverse range of bio-
molecules, including lipids, proteins, nucleotides, and
carbohydrates.'>*®

Fourier Transform Infrared (FT-IR) spectroscopy, in particu-
lar, has been widely used for bacterial identification and
classification."””*° In this technique, the absorption of IR light
by distinct functional groups induces changes in bond
vibrations involving stretching or bending, consequently
causing specific variations in the dipole moment.*® The resul-
tant distinctive spectral profile displays unique characteristics,
forming a metabolic fingerprint, which can be utilised for the
identification or discrimination of samples, as has been
reported previously.”*> FT-IR has been extensively utilised
across various fields, such as the pharmaceutical industry,>***
clinical diagnostics,**® and even environmental research.””
However, the diffraction limit of FT-IR restricts its application
to bulk measurements, requiring large cell clusters to obtain
sufficient signal.>®**° Optical Photothermal Infrared (O-PTIR)
spectroscopy, on the other hand, is a novel vibrational tech-
nique providing IR measurements and contactless imaging
with the superior advantage of providing sub-micron spatial
resolution in comparison to traditional FT-IR microscopy. It has
excellent spectral sensitivity and the ability to collect high-quality
spectra within a very short time with minimal sample preparation
required.>' Such characteristics have facilitated the exploration of
numerous metabolomics investigations at the single-cell level,
such as human cellular specimen differentiation,*” bacterial cell
discrimination,® and detection of antimicrobial resistance in
bacteria.*® In contrast to FT-IR spectroscopy, the capabilities of
O-PTIR are constrained to the measurement of infrared spectra
exclusively within the fingerprint region (950-1800 cm™*). This
limitation arises from the coverage of the utilised quantum
cascade laser (QCL), which selectively covers this specific spectral
range."® However, recent advancements in new O-PTIR platforms
have integrated QCL with tuneable Optical Parametric Oscillator
(OPO) lasers, providing continuous tunability across a wider
range of wavelengths.>
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On the other hand, Matrix-Assisted Laser Desorption
Ionisation Mass Spectrometry (MALDI-MS) is a well-estab-
lished technique that has been widely used for bacterial identi-
fication and discrimination at the microbial community
level.***” 1t is a soft ionisation technique in which a laser
induces ionisation of bacterial samples with the assistance of
the appropriate matrix, such as sinapinic acid (SA), a-cyano-4-
hydroxycinnamic acid (HCCA), or 2,5-dihydroxybenzoic acid
(DHB).*® The generated molecular ions then travel inside the
Time Of Flight (TOF) mass analyser, where they separately
reach the detector based on their mass-to-charge ratio (m/z).*
In contrast to the vibrational spectroscopic techniques,
MALDI-TOF-MS spectral results provide information mainly
about the protein and peptide content within the bacterial
cells.*’ For bacterial identification, the generated protein
profile can be matched to reference profiles stored in organ-
ism-specific databases.’ The reproducibility, speed and ease
of sample preparation have made MALDI-TOF-MS the gold-
standard analytical technique for bacterial identification in
clinical settings, through platforms such as Bruker’s Biotyper.

In the present study, P. gingivalis, a representative of the red
complex pathogens, alongside, eight strains representatives of
the other microbial complexes were investigated. These
included the facultative anaerobes Streptococcus anginosus,
Streptococcus constellatus, Streptococcus gordonii, Streptococcus
sanguinis, and Streptococcus oralis, and three obligate anae-
robes including Actinomyces israelii, Fusobacterium nucleatum,
and Parvimonas micra. Thus, our primary objective was to
conduct a fingerprint analysis to characterise the selected nine
periodontal bacteria employing mid-infrared spectroscopy in
addition to comparison with MALDI-TOF-MS to provide infor-
mation about the cellular protein/peptide molecules. To the
best of our knowledge, this study marks the first characteris-
ation of the selected bacteria by combining FT-IR, and O-PTIR
spectroscopic methodologies in addition to MALDI-TOF-MS.
This pioneering approach is designed to comprehensively
investigate the biochemical composition of these bacterial
strains at both the microbial community and single-cell levels.

Experimental methods

Growth conditions and sample preparation

S. anginosus (NCTC 11169), S. constellatus (NCTC 11063),
S. gordonii (NCTC 7870), S. sanguinis (NCTC 10904), S. oralis
(NCTC 11427), A. israelii (NCTC 6831), F. nucleatum (NCTC
10562), P. gingivalis (NCTC 11834), and P. micra (NCTC 11808)
were purchased from National Collection of Type Cultures
(NCTC) in lyophilised form and aseptically reconstituted and
cultured following their instructions and recommended
growth conditions. To eliminate any potential bias and
changes in metabolic fingerprints of the cells associated with
the components of different culturing media, fastidious
anaerobic agar (Neugen culture media, UK) supplemented
with 5% defibrinated horse blood (TCS Biosciences, UK) was
used as the control growth medium to support the growth of
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all nine strains in this study. All culture plates were kept in an
anaerobic chamber for 24 h before use. The strains were sub-
cultured anaerobically three times to achieve axenic colonies.
A single colony was streaked to make three biological repli-
cates for the FT-IR analysis and five biological replicates for
MALDI-TOF-MS analysis. The plates were anaerobically incu-
bated at 37 °C for 24 h for the five Streptococcus spp., 48 h for
P. micra, 72 h for A. israelii and F. nucleatum, and a week for
P. gingivalis using Oxoid™ anaerobic jars. The anaerobic atmo-
sphere inside the jars was frequently checked using Oxoid™
Resazurin Anaerobic Indicator.

FT-IR spectroscopic analysis

Samples were prepared following the established pipeline used
in our previous work, which yielded spectra within the linear
range."”** Bacterial biomass was collected from the blood agar
plate using a 10 uL inoculation loop (Sigma-Aldrich, UK) and
resuspended in 1 mL of sterile physiological saline solution
(0.9% NacCl). The optical density of the bacterial slurries was
recorded at 600 nm wavelength (ODgoo nm) using a 6705 UV/Vis
spectrophotometer (Jenway, UK). The samples were then cen-
trifuged and washed using the sterile saline solution twice at
4 °C and a speed of 5000 g for 6 min to remove the super-
natant and any residuals from the culture media. After the
final washing step, the supernatant was removed, and the bac-
terial pellets were kept for further analysis. Samples were ran-
domised to ensure unbiased allocation. All samples were nor-
malised on the same day to an ODggp nm Of 20 using sterile
saline solution, before spotting 20 pL of each onto an FT-IR
silicon plate (Bruker Ltd, UK), which was thoroughly washed and
dried as previously outlined.*” The plate was dried overnight in a
desiccator and then placed in a 50 °C oven for 45 min before per-
forming the FT-IR analysis. FT-IR spectral data were collected in
absorbance = mode  within the mid-infrared region
(600-4000 cm™), with 4 cm™ spectral resolution, using a Bruker
Invenio FTIR spectrometer (Bruker Ltd, UK). In total, 12 spectra
were obtained for each strain, resulting from three biological
replicates and four technical replicates to provide a representative
of the microbial population and detect any variations in terms of
sample heterogeneity. FT-IR data collection was conducted via
OPUS spectroscopy software (Bruker Ltd, UK). All spectral data
were pre-processed following the optimised workflow reported in
our previous studies."”?®** Since the instrument was not N,
purged, the peaks associated with atmospheric CO, was removed
by replacing these vibrations (2400-2275 cm™) with a linear
trend. The spectral data were then scaled using the extended
multiplicative signal correction (EMSC) method to reduce the
variation attributed to the scattering effect, before performing
data analysis.**

MALDI-TOF-MS analysis

Sample preparation optimisation

Sinapinic acid (Sigma Aldrich, UK) was used as the matrix, and
mixing method was employed for sample deposition. Sample
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preparation was optimised to determine the optimal amount
of bacterial biomass to provide peaks with acceptable reprodu-
cibility and signal-to-noise ratio. Escherichia coli MG1655 was
used to optimise the sample preparation method. Bacterial
cultures were prepared following the methods described in the
growth condition section above. The bacterial biomass was
then carefully collected using a sterile 20 pL plastic loop and
resuspended into 1 mL of deionised (DI) water, which was vor-
texed until it became homogenous, then 100 pL was used to
measure the ODggo using a 6705 UV/Vis spectrophotometer
(Jenway, UK), while the remaining sample was washed twice
using DI water as described above. All bacterial pellets were
then stored at —80 °C freezer until further analysis. The
optimisation investigated twelve different conditions, includ-
ing four different ODs ranging from the lowest value of 5 up to
20. In parallel, three different ratios of sample to the matrix
were tested, including mixing equal volumes (1:1), doubling
the sample volume (2:1), and doubling the matrix volume
(1:2).

Periodontal bacterial samples

In total, five biological replicates were prepared and stored at
—80 °C freezer until further analysis. The defrosted pellets
were normalised to ODgyo nm Of 10 (optimal bacterial load)
using DI water containing 0.1% trifluoroacetic acid (TFA). The
matrix was prepared by dissolving 10 mg of sinapinic acid in
500 pL of acetonitrile and 500 pL of water containing 2% TFA.
An aliquot (20 pL) from the normalised bacterial sample was
then mixed with 20 pL of the matrix and vortexed for 20 s. All
samples were randomised to ensure unbiased distribution.
Then, 2 pL of the bacterial mixture was spotted on a microtiter
plate 384-well polished steel plate (Bruker Ltd, UK) and left to
dry at room temperature for 1 h.

Samples were analysed using a Bruker Autoflex Speed time-
of-flight mass spectrometer equipped with a Bruker
smartbeamTM-II laser (355 nm wavelength). The instrument
was operated in positive ion mode, and linear TOF was used
over the range from 1000 to 80 000 m/z. The full-width at half
maximum (FWHM) was determined for representative peaks at
low, medium, and high ends within the m/z range containing
detectable peaks (2000 to 17 000 m/z) (Table S1). Each sample
had five biological replicates, and from each biological repli-
cate, five analytical replicates were prepared. The results of
this analysis generated 225 MALDI-TOF-MS spectra: 9 bacteria
x 5 biological replicates x 5 technical replicates. The instru-
ment was calibrated using five standard proteins (MSCAL3)
from Sigma Aldrich, UK including (molecular weight provided
in parentheses) insulin (5630), cytochrome ¢ (12 185), apomyo-
globin (16 722), aldolase (39212), and albumin (66430). A
mixture of the five proteins was prepared as per the supplier’s
recommendation. Then aliquots (2 pL) of the (1:1) sinapinic
acid : standards mixture were spotted after every five samples
on the plate. Mass accuracy achieved after calibration was cal-
culated using (eqn (1)).*® This included the standards covering
the 2000-1700 m/z range (Fig. S1), yielding an overall average
error of around 168 ppm (Table S2), which falls within the
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accepted mass error tolerance in peptide mass fingerprint-
ing.*® MS data were collected using Bruker flexAnalysis soft-
ware. All MS spectra were baseline corrected, then subjected to
morphological score correction and filtered using signal-to-
noise ratio threshold of 10, followed by vector normalisation.

Mmeasured — Mlreference

Mass error (ppm) = x 10° (1)

Myeference

O-PTIR single-cell analysis

Samples were prepared by taking 100 pL aliquots of the bac-
terial slurries from the FT-IR samples and diluted with 900 pL
of DI water. The samples were then centrifuged and washed
twice with DI water at 4 °C and 5000 g for 6 min before under-
going serial dilutions with DI water to achieve single-cell distri-
bution of the sample. Aliquots of 2 pL of each sample were
then spotted on a calcium fluoride (CaF,) slide in a descend-
ing order from the highest to the lowest concentration to deter-
mine the best dilution to achieve single bacterial cells. The
samples were then dried in a 50 °C oven for 30 min before car-
rying out the O-PTIR analysis. Single-point O-PTIR spectra of
up to 55 individual bacterial cells from each sample spot were
collected in the reflection mode within the mid-infrared region
(950-1800 ecm™, and 2 em™' spectral resolution) using
Schwarzschild objective (40x, 0.78 NA) on a mIRage micro-
scope (Photothermal Spectroscopy Corp., Santa Barbara, CA,
USA), equipped with tunable QCL and a continuous-wave (CW)
532 nm laser, which acted as pump and probe beams, respect-
ively. Single-frequency images were obtained by tuning the
QCL to vibrational modes associated with amide I at
(1655 cm™") and polysaccharides at (1061 cm™"). Probe power
was adjusted to 39% with an imaging pixel size of 0.2 pm and
a settle time of 10 min. O-PTIR data were filtered by removing
all the vibrational bands with intensities below 0.1 at the
amide I peak (1655 cm ™), resulting in five to eight spectra for
each strain generated from different single cells. The resulted
spectra were then subjected to Gaussian smoothing using a
window size of 20 data points and autoscaled.

Multivariate statistical analysis

Data processing and analysis were carried out using MATLAB®
(version r2024a, The MathWorks Inc., UK). All data were sub-
jected to the Principal Component Analysis (PCA), an unsuper-
vised method used to minimise the dimensionality of the
multivariate data while retaining most of its variability without
prior knowledge of samples classification in the dataset.*”*®
Then, a supervised method of Principal Component-
Discriminant Function Analysis (PC-DFA) was employed to
analyse the data. In this method, DFA is applied to principal
components (PCs) to find linear combinations that best dis-
criminate between predefined classes.*® However, in this study
PC-DFA was used as a semi-supervised method,"” where the
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algorithm was provided only with information regarding the
replicates, without specifying the genus or species of the
samples, therefore each biological replicate was defined as a
separate class.

Results and discussion
Discrimination at microbial-community level

FT-IR fingerprint analysis. Infrared spectra of all nine peri-
odontal microorganisms were collected using FT-IR spec-
troscopy to investigate the variance in their biochemical com-
position in the bulk population. The results of FT-IR analysis
showed variation in three main regions of the IR spectra,
including  fingerprint ~ (900-1200  cm™'),  amides
(1500-1700 cm™"), and lipid (2800-3000 cm ™) regions (Fig. S2,
and S3). The PCA scores plot of the FT-IR spectral data col-
lected from these samples displayed four distinct clusters
according to PC1 and PC2 axes, with a combined total
explained variance (TEV) of 83.1% (Fig. 1A). The clustering pat-
terns observed were different to Socransky’s complex theory,’
which classified subgingival bacteria based on DNA hybridis-
ation profiles. While Socransky’s model groups P. gingivalis
and F. nucleatum, into the red and orange complexes, respect-
ively, in the present study, these two species were clustered
closely together on the negative side of PC1 accounting for
70.94% of the TEV in the dataset. A. israelii, belonging to the
blue complex, was postioned on the positive side of PC1 axis.
S. sanguinis, S. gordonii, and S. oralis, which are all from the
yellow complex, were found clustered in the middle together,
as expected. The clustering pattern of the three isolates was
consistent with their assignment to the Streptococcus mitis
group, as members of this group reliably form well-defined
clusters in both gene-based and whole-genome phylogenetic
analyses.*>® Such clustering supports the conclusion that the
isolates share a common genetic background characteristic of
the mitis group. However, two other strains from the orange
complex, S. constellatus and P. micra were clustered with bac-
teria from the yellow complex. Furthermore, S. anginosus was
distinctly separated based on PC1 from the other Streptpcoccus
spp. These differences may reflect the distinct biological fea-
tures captured by FT-IR biochemical profiling compared to
DNA-based association patterns. While the PCA is an unsuper-
vised approach, the results showed tight clustering of the data
within the same class, emphasising the high reproducibility of
the FT-IR results. According to the PC1 loadings plot, account-
ing for 70.94% of the TEV, vibrational bands attributed to poly-
saccharides due to C-O stretching at 1061 cm™" influenced the
separation of S. anginosus and A. israelii on the positive side of
the PC1 axis. In contrast, the spectral features that significantly
contributed to the discrimination of P. gingivalis and
F. nucleatum along the negative axis of PC1, included the fol-
lowing main vibrations: the amide I at 1634 cm™" and amide II
at 1543 cm™ ", attributed to C=0 stretching and N-H bending
coupled with C-N stretching, respectively. Other significant
peaks include the fatty acids vibrational bands at 2961 cm™" of

This journal is © The Royal Society of Chemistry 2026
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Fig. 1

(A) Shows PCA score plot obtained using processed FT-IR data of the nine periodontal bacteria cultured under the same growth conditions

using fastidious anaerobic agar supplemented with 5% horse defibrinated blood. Key colours used in figures: S. anginosus (e), S. constellatus (e),
S. gordonii (e), S. oralis (©), S. sanguinis (o), P. micra (v), A. israelii (v), F. nucleatum (e), and P. gingivalis (e). Different outline colours represent
different biological replicates. (B) Represents PC1 loadings of FT-IR spectral data including fatty acids region (2800-3050 cm™), amides region
(1500-1800 cm™), mixed region (1250-1450 cm™Y), polysaccharides region (900-1200 cm™?), and fingerprint region (600-900 cm™).

C-H asymmetric stretching, and 2920, and 2851 cm ™" assigned
to C-H asymmetric, and symmetric stretching of the methyl-
ene group, respectively (Fig. 1B). Since the samples are mixed-
species, the corresponding loading plots reflect variations in
the overall biochemical composition of the bacterial cells, with
separation occurring along PC axes based on differences in
general biomolecular features. Due the observed variation
among the Streptococcus strains, and to further investigate the
variation at the species level, the FT-IR dataset of the
Streptococcus spp. was analysed separately and detailed in a
later section. Furthermore, since all the nine strains were
grown on FAA supplemented with 5% defibrinated horse
blood, to investigate the potential effects of growth medium
on the detected clustering patterns, another FT-IR fingerprint
analysis was performed where all the bacteria were grown on
different media as per the supplier recommendation and the
results were compared with FAA with 5% defibrinated horse
blood as the control condition (Fig. S4). The results showed a
similar clustering pattern across all conditions, indicating that
the observed clustering is attributable to phenotypic differ-
ences rather than background-dependent effects.
MALDI-TOF-MS analysis. MALDI is a soft ionisation tech-
nique which has been widely used for proteins measurements
in bacterial cells.*® Since there are no universal matrix or stan-
dard technique for the deposition of sample/matrix mixture,
the MALDI-TOF-MS sample analysis protocols were tested
using E. coli MG1655 as a representative strain for method
optimisation. To optimise MALDI-TOF-MS spectral quality and
ensure reproducibility, bacterial biomass normalised by
optical density (ODgg) across a range of 5 to 20 were evaluated.
This range was selected to examine the influence of cell
density on ionisation efficiency and signal-to-noise ratio. At
lower ODs (e.g., 5), the protein content was insufficient for
reliable detection, whereas very high ODs (e.g., 20) led to
matrix suppression and ion suppression effects, resulting in

This journal is © The Royal Society of Chemistry 2026

inconsistent signal intensities and peak distortion (Fig. S5-
S7). Empirical assessment identified an intermediate ODg, of
10 as optimal, providing sufficient biomass for consistent ion-
isation while minimising suppression artefacts. This normali-
sation produced reproducible, high-intensity MALDI-TOF-MS
profiles, enabling robust and accurate comparative analyses
between samples. The results showed that the spectral data
collected from samples with ODgog nm Of 10 using a mixing
ratio of 1:1 was the most reproducible method, with a relative
error of 22-33% (Table S3). These findings are in agreement
with the literature since the mixing ratio of 1: 1 is the most fre-
quently applied ratio in several MALDI-TOF-MS studies for bac-
terial characterisation.’®" The optimised method was used as
the standard approach to characterise the periodontal bacteria
at microbial community level using MALDI-TOF-MS analysis,
where 225 spectra were collected and processed as mentioned
above.

To evaluate the impact of signal-to-noise (S/N) threshold on
the detection of low-abundance peptide peaks, the data was
processed and analysed using a S/N cutoff of 5 as well as 10.
While the lower threshold (i.e. S/N = 5) yielded generally good
reproducibility (Fig. S8), to minimise the influence of noise
particularly for low-intensity signals near the detection limit,
as shown in (Fig. S9), a higher threshold (i.e. S/N = 10) was
selected for the data analysis. After data pre-processing and fil-
tering, only 187 spectra remained. F. nucleatum spectral data
was the most affected, which reduced from 25 to just 4, col-
lected from three distinct biological replicates. All of the ana-
lysed periodontal bacteria displayed signals in the m/z range
between 2000 to 17 000, except for P. micra and S. constellatus,
which had limited m/z ranges up to ~7000 and ~9000, respect-
ively. Among the MS spectra of Streptococcus spp., only S. oralis
had a significant peak at ~11 000 m/z (Fig. S10). The PC-DFA
scores plot of the whole m/z range (2000-17 000) using 6 PCs
(Fig. 2A), with a TEV of 89.07%, was comparable to the IR find-
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Fig. 2

(A) Shows PC-DFA scores plot of the complete MALDI-TOF-MS mass spectral data (2000-17 000 m/z), using 6 PCs (TEV = 89.07%), while (B)

and (C) represent DF1, and DF2 loadings plot associated with the full range. However, (D) shows PC-DFA score plot of the limited high range
(8000-16 500 m/z) using 4 PCs (TEV = 83.93%), whereas (E), and (F) represent DF1, and DF2 loadings at this range, respectively. All the significant
loadings are presented at (Table S2). In (A) and (D), different outline colours were used to represent different biological replicates as each biological
replicate was introduced as a separate class (total number of classes 45). Key colours used in figures: S. anginosus (e), S. constellatus (e), S. gordonii
(@), S. oralis (©), S. sanguinis (s), P. micra (¢), A. israelii (v), F. nucleatum (e), and P. gingivalis (e).

ings (Fig. 1A). Scree plots were used to select the number of
the PCs included (Fig. S11). A. israelii was separated from the
other samples dominating the negative side of DF1, whereas
F. nucleatum and S. oralis were clustered on the negative side
of DF2 (Fig. 2A-C). According to DF1 loadings, m/z of 2016 and
2219 were found as the two significant variables that influ-
enced the separation of A. israelii. However, twelve m/z values,
including 4626, 5435, 5842, 6157, 6523, 8264, 8688, 9149,
9759, 10460, 11 218, and 12 388 were associated with the clus-
tering pattern of F. nucleatum and S. oralis along DF2 axis
(Table S4). To further investigate the variance between the
strains, we restricted the data only to the higher m/z window of
8000 to 16500, and subjected this limited range to PC-DFA
using 6 PCs, with a total explained variance of 83.93%
(Fig. 2D-F). Using this new range of data, P. gingivalis dis-
played a clear separation from the other strains according to
DF1 axis, which is in agreement with the IR results. Since this
clustering pattern was not seen when the whole range was ana-
lysed, it indicates the importance of this region for differentiat-
ing P. gingivalis from the remaining strains. Three m/z values
at 9329, 9800, and 11 029 were found influencing the cluster-
ing of P. gingivalis at the higher m/z range. Moreover, eight m/z
values including 8256, 8683, 8815, 8908, 9150, 9150, 10459,
11210, and 12389 could be linked to the separation of
S. oralis on the positive side of DF2.

Ribosomal proteins are the most frequently detected pro-
teins in the bacterial MALDI fingerprint because of their wide-

142 | Analyst, 2026, 151, 137-149

spread distribution inside the bacterial cell and in high abun-
dance.”® These proteins remain unaffected by the phenotypic
changes during cultivation, enhancing the reproducibility of
MALDI as a technique suitable for clinical laboratory appli-
The conserved nature of ribosomal protein
sequences at the genus level, sometimes even at the species
level, allows MALDI to readily detect small variations, enabling
differentiation between closely related microorganisms.*® The
mass range of 2000 to 20 000 m/z has been previously reported
as being associated with ribosomal proteins, with few house-
keeping proteins and is frequently used for bacteria identifi-
cation at the species level.’>** Thus, the m/z values high-
lighted above could be attributed to ribosomal proteins and
could be considered for use in organism-specific databases in
MALDI-MS profiling.

cations.®”

Discrimination at single-cell level

O-PTIR fingerprint analysis. Unlike FT-IR spectra, the
O-PTIR spectra displayed lower signal-to-noise ratio. This was
of course as expected, as the O-PTIR analysis was carried out
on single bacterium where the amount of biomass being ana-
lysed was significantly lower, around 1 pg of material.
Therefore, following the filtration step outlined in the
methods section, approximately five to eight spectral data
points were obtained for each strain (Fig. S12). While the clus-
tering pattern of PCA scores plot, with combined total
explained variance of 74.75% within the dataset (Fig. 3A), is

This journal is © The Royal Society of Chemistry 2026
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region (950-1800 cm™) as multiple principle components were plotted PC1 vs. PC2 vs. PC3, where different colours represent different species.
Key colours used in figures: S. anginosus (e), S. constellatus (e), S. gordonii (e), S. oralis (©), S. sanguinis (»), P. micra (v), A. israelii (»), F. nucleatum (e),
and P. gingivalis (e). (B) represents the PC1 loadings plot, which accounts for the maximum variance in the dataset including fingerprint region

(950-1800 cm™).

not as distinct as that observed in the FT-IR data, the cluster-
ing patterns observed remains comparable to those obtained
from the FT-IR analysis (Fig. 1A). P. gingivalis and F. nucleatum
along with S. oralis separated on the negative side of PC1 influ-
enced by vibrational bands at 1353 cm™" and 1411 cm™,
which are attributed to C=0 symmetric stretching of COO-
group in amino acids and fatty acids, in addition to N-H
bending coupled with C-N stretching at the amide II absorp-
tion band at 1551 em™" and C=0 stretching at amide I band
at 1655 cm™" (Fig. 3B). Due to the higher spatial resolution of
O-PTIR, this technique can detect within population hetero-
geneity, which may contribute to the broader spread of clusters
and the less distinct separation compared to FT-IR findings.
The observed heterogeneity within the community, captured
by O-PTIR, may also explain why F. nucleatum clustered in a
different region and the results appeared less reproducible
than in the FT-IR data. Importantly, the vibrational bands
corresponding to N-H bending coupled with C-N stretching at
the amide II band (1551 cm™') and C=O stretching at the
amide I band (1655 cm™") were found to be in agreement with
the FT-IR results, while the vibrational bands at 1353 cm™
and 1411 cm™" were not idetified as significant by the FT-IR
PCA loadings. However, it is important to note their presence
alongside the aforementioned amide bands in O-PTIR PC-load-
ings, as they could be attributed to single-cell variability contri-
buting to the overall clustering pattern.

Recent studies have demonstrated the lower reproducibility
of O-PTIR clustering patterns compared to FT-IR findings'®>*.
In FT-IR, the spectral data represent an averaged signal from
the microbial community of each sample, as it captures a
larger area with lower spatial resolution. In contrast, the
higher spatial resolution of the O-PTIR technique enables the
detection of heterogeneity between individual cells, preserving
important insights that could be lost when averaging the
response from a broader bacterial community. To investigate
further the metabolic fingerprints at the bulk and single-cell

This journal is © The Royal Society of Chemistry 2026

levels, the relative ratios of the key vibrational features contri-
buting to the clustering patterns observed by FT-IR and
O-PTIR using baseline corrected data were compared (Fig. 4).
The FT-IR relative ratios of peak intensities of proteins
(1654 cm™), lipid esters (1740 cm™'), and fatty acids
(2920 em™), to polysaccharides (1061 cm™') were calculated
and presented as box whisker plots (Fig. 4A-C). These findings
suggested that P. gingivalis and F. nucleatum had the highest
protein and lipid to polysaccharide ratios when compared to
the other strains. At the single-cell level, the O-PTIR findings
also displayed similar trends, where the relative ratios of
protein (1655 cm™") to polysaccharide (1063 cm™") intensities
indicated that P. gingivalis, F. nucleatum, and S. oralis had the
highest protein to polysaccharide ratios (Fig. 4D). This is
perhaps not surprising as both P. gingivalis and F. nucleatum
are Gram-negative anaerobes, and the high ratios of protein
and lipid could be attributed to the nature of the structure of
the Gram-negative bacterial cells when compared with Gram-
positive ones.

However, the capabilities of our current O-PTIR setup were
limited to measuring infrared spectra exclusively within the
fingerprint region (950-1800 c¢m™'), due to constraints
imposed by the instrument setup and the spectral range of the
QCL, which selectively covers this region.'® As a result, lipid
ratios at the single-cell level were calculated only using the
peak intensity of the lipid ester vibrational band at 1740 cm™,
with P. gingivalis exhibiting the highest relative ratio (Fig. 4E).

Next, the targeted single-frequency imaging capabilities of
the O-PTIR setup was utilised to image the bacterial cells.
These single-frequency photothermal images serve as label-
free biochemical maps, acquired in a contactless manner. By
tuning the laser to specific vibrational bands, the images
revealed the relative cellular distribution of key biomolecules
such as proteins, lipids, and polysaccharides. The results of
O-PTIR images collected at amide I (1655 cm™"') and polysac-
charides (1061 cm™") vibrational bands (Fig. 5) were in agree-
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Fig. 4 Represents the calculated relative ratios of bacterial cell biomolecules as (A), (B), and (C) show Box whisker plot using FT-IR spectral data, (A)
shows the relative ratio of proteins at amide | (C=O stretching at 1654 cm™) to polysaccharides (C-O stretching at 1061 cm™). (B) and (C)
Represent relative ratios of lipids at (CH, asymmetric stretching at 2029 cm™), and lipid esters (C—=O stretching at 1740 cm™), respectively, to poly-
saccharides vibrational band at 1061 cm™. However, (D) and (E) show Box whisker plot using O-PTIR spectral data. (D) and (E) Plots respectively
show the relative ratio of proteins at amide | (C=O stretching at 1655 cm™2), and lipid esters (C=O stretching at 1740 cm™) to polysaccharides (C-O
stretching at 1061 cm™) to compare the variances in the relative cellular content of proteins, lipids, and polysaccharides at single-cell level. Key
colours used in figures: S. anginosus (e), S. constellatus (e), S. gordonii (e), S. oralis (), S. sanguinis (»), P. micra (2), A. israelii (»), F. nucleatum (e), and

P. gingivalis (e).

ment with the calculated relative ratio results. Variation of
protein content between periodontal bacteria can be seen
images that were collected. Although both
P. gingivalis and F. nucleatum displayed the highest protein

across the

content as previously determined by the relative ratio calcu-
lations, it could be that the coccobacillus morphological
nature of P. gingivalis made its protein content less visually
prominent in comparison to the spindle-shaped cells of
F. nucleatum.

Furthermore, potential variation of the cellular protein
content was assessed by O-PTIR imaging at amide I, where
higher protein abundance was observed in S. gordonii and
S. oralis in comparison to the remaining Streptococcus spp.
(Fig. 5E-I). However, since the method was applied for quali-
tative analysis, future studies involving quantitative image-
based evaluation is recommended. Over the years, there have
been challenges in accurately identifying oral Streptococcus
spp- and categorising them within the phylogenetic micro-
biota. The oral streptococci involved in this study were recently
phylogenomically  categorised into  discrete  groups:
S. anginosus and S. constellatus (S. anginosus group - SAG),
S. oralis, S. sanguinis and S. gordonii (mitis group).**>
Furthermore, literature has demonstrated challenges in classi-

144 | Analyst, 2026, 151,137-149

fying SAG species, leading to limitations in comprehending
their role as potential pathogens.’® To investigate these poten-
tial variations further, the FT-IR and O-PTIR spectral data of
the streptococcal samples were analysed separately. Due to
restricted spectral range of the O-PTIR data, the FT-IR data was
also limited to the region of (950-1800 cm ™) to allow for a fair
comparative analysis. The PCA scores plot of FT-IR and O-PTIR
data, using this limited range, accounting for combined total
explained variance 80.7 and 67.29%, respectively (Fig. 6), dis-
played clear separation of S. anginosus and S. oralis from all
other streptococcal strains. In the PC-DFA score plot of the
FT-IR spectral data (Fig. 6A), S. anginosus was clustered on the
positive side of PC1, while S. oralis was clustered on the nega-
tive side, displaying separate clusters compared to other strep-
tococci, according to PC2 axis. According to PCA loadings plot
(Fig. 6B, and C), vibrational bands at 1066 cm™" and
1123 cm™' influenced the separation of S. anginosus on the
positive side of PC1, while vibrational bands at 1697 cm™,
1624 cm ™, 1523 em™, and 1491 cm™" were the main contribu-
tors to the separation of S. oralis from the remaining strepto-
cocci. Similarly, for O-PTIR, S. anginosus and S. oralis were sep-
arated from other strains on the negative side of PC1 axis
(Fig. 6D). However, both were clearly separated from one

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Comparative discrimination of streptococcal strains using the vibrational spectroscopy techniques data. (A) Represent PCA score plot of the
processed FT-IR data using fingerprint region (950—-1800 cm™), while (B) and (C) show PC1 and PC2 loadings plots, respectively. However, (D) rep-
resent PCA score plot of the processed O-PTIR data using fingerprint region (950-1800 cm™), while (E) and (F) show PC1 and PC2 loadings,
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stretching at 1740 cm™), and proteins at amide | (C=O stretching at 1654 cm™) to polysaccharides (C—O stretching at 1061 cm™) highlighting the
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another based on PC2 axis. According to PC1 and PC2 load-
ings, the vibrational bands that influenced their separation
were found aligned with the FT-IR findings. The trends
observed by both IR-based methods displayed comparable
results, with S. anginosus showing the lowest lipids to polysac-
charides ratio, whereas S. oralis presented the highest ratio. In
addition, according to both, FT-IR and O-PTIR findings,
S. oralis exhibited the highest relative ratio of protein to poly-
saccharide among the streptococcal species, while S. anginosus
exhibited the lowest ratio. These findings are consistent with
our MALDI-MS results (Fig. 2), where S. oralis clustered separ-
ately from the other streptococcal samples and exhibited a
notably enhanced MALDI-MS spectral profile (Fig. S10H). It is
noteworthy that the clustering pattern observed was consistent
with the findings of a previous FT-IR analysis of oral strepto-
cocci conducted by Van der Mei etal., in which S. sanguinis
and S. gordonii where grouped together alongside three iso-
lates of S. mitis.””

Biochemical profiling through employing traditional and
advanced analytical techniques has been widely utilised in
microbial identification and classification, providing insights
into metabolic capabilities and phenotypic traits. The IR-
based findings in this study highlighted the biochemical diver-
sity among periodontal bacteria, aligning with literature
reports on their distinct cellular compositions. The observed
spectral variations and classification patterns reflect key differ-
ences in macromolecular content, including proteins, lipids,
and polysaccharides, which underpin species-specific meta-
bolic adaptations and functional roles within the periodontal
microbiome. However, since FT-IR spectroscopy provides infor-
mation primarily about functional groups rather than specific
molecular identities, it remains challenging to assign the exact
biomolecules responsible for the observed clustering. This
highlights a gap in the current understanding and emphasis-
ing the need for complementary techniques to achieve a more
precise molecular characterisation. Another limitation of this
study is the nature of O-PTIR measurements requiring manual
data collection, which in fact poses practical limitations. In
our study, this resulted in the acquisition of data from only 55
cells, and due to the low signal-to-noise ratio, we were able to
include only eight individual cells per species. Nevertheless,
within this dataset, we can clearly observe heterogeneity
within the community, as exemplified by F. nucleatum. In con-
trast, this heterogeneity is not apparent in the FT-IR results, as
the larger beam size averages out these intra-population vari-
ations. However, given the high spatial resolution of O-PTIR,
future studies should include a larger number of individual
cells to better account for intra-species heterogeneity. On the
other hand, the single-cell sensitivity demonstrated by O-PTIR
suggests promising potential for direct application to clinical
samples, such as saliva. As it has been previously described by
Barros et al., chronic periodontitis is associated with increased
permeability of the junctional epithelium and a significant
rise in gingival crevicular fluid (GCF) flow rate.>® GCF leakage
into saliva makes it a valuable target for the detection of the
subgingival pathogens.” Such bacteria are known for their fas-
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tidious nature and typically require prolonged -culturing,
which complicates traditional detection methods. By enabling
biochemical profiling without extensive cultivation, O-PTIR
could significantly enhance the rapid detection of such patho-
gens. However, further method optimisation is needed to
address the complexity of the clinical samples, including mini-
mising background interference and distinguishing between
multiple bacterial species within mixed populations. With
these advancements, O-PTIR could become a powerful tool for
rapid and less invasive clinical diagnostics.

Conclusion

This study explored the biochemical composition differences
among nine periodontal bacteria including P. gingivalis,
S. anginosus, S. constellatus, S. gordonii, S. sanguinis, S. oralis,
A. israelii, F. nucleatum, and P. micra, which were representa-
tives of some of the subgingival plaque complexes. Combined
with chemometrics, they were analysed at the microbial-com-
munity level using FT-IR spectroscopy, and MALID-TOF-MS to
allow for classification and differentiation of these clinically
significant species. To investigate the heterogenicity between
single cells within the community, and explore the tantalising
potential of bypassing the prolonged culturing requirements
of some of these anaerobic microorganisms, O-PTIR spec-
troscopy was also employed. The findings displayed substan-
tial variations in biochemical composition across the strains
studied, with three exhibiting notably higher ratios of protein
and lipid to polysaccharides than the remaining strains
P. gingivalis, F. nucleatum, and S. oralis, while S. anginosus
demonstrated the lowest observed ratio. IR clustering patterns
were found comparable to MALDI-MS results. Furthermore,
according to MALID-MS, around twenty m/z features were
found to influence the classification pattern of A. israelii,
P. gingivalis, F. nucleatum, and S. oralis, increasing the poten-
tial of using the defined m/z values as biomarkers for their
identification. Such results suggest future research to identify
the molecular constituents underlying the observed m/z
values. It is recommended to employ methods that could offer
deeper insights into the variability of protein and lipid profiles
among these bacteria, such as using liquid chromatography
mass spectrometry (LC-MS) for lipid profiling and proteomic
pipelines for protein analysis. Overall, this study advances our
understanding of the biochemical diversity present in period-
ontitis-associated bacteria and broadens the analytical
approaches available for future research on their pathogen-
icity, which may guide future targeted therapeutic strategies.
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