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Abstract

0z

Objective: Streptococcus pneumoniae is a pathogen that causes
widespread and contagious diseases and poses a serious global public
health threat, especially for infants, children and the elderly in the first
two years of life. S. pneumoniae is a bacterium that can colonize the
nasopharynx of adults, especially children, and can cause acute otitis
media, respiratory tract infections and even life-threatening invasive
infections (serious clinical conditions such as sepsis and meningitis).
Serotyping of S. pneumoniae plays a critical role especially in infection
management, epidemiological studies and vaccine development.
There are more than one hundred known serotypes of S. pneumoniae.
Each serotype has different pathogenicity, prevalence, infectivity
and antimicrobial resistance patterns. Understanding the serotype
distribution is important for monitoring the prevalence of serotypes
covered by existing vaccines in the community and for planning future
vaccines.

Material and Methods: Considering all these issues, this study aimed
to develop arapid and cost-effective analysis method for pneumococcal
serotyping using Fourier Transform Infrared-Attenuated Total Reflection
(FTIR-ATR) spectroscopy. For this purpose, four different S. pneumoniae
isolates (serotype 3, serotype 19A, serotype 23B and serotype 9L)
were provided by the General Directorate of Public Health. Cultivated
bacterial isolates were incubated at 37 °C in a 5% carbon dioxide
atmosphere for 24 hours. Then, these culture samples were analyzed

Giris: Streptococcus pneumoniae, yaygin ve bulasici hastaliklara neden
olan bir patojen olup, 6zellikle yasamin ilk iki yilindaki bebek, ¢cocuk
ve yashlar icin ciddi bir kiresel halk saghg tehdidi olusturmaktadir. S.
pneumoniae, 6zellikle ¢ocuklarda olmak Uzere yetiskinlerin de nazo-
farenksinde kolonize olabilen bir bakteri olup; akut orta kulak iltihabi,
solunum yolu enfeksiyonlari ve hatta yasami tehdit edebilecek diizeyde
invaziv enfeksiyonlara (sepsis ve menenijit gibi ciddi klinik tablolara) yol
acabilir. S. pneumoniae’nin serotiplendirilmesi, 6zellikle enfeksiyon yo-
netimi, epidemiyolojik calismalar ve asi gelistirmede kritik bir rol oynar.
S. pneumoniae’nin bilinen ylzden fazla farkh serotipi vardir. Her seroti-
pin ise farkh patojenitesi, yayginhgi, bulasiciligi ve antimikrobiyal direng
kaliplari vardir. Mevcut asilarin kapsadidi serotiplerin toplumdaki yay-
ginhdini izlemek ve gelecekte gelistirilmesi gereken asilari planlamak
icin serotip dagilimini anlamak 6nemlidir.

Gereg ve Yontemler: Tum bu konulari g6z 6niinde bulundurarak, bu
calismada; Fourier Donusumlu Kizilétesi-Zayiflatilmis Toplam Yansima
(FTIR-ATR) spektroskopisi cihazi kullanilarak, pnémokok serotiplendir-
me calismasi gerceklestirebilmek icin hizl, uygun maliyetli bir analiz
yontemi gelistirilmesi amaglamistir. Bu dogrultuda, Halk Saghgr Genel
Muduirligiunden dort farkh S. pneumoniae izolati (serotip 3, serotip 19A,
serotip 23B ve serotip 9L) temin edilmistir. Ekimi yapilan bakteri izolat-
lari %5 karbondioksit atmosferinde 37 °C'de 24 saat inklbe edilmistir.
Daha sonra, bu kiltlr 6rnekleri Shimadzu FTIR-ATR cihazi kullanilarak
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using Shimadzu FTIR-ATR device and a method was developed to create
a serotype library

Results: According to the results obtained from FTIR-ATR spectra of dif-
ferent S. pneumoniae isolates, peaks between 3100 and 950 nanometers
belong to different regions that can allow serotyping of S. pneumoniae
bacteria. Because the peaks in these regions belong to carbohydrates,
lipids, nucleic acids and proteins that can present the unique fingerprint
of each serotype.

Conclusion: However, since the changes between the peaks in all ana-
lyzed data were minimal, it was seen that the sensitivity of the methods
in distinguishing serotypes was limited. On the other hand, the over-
lapping of the spectra in the analysis of the obtained data indicates the
high reproducibility of the method.

Keywords: Streptococcus pneumoniae, bacterial infection, FTIR-ATR, se-
rotyping, library preparation

Introduction

Streptococcus pneumoniae is a gram-positive, extracellular
pathogen. It is primarily spread through droplets (1). S.
pneumoniae can cause non-invasive pneumococcal infections
such as otitis media, sinusitis, and pneumonia without
bacteremia, as well as invasive infections with a high risk of
mortality. Sepsis, meningitis, and bacteremic pneumonia are
among these serious conditions (2). Invasive pneumococcal
disease primarily affects children under five years of age,
individuals over 65 years of age, and those with comorbidities
or compromised immune systems (3,4).

Serotype is the classification of a microorganism
based on antigenic structures (usually polysaccharides or
proteins) found on its surface. This classification, based on
surface antigens that enable different strains within the
same species to be recognized differently by the immune
system, is particularly important for vaccine development,
epidemiological surveillance, and diagnosis (5). The
polysaccharide capsule surrounding the bacterial cell is the
primary virulence factor of S. pneumoniae and determines
its serotype. Each serotype has structurally distinct capsular
polysaccharides, making them antigenically different. Over
100 distinct pneumococcal serotypes have been identified
to date (6). Monitoring the distribution of these serotypes is
crucial for understanding local epidemiology, determining
vaccination strategies, and tracking serotype distribution.
Although the Quellung reaction, one of the traditional
serotyping methods, is widely used today, it is labor-intensive
and time-consuming, requiring special reagents and expertise
(7). Although the Quellung reaction (capsule swelling test) is
classically used today, latex agglutination tests, polymerase
chain reaction-based methods, DNA sequencing (whole
genome sequencing, WGS), and Fourier Transform Infrared-
Attenuated Total Reflection (FTIR-ATR)-based methods can
also be used due to their different advantages. Each method
has its advantages and limitations, and the choice depends
on the context of application. New techniques, such as FTIR-

analiz edilmis ve serotip kitliphanesi olusturmak icin bir yontem gelis-
tirilmistir.

Bulgular: Farkli S. pneumoniae izolatlarinin FTIR-ATR spektrumlarindan
elde edilen sonuglarina gore, 3100 ile 950 nanometre arasindaki pikler
S. pneumoniae bakterisinin serotiplendirilmesine olanak saglayabilecek
farkh bolgelerine aittir. Clinkli bu bolgelerdeki pikler her serotipin ken-
dine 6zgl parmak izini sunabilecek karbonhidrat, lipid, nlkleik asit ve
proteinlerine aittir.

Sonug: Analiz edilen tim verilerdeki pikler arasindaki degisimler mini-
mal oldugundan, ydntemlerin serotipleri ayirt edebilme konusunda du-
yarlihginin sinirh kaldigi gériilmistiir. Ote yandan elde edilen verilerin
analizlerinde spektrumlarin 6rtlismesi, ydntemin ytiksek tekrarlanabilir-
ligine isaret etmektedir.

Anahtar Kelimeler: Streptococcus pneumoniae, bakteriyel enfeksiyon,
FTIR-ATR, serotipleme, kiitliphane hazirlama

ATR, in particular, have the potential to make serotyping more
accessible and less costly in the future (8).

Although the introduction of conjugate pneumococcal
vaccines into clinical use has been shown to be very effective
in reducing the burden of pneumococcal disease, the high
number of serotypes and changes in serotype distribution
mean that new serotypes not covered by the vaccine are still
detected at a higher rate as infectious agents, which remains
a significant problem (9). Therefore, serotyping plays a vital
role in epidemiological studies and the evaluation of vaccine
effects. Table 1 shows the serotypes covered by vaccines that
have entered clinical use.

FTIR-ATR analysis is based on measuring the absorption
of radiation in the infrared (IR) region of the electromagnetic
spectrum, which has a longer wavelength (approximately 2.5-
25 um) and lower frequency (approximately 4000-400 cm)
thanvisible light.Inthistechnique, when the sampleis exposed
to IR radiation, the covalent bonds at the molecular level
vibrate at characteristic frequencies and absorb the radiation
(10). Each functional group creates a unique absorption band
corresponding to a specific vibration mode. These vibration
modes -such as stretching, bending, scissoring, and twisting-
differ depending on the type of intramolecular bonds, bond
strength, and atomic mass (11). The absorption spectrum
obtained by FTIR spectroscopy provides a qualitative profile
specific to the chemical structure of a compound, referred to
as its “molecular fingerprint (12)”

FTIR analysis of bacterial isolates enables the acquisition
of microorganism-specific spectral profiles by covering the
specific vibrations of many biomolecules, including cell
wall components (e.g., polysaccharides, proteins, lipids, and
nucleic acids) (13). Thus, this technique offers rapid, label-
free, and reagent-free characterization and classification at
the microorganism level. FTIR-ATR spectroscopy is used to
distinguish bacterial and yeast species at different taxonomic
levels (14). This method is advantageous because it is simple,
fast, and does not require special reagents for analysis (15).
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Table 1. Serotypes covered by pneumococcal vaccines in clinical use

Vaccine Serotypes Covered

pCv7 4,68, 9V, 14,18C, 19F, 23F

PCV10 PCV7 +1,5,7F

PCV13 PCV10 + 3, 6A, 19A

PCV15 PCV13 + 22F 33F

PCV20 PCV15+8, 10A, 11A, 12F, 158

PCV21 PCV20 + 9N, 17F, 20, 15A, 15C, 16F, 23A, 23B, 24F, 31,358

PCV7: 7-valent pneumococcal conjugate vaccine, PCV10: 10-valent pneumococcal conjugate vaccine, PCV13: 13-valent pneumococcal conjugate vaccine, PCV15: 15-valent
pneumococcal conjugate vaccine, PCV20: 20-valent pneumococcal conjugate vaccine, PCV21: 21-valent pneumococcal conjugate vaccine.

In bacterial differentiation applications, identification studies
have been conducted at the capsular type, serotype, or
serogroup level for microorganisms such as Cryptococcus
neoformans and enterococci (16).

Considering that identification at the serotype or
serogroup level is possible, this study was planned to meet
the need for serotyping through a reference library created
using a low-cost, easy-to-implement method. The potential
for widespread use of the serotyping method developed using
the FTIR-ATR device, which is fast, low-cost, label-free, and
has a wide range of applications, was investigated; the initial
findings obtained have also made significant contributions to
the literature. In this context, a comparative analysis of isolates
containing different serotypes was performed, and the high
reproducibility of the obtained spectra was also evaluated.

Materials and Methods
Isolates Obtained

The S. pneumoniae isolates used in this study were obtained
from the Microbiology Reference Laboratories Department
of the Turkish Public Health Agency. A total of eight isolates
belonging to four different serotypes (3, 19A, 23B, and 9L)
were selected. Serotype selection was based on the fact that

these strains exhibit different infection characteristics from
a microbiological, clinical, and epidemiological perspective.
Although included in the current 13-valent pneumococcal
conjugate vaccine, serotype 3 is known to be more resistant
to antibody-mediated elimination than other serotypes, likely
due to its thicker capsule (17). Serotype 19A, on the other
hand, is particularly common in the pediatric age group and is
associated with high rates of antibiotic resistance (18). Serotype
23B has been identified as one of the serotypes relatively
frequently isolated from pneumococcal infections in Tirkiye
(19). Serotype 9L, which is not included in the vaccine, has
been reported as one of the predominant secondary serotypes
associated with multi-serotype pneumonia cases (20).

Bacterial Culture Preparation

The S. pneumoniae serotypes used in the study (3, 19A, 23B,
9L) were stored at-86 °Cin skim milk powder. Prior to the study,
the isolates were inoculated onto sheep blood agar (medium
containing 5% defibrinated sheep blood) under sterile
conditions and then incubated at 37 °C for 24 hours under
atmospheric conditions containing 5% carbon dioxide (CO,).
Figure 1A shows the inoculation of S. Pneumoniae serotypes
and Figure 1B shows their appearance after incubation.

Figure 1. (A) S. pneumoniae serotypes culture and (B) appearance after incubation at 37 °C for 24 hours in an atmosphere containing 5% CO,.
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FTIR Spectrum Measurement and Analysis of the
Serotype Library

FTIR-ATR provides information about the presence or
absence of chemical structures and specific functional groups
in the samples. FTIR-ATR spectroscopy has long been used as
a technique for identifying microorganisms based on their
unique spectral fingerprint profiles. FTIR spectra of microbial
cells, including bacteria, produce characteristic peaks
indicating the presence of carbohydrates, proteins, lipids, and
their functional groups. These spectral patterns enable the
identification of microorganisms at the species or serotype
level by comparing them with reference spectra in databases.
Especially for bacterial identification, the obtained FTIR
spectra can be compared with reference spectra to distinguish
samples based on their unique spectral characteristics (21).
Within the scope of this study, a method was developed to
create a spectral library for the isolates used, and the analyses
were performed using a Shimadzu FTIR-ATR device.

FTIR-ATR analyses of Streptococcus species were performed
using two different methods. In the first method, samples
taken directly from the blood agar surface using a sterile
cotton swab were applied to the ATR crystal, and spectrum
measurements were performed. In the second method,
samples taken from blood agar were transferred to a bacterial
transport medium, and this suspension was dripped directly
onto the ATR crystal for measurements. All spectra obtained
by both methods were combined, analyzed, and evaluated for
the creation of a serotype library.

Results

Culturing Different S. pneumoniae lsolates in an In
Vitro Environment

Bacteria belonging to four different S. pneumoniae
serotypes (3, 19A, 23B, and 9L), comprising a total of eight
isolates, were obtained from samples stored at -86 °C. These
isolates were inoculated onto sheep blood agar plates and
incubated at 37 °C for 24 hours under atmospheric conditions
containing 5% CO, to allow bacterial colonies to form. At the
end of the incubation period, microbial growth was observed
on all plates.

Analysis of FTIR-ATR Spectra

The lipid, protein, amino acid, and carbohydrate regions in
the FTIR-ATR spectra of S. pneumoniae serotypes (3, 19A, 23B,
and 9L) are shown in Figure 2, respectively. The absorption
peaks observed in this spectrum in the range of 3100 to 2700
cm’ (wavenumber unit is preferred instead of nanometer)
correspond to the symmetric and asymmetric stretching
vibration modes of the methyl (-CH;) and methylene (-CH,)
groups present in the lipid components of the isolates.
This finding demonstrates that the lipid profiles in bacterial
cell membranes and internal structures can be identified
spectroscopically.

The peaks observed in the 1800-1400 cm™ (wavenumber)
range of the spectrum represent the amide | and amide Il
bands belonging to the protein components of the isolates.
These bands provide information about the secondary
structures of proteins.
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Figure 2. Lipid, protein, amino acid, and carbohydrate regions in the FTIR-ATR spectra of S. pneumoniae serotypes, respectively.
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The 1400-1200 cm™ range has a more complex structure.
In this region, the bending vibrations of -CH, groups, the
symmetric stretching vibrations of carboxylate (COO~) groups,
and the asymmetric stretching vibrations of phosphodiester
(P=0) bonds specific to the nucleic acids of the isolates
overlap.

Analyses using two different methods were performed
with three technical replications for each isolate belonging
to all serotypes, and the obtained FTIR spectra were
comparatively evaluated in terms of analytical reproducibility,
spectral regional variations that could enable serotyping, and
functional group similarities in the capsular polysaccharide
regions.

The chemical characterization of S. pneumoniae serotypes
using FTIR-ATR technique was performed using two different
sample preparation methods.

In the first method, colony samples directly isolated from
blood agar medium were transferred to the ATR crystal surface
for spectral analysis, and the resulting spectra are presented in
Figure 3. This spectrum shows the FTIR-ATR spectra of isolates
belonging to serotypes 3, 19A, 23B, and 9L, taken directly
from blood agar and placed on the ATR crystal, and enlarged
versions of the regions where differences between serotypes

were observed. In the second method, colony samples taken
from blood agar were suspended in a sterile bacterial transport
medium and then transferred to the ATR crystal. The FTIR-ATR
spectra obtained with this sampling procedure are shown in
Figure 4. Additionally, Figure 5 presents detailed views of the
spectral regions where variations between serotypes became
apparent. These two different sampling approaches enabled
the spectroscopic evaluation of potential changes in bacterial
cell wall components and metabolic profiles.

Figure 5 presents close-up views of regions in the FTIR-
ATR spectra of spn 3, spn 19A, spn 23B, and spn 9L isolates
obtained from the bacterial transport medium that show
differences that could enable serotyping. Additionally, FTIR-
ATR spectrum images obtained from three consecutive sets
of analyses performed on serotype 9L, serotype 23B, and
serotype 19A in the bacterial transport medium are shown
in Figures 6, 7, and 8, respectively. All these spectra were
combined and examined to create a serotype library.

Discussion

The use of Fourier Transform Infrared Spectroscopy,
particularly in ATR mode, has become a powerful tool
in  microbiological analysis. This technique provides
discriminatory analysis at the species and strain level by
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Figure 3. Fourier transform infrared spectroscopy — FTIR-ATR spectra of isolates directly obtained from blood agar: (A) Full spectrum of isolates spn 3, spn
19A, spn 23B, spn 9L directly obtained from blood agar. (B, C, D) Close-up views of the distinct regions of the FTIR-ATR spectra of spn 3, spn 19A, spn 23B,

and spn 9L isolates obtained directly from blood agar.
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Figure 4. Fourier transform infrared spectroscopy - FTIR-ATR spectra obtained from serotypes 3, 19A, 23B, and 9L suspended in a bacterial transport
medium.
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Figure 5. Close-up views of the FTIR-ATR spectra of the spn 3, spn 19A, spn 23B, and spn 9L isolates obtained in suspension in the bacterial transport
medium.
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Figure 8. Fourier transform infrared spectroscopy — FTIR-ATR spectra obtained from serotype 19A suspended in a bacterial transport medium,

corresponding to three consecutive sets of analyses.

detecting the unique biochemical “fingerprints” of bacterial
cell arrangements and polysaccharide/capsule structures.
FTIR-ATR spectroscopy offers the opportunity for direct colony
analysis without the need for pretreatment; in this respect, it
provides significant advantages over classical methods in
terms of time, labor, and cost.

In the data obtained in this study, minimal differences in
nucleic acid sequences or concentrations between different
serotypes caused limited changes in the 1600-1300 nm range.
This suggests that nucleic acid-based differentiation is less
pronounced in this wavelength range.

The main structural element that is decisive in the
serotyping of S. pneumoniae is the capsular polysaccharides on
the cell surface. These polysaccharides produce characteristic
absorption bands in FTIR spectra, particularly in the 1200-
950 cm” wavenumber range. This region is known as the
“carbohydrate region,” where C-O-C glycosidic bonds and
C-Oring vibrations are dominant. Different serotypes possess
capsular polysaccharides composed of structurally distinct
numbers and types of monosaccharide units. This structural
diversity creates distinct differences in the intensity, position,

and number of peaks observed in the spectrum. In particular,
some serotypes carry more branched and complex capsules,
while others are simpler in structure; this creates unique
“chemical fingerprints” that provide diagnostic discrimination
in FTIR analysis. Thus, the unique polysaccharide composition
of each serotype produces a distinctive profile in the FTIR
spectrum, providing a reliable basis for the serotyping process.

The spectral differences observed in both sample
preparation methods used during the study were minimal and
did not provide sufficient resolution to create a discriminating
spectral library for serotyping purposes. This indicates that
the sensitivity of the current FTIR-ATR system is insufficient
for serotype distinctions at this level. The components of the
FTIR-ATR device that come into direct contact with the sample
surface provide spectral information. However, in some S.
pneumoniae serotypes, the capsule structure may be thin,
loose, or excessively thick. This results in insufficient capsular
material contacting the ATR crystal, leading to a low signal.
Capsular polysaccharides that differ between serotypes can
cause overlapping peaks in FTIR spectra when they are based
on structurally similar monosaccharide subunits. This can
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make spectral discrimination difficult. The heterogeneous
nature of bacterial colonies can cause different serotypes to
show similarities in their FTIR signals. In particular, insufficient
standardization and variation in biomass density can reduce
the quality of the spectral signal. For all these reasons,
sufficient resolution may not have been achieved to create a
spectral library.

Based on all these results, it is evident that future studies
should be conducted with more different serotypes and a
larger number of samples to overcome the limitations of
this study and develop a more sensitive and discriminative
method. In this regard, studies should be conducted by
adding a pre-treatment step to the samples to enable a more
accurate analysis of the polysaccharide structural differences
that are indicative of serotype differentiation.

In the study, the spectral data of each isolate was obtained
by repeating the measurement three times consecutively.
As clearly seen in these spectra, the spectra obtained in
three separate analyses for each serotype show overlap.
This scientifically confirms that the FTIR-ATR methodology
used has a high level of repeatability and that measurement
consistency is successfully achieved.

Conclusion

When all the data obtained were evaluated comparatively,
it was seen that although the FTIR-ATR device offers cost-
effective and rapid analysis methods, it is not specific enough
to develop a serotyping method by creating a S. pneumoniae
serotype library.

However, the sensitivity of the method can be increased
by increasing the capsule density of streptococci. For this
purpose, pre-processing techniques (e.g., enzymatic cell wall
removal, capsule extraction) can be applied to the sample.
This allows capsule-derived signals to become dominant in
the spectrum.

Another approach for this purpose could be the use of
artificial neural networks, Support Vector Machines (SVM), or
deep learning-based classifiers rather than simple statistical
approaches. These methods will provide an advantage in
terms of serotyping as they will achieve superior success in
distinguishing even minimal variations within the spectrum.

Furthermore, datasets containing biological replicates
for each serotype will increase the reliability of classification.
Therefore, this method shows promise for distinguishing S.
pneumoniae from other bacterial species by increasing the
number of serotypes analyzed.

Various studies in the world literature have also
highlighted both the potential and limitations of FTIR-ATR
spectroscopy in pneumococcal serotyping. For example, in
one study, Sahu et al. aimed to evaluate the potential of FTIR

microscopy to distinguish between the capsular proteins
of S. pneumoniae and identify different serotypes (22). They
suggested that the spectral fingerprints of different serotypes
likely stem from differences in capsule composition among S.
pneumoniae strains. They noted that shifts in absorption peaks
indicate differences in carbohydrate content among various
serotypes. However, they emphasized the limitations of the
method they found at the end of the study and stated that
the reproducibility of their work should be demonstrated with
more data.

In another study, Vaz et al. evaluated FTIR spectroscopy
as an alternative method for serotyping capsulated S.
pneumoniae strains (14). According to the results of the study,
they determined that the spectral region that best revealed
serotype differences was between 1185-900 cm™. The
results showed that it was possible to distinguish serotypes
belonging to the same serogroup, even though the spectral
differences were not very pronounced. In parallel with the
data obtained by Vaz et al., the 1185-900 cm™ region covered
the carbohydrate and nucleic acid region that we identified in
our study, yielding results consistent with the literature.

Consistent with this and similar studies in the literature,
our findings indicate that although FTIR-ATR is promising,
improved statistical approaches (such as multivariate
statistical analysis methods like principal component analysis
and partial least squares discriminant analysis or machine
learning models such as SVM, artificial neural networks &
deep learning, random forests etc.) and expanded spectral
databases (high-quality representative samples, standardized
sample preparation and measurement protocols, data
normalization and preprocessing etc.).
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