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ABSTRACT ARTICLE HISTORY
Sinusitis is the inflammation of the mucous membrane lining the Received 5 August 2022
paranasal sinuses, and if symptoms and signs of sinusitis last for Accepted 25 September 2022
more than 12 weeks, it is categorized to be chronic. In this work, the
characterization of cell mass/pellets of three bacterial strains,
Klebsiella. pneumoniae, Ent'erocgccu's.faecalis, and Staphylococcus aur- least squares—discriminate
eus, which cause chronic sinusitis, was performe<_:1 by syrface— analysis (PLS-DA); principal
enhanced Raman Spectroscopy (SERS). These bacteria that induce component analysis (PCA);
chronic sinusitis were cultured and isolated from the nasal swab of a sinusitis; surface-enhanced
patient and identified by the 16S rRNA sequences performed on iso- Raman spectroscopy (SERS)
lated strains. The bacteria were characterized by their SERS character-

istics, showing the potential of this method. SERS features at 594,

822, 831, 944, 1030, 1170, and 1268cm ' were the differentiating

features of these bacteria. Moreover, multivariate data analysis was

performed by principal component analysis (PCA) and partial least

squares—discriminate analysis (PLS-DA) and shown to be suitable for

the differentiation and classification of these bacteria. The spectral

features were characterized by PCA for classification. PLS-DA was

applied for further validation of differentiation which provides accur-

acy and sensitivity above 90% in all of the models. The area under

curve (AUC) was near 1 for all PLS-DA models.

KEYWORDS
Bacterial strains; partial

Introduction

Sinusitis is the inflammation of the mucous membrane lining the paranasal sinuses. If
symptoms and signs of sinusitis last for more than 12 weeks, it is categorized as chronic
(Clement et al. 1998). According to national population surveys and insurance reim-
bursement claims, sinusitis is one of the most prevalent health issues in the United
States (DeMuri and Wald 2012). The development of bacterial sinusitis is caused by a
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Table 1. Details of the bacteria samples.

Sample name Bacterial strains

E1 Enterococcus faecalis
E2 Enterococcus faecalis
E3 Enterococcus faecalis
K1 Klebsiella pneumoniae
K2 Klebsiella pneumoniae
K3 Klebsiella pneumoniae
S1 Staphylococcus aureus
S2 Staphylococcus aureus
S3 Staphylococcus aureus

blockage or inflammation of the osteomeatal complex (OMC), which prevents adequate
mucociliary clearance. The OMC is an integral anatomic region where the drainage sec-
tions of the paranasal sinuses confluence (Brook 2007). Symptoms of chronic bacterial
sinusitis include facial pain, nasal obstruction, nasal secretion, and headache, as well as
other symptoms of the upper respiratory tract (Melen 1994). The bacteria that cause
chronic sinusitis include Enterococcus faecalis (E. faecalis) (Pandak et al. 2011),
Klebsiella pneumoniae (K. pneumoniae) (Shahid et al. 2021), and Staphylococcus aureus
(S. aureus) (Brook 2007) (Table 1).

The identification and detection of microorganisms are important in water, biode-
fense, food, water safety, and human health care (Granger et al. 2016). Bacterial charac-
terization has traditionally been accomplished by laborious and time-consuming
procedures including plating and culture tests (Wang et al. 2012; Pahlow et al. 2015),
visual microscopic investigation, biochemical responses, and physiological function
evaluation (Nelson, Manoharan, and Sperry 1992). Alternative approaches such as
enzyme-linked immunosorbent assays (Zhu et al. 2016) and flow cytometry
(Gunasekera, Attfield, and Veal 2000). Spectroscopic techniques such as fluorescence
(Giana et al. 2003), infrared (IR) (Maquelin et al. 2003), and Raman spectroscopy
(Akanny et al. 2020) are increasingly utilized to reduce the analysis time. In case of IR,
due to its significant absorbance caused by water in the infrared range, its use remains
challenging (Efrima and Zeiri 2009).

For rapid characterization, noninvasive, and qualitative analysis, Raman spectroscopy
is widely recognized as a valuable analytical tool. It is potentially a technique of choice
because it is simple to use, inexpensive, rapid, and provides high-quality information
about the composition and interactions of biomolecules within microorganisms (Tahir
et al. 2020). Raman spectroscopy methods are appropriate to study these biological sys-
tems. However, the utilization of concentrated samples is necessary due to the inher-
ently weak Raman signal (Le Ru and Etchegoin 2008). Nanostructured metal surfaces
are used in surface-enhanced Raman spectroscopy (SERS) to increase the signal. Indeed,
analytes display enhanced signals when interacting with the metal framework, poten-
tially lowering their detection limit to the single molecule level (Stiles et al. 2008).

In a previous study, SERS was employed to analyze centrifuged serum of hepatitis B
patients. Principal component analysis (PCA) and partial least squares—discriminate
analysis (PLS-DA) were employed to characterize the samples with favorable accuracy,
precision, and sensitivity (Bari et al. 2022).

In this study, SERS was employed for the characterization of three bacteria which
cause chronic sinusitis: Enterococcus faecalis (E. faecalis), Klebsiella pneumoniae (K.
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Figure 1. Mean spectra of surface-enhanced Raman spectroscopy (SERS) of Klebsiella pneumonia
(green), Enterococcus faecalis (red), and Staphylococcus aureus (blue).

pneumoniae), and Staphylococcus aureus (S. aureus). The classification and differenti-
ation of the SERS data sets were performed by principal component analysis (PCA) and
partial least squares—discriminate analysis (PLS-DA).

Materials and methodology
Preparation of silver nanoparticles

The chemical reduction was employed for the preparation of the silver nanoparticles
(AgNPs) SERS substrate. Trisodium citrate was used as a reducing and stabilizing agent.
First, 300 mL of distilled water were mixed with 0.0085g of silver nitrate, heated with
continuous stirring, and 10mL of 10% trisodium citrate were introduced. The volume
of this solution was decreased to 100 mL by heating to produce grey nanoparticles.

Scanning and transmission electron microscopies (SEM, TEM) (JEOL, JSM-7500F)
were employed to characterize the morphology and size of the AgNPs (Kashif et al.
2020). Utilizing Image] software, an electron micrograph was examined, demonstrating
that the AgNPs were oval-shaped and possessed an average size of 65 x 45 nm, as shown
in Supplementary Figure SI.

Sample preparation

A sampling of chronic sinusitis patients was done at the ENT OPD Allied Hospital,
Faisalabad. The nasal swabs were cultured on blood, cystine lactose electrolyte deficient
(CLED), and MacConkey agar and incubated for 24 to 48 hours at 37 °C in the presence
of 5% CO,. Different colonies were selected and cultured again. For characterization
and identification, 16S rRNA sequences were performed on isolated strains. Identified
strains were preserved in glycerol stock for further use.
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Figure 2. Principal component analysis (PCA) scatter plot of the SERS spectra of Klebsiella pneumonia,
Enterococcus faecalis, and Staphylococcus aureus.

Acquisition of SERS spectra

Three samples of E. faecalis, 3 samples of K. pneumoniae, and 3 samples of S. aureus
were employed in this work. The SERS spectra were acquired using a Peak Seeker Pro-
785 (Agiltron, USA) spectrometer. The excitation source is a diode laser operating at
785nm. Moreover, 50 ul of each bacterial sample was treated with 50 ul of AgNPs to
obtain the SERS spectra with incubation for 30 minutes which were the optimized con-
ditions (Chen et al. 2019). The sample volume of the aluminum slide is filled with
100 ul of the incubation mixture (Kashif et al. 2020). The SERS-spectra were collected
using a 40x/0.6(N.A) lens with a 10-second integration time. A total of 15 spectra were
obtained for each sample as shown in Supplementary Figures S2-S10.

SERS preprocessing

MatLab version 7.8 was used to preprocess the SERS spectra (Nawaz et al. 2017) by vector
normalization, substrate removal, baseline correction, and smoothing. Smoothing and vector
normalization were performed by Savitzky-Golay and rubber band correction, respectively.

Data analysis

The SERS features of bacteria were analyzed by comparing mean spectra and peak assign-
ments were made by consultation with the literature as shown in Table 2. PCA and PLS-
DA were employed for the classification and differentiation of the bacteria. In order to
decrease the dimensionality of the data while maintaining its variability, PCA is a mathemat-
ical unsupervised technique that involves the conversion of potentially correlated variables
into a smaller number of uncorrelated variables, known as principal components (PCs). This
approach provides qualitative analysis with considering inter- and intra-sample variability.
PLS-DA is a supervised model which helps to discover the underlying relationships
between variables and is designed to process large numbers of highly collinear elements.
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Table 2. Peak assignments of SERS spectra of the bacteria causing chronic sinusitis.

Wavenumber (cm™")

Assignment

References

533
541
554
594
619
629
669
688
735
782
807
822
831
853
930
944
1030
1056
1086

1138

1157

1170
1194
1234
1260
1268
1290
1319
1347
1459
1361
1403
1490
1502
1535

1575
1555
1591

S-S str., COC glycosidic ring def.

o (C2-CI-Ol vibration)

C-S-S-C

Phosphatidylinositol

Phenylalanine

d(NCO) Tyr

Guanine

Low frequency in pyranoid ring

Adenine

Phosphodiester stretching

n(PO,), n(CC) ring breathing (DNA)

tyrosine

Out-of-plane ring breathing in DNA

(C-C-0-C-0)

a-helix (protein) C-0-C

Lipid components

n(CC) aromatic ring

Carbohydrates, C-C, C-0, -C-OH def

C-0-C asymmetric stretching in
aliphatic esters

C-C (Unsaturated fatty acids
in lipids)

C-C stretch (v2) vibrations of the
polyene chain of carotenoids/
xanthomonadin1

Tyrosine

Tyrosine

Amide Il

Amide Il

Amide Il

Amide Il

d(CH,), in-plane d(OH)

(C-O-H bending vibration)

CH; scissoring,

C-H bending (proteins)

COO" symmetric stretching

Adenine

Amide I

N-acetyl-related
(Amide 1)

Amide Il

Amide I

n(C = () aromatic

Paret et al. 2010

Ozbalci et al. 2013

Culha et al.

Movasaghi, Rehman, and Rehman 2007
De Gelder et al. 2007a
Sockalingum et al. 1999
Paret et al. 2010

Synytsya et al. 2003

Zeiri et al. 2004

Williams and Edwards 1994
Sockalingum et al. 1999

De Gelder et al. 2007b
Talari et al. 2015

Ozbalci et al. 2013

Goeller and Riley 2007
Neugebauer et al. 2007
Edwards et al. 1995

Laucks et al. 2005
Neugebauer et al. 2007

Schuster, Urlaub, and Gapes 2000

Schulz, Baranska, and Baranski 2005

Lopez-Diez and Goodacre 2004
Lopez-Diez and Goodacre 2004
Nishijima et al. 2004

Paret et al. 2010

Neugebauer et al. 2007
Nishijima et al. 2004

Edwards et al. 1995

Galat 1980

De Gussem et al. 2005

Laucks et al. 2005

Laucks et al. 2005

Wu et al. 2001

Sockalingum et al. 1999
Neugebauer et al. 2007

Edwards et al. 1995
Neugebauer et al. 2007
Sockalingum et al. 1999

This technique allows the identification of the predictive features of data sets which help
to classify samples. This approach provides qualitative and quantitative analysis while

maintaining inter and intra-sample variability better than PCA. In addition, this classifica-
tion model gives different quantitative parameters of differentiation and classification in
terms of accuracy, precision, and validity (Lé et al. 2018; Ai et al. 2021; Batool et al. 2021).

Results and discussion

Mean SERS spectra

Figure 1 shows the mean SERS spectra of Klebsiella pneumonia, Enterococcus faecalis,
and Staphylococcus aureus. The peaks in the blue boxes are characteristic which are
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differentiating features in all strains and include 594, 822, 831, 944, 1030, 1170, and
1268 cm™'. The biochemical features present in all strains are represented by dotted
lines and include 554, 594, 669, 735, 782, 807, 831, 930, 944, 1030, 1138, 1290, 1347,
1403, 1459, 1535, and 1591 cm™'.The SERS enhanced bands which depict dissimilarities
are denoted by solid lines and include 533, 541, 619, 629, 688, 822, 853, 1056, 1086,
1157, 1170, 1194, 1234, 1260, 1268, 1319, 1361, 1490, 1502, 1555, and 1575cm ™.

In the spectral region between 500 and 800 cm ™', SERS features may be observed at
533 cm™ (S-S, COC glycosidic ring) which is only present in E. faecalis and K. pneumo-
niae (Paret et al. 2010). The SERS bands at 541 cm 6 (C2-Cl-Ol vibration), 619 cm ™"
(phenylalanine), and 688 cm™"' (guanine) are only present in S. aureus and K. pneumo-
niae. The peak at 629 cm™' (NCO) is only observed in K. pneumoniae and E. faecalis.

The region from 800 to 1250cm ™' also exhibits SERS bands at 822cm ™" (tyrosine),
853cm ™ (C-C-O-C-0), 1056cm ' (C-C, C-O, -C-OH carbohydrates), and
1170cm ™" (tyrosine) only in K. pneumoniae. The 1086cm ' (C-O-C asymmetric
stretching in aliphatic esters) 1157 cm™!' (C-C) peaks are in S. aureus and E. faecalis,
while 1194 cm™* (tyrosine) and 1234 cm ™!
(Nishijima et al. 2004).

Differences in the SERS features were also observed between 1250 and 1600 cm™
that include 1260 and 1268cm™" that are Amide III peaks. These peaks are present in
E. faecalis and K. pneumoniae at 1260 and at 1268cm ™' in S. aureus. Similarly, SERS
features at 1361cm™' (C-H bending of proteins) are only in K. pneumoniae. The
1502cm ™" (Amide II) peak is only observed in E. faecalis and S. aureus. The Amide I
SERS bands are at 1555cm ™" in K. pneumoniae and E. faecalis and 1575cm ™" in S. aur-
eus (Edwards et al. 1995). Other peaks are at 1319 cm ' (d(CH,) in-plane d(OH) and
1490 cm ™' (adenine) present in K. pneumoniae and E. faecalis.

Furthermore, the SERS peaks present in all of the bacteria but with intensity differen-
ces include 554cm ' (C-S-S-C bonds) which has similar intensities in S. aureus and K.
pneumoniae but reduced intensity in E. faecalis. The phosphatidylinositol band at
594cm™ " is more intense in E. faecalis than K. pneumoniae but lower in S. aureus. The
SERS peak at 669 cm ™ is due to guanine and is more intense in E. faecalis than S. aur-
eus and less intense in K. pneumoniae. The peak at 735cm ™' is due to adenine and is
more intense in K. pneumoniae and S. aureus than E. faecalis (Zeiri et al. 2004). The
phosphodiester stretch and n(PO,) n(CC) ring breathing of DNA are at 782 and
807 cm ™', respectively. These SERS bands have similar intensity in all strains of
the bacteria.

Furthermore, the 831cm™ " peak (out-of-plane ring breathing in DNA) is more
intense in E. faecalis than S. aureus but less intense in K. pneumoniae. The 930 cm ™'
(o-helix proteins) and 944 cm! (lipids) are more intense in E. faecalis and K. pneumo-
niae than in S. aureus and may be used to discriminate the bacteria. SERS bands at
1030 and 1591 cm ™' (aromatic ring) are more intense in E. faecalis than K. pneumoniae
but less in S. aureus. The unsaturated fatty acid of the lipid peak at 1138cm™" is less
intense in K. pneumoniae than S. aureus and lowest in E. faecalis. A peak at 1290 cm ™'
(Amide III) is less intense in S. aureus than K. pneumoniae but lowest in E. faecalis.
The peaks at 1347 and 1459 cm ™' are more intense in S. aureus than K. pneumoniae
(De Gussem et al. 2005) but lowest in E. faecalis, perhaps due to the C-O-H bending

(amide IIT) are only observed in S. aureus

1

1
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Figure 3. (a) Principal component analysis (PCA) scatter plot of the SERS spectra of Enterococcus fae-
calis (red) and Klebsiella pneumoniae (green). (b) PCA loading of SERS spectra between Enterococcus
faecalis and Klebsiella pneumoniae.

vibration of oligosaccharides. The peak at 1403cm ™' (COO™ symmetric stretch) is more
intense in E. faecalis than S. aureus but lowest in K. pneumoniae. Moreover, 1535cm ™"
is an Amide II SERS band that is more intense in S. aureus than K. pneumoniae but
lowest in E. faecalis.

Principal component analysis (PCA)

SERS data sets of three types of bacteria were subjected to PCA, a statistical method, to
identify variance and differentiation in the distinct datasets, as well as the reasons for
this differentiation. PCA operates by lowering the dimensionality of data while leaving
variability unchanged (Liu et al. 2013). Figure 2 represents a scatter plot of SERS spectra
of Klebsiella pneumonia, Enterococcus faecalis, and Staphylococcus aureus showing their
classification. E. faecalis is shown in red clustered in the negative side of the abscissa (x-
axis). The positive abscissa (PC-1) represents K. pneumoniae in green while S. aureus is
in blue positive to the y-axis (PC-2). The SERS spectra of K. pneumoniae are grouped
on the positive abscissa (PC-1) in green while S. aureus strains in blue are present on
the positive y-axis. Principal component analysis (PCA) provides good classification and
differentiation among the bacteria. PC-1 and PC-2 express variance values of 39% and
30%, respectively.

Figure 3a shows the scatter plot of PCA of E. faecalis and K. pneumoniae where PC-1
explains 55% of the variance and PC-2 22%. The red points represent E. faecalis which
are present on the negative abscissa (PC-1) and the green K. pneumoniae on the posi-
tive abscissa (PC-1). The scatter plot of PCA shows that the strains are different with
good classification by SERS.
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Figure 4. (a) Principal component analysis (PCA) scatter plot of SERS spectra of Enterococcus faecalis
(red) and Staphylococcus aureus (blue). (b) PCA loading of SERS spectra between Enterococcus faecalis
and Staphylococcus aureus.

Figure 3b shows the PCA-loadings (PC-1) of these bacteria. The negative loadings
include 594, 669, 735, 782, 853, 944, 1030, 1056, 1086, 1194, 1268, 1290, 1319, 1403,
1502, and 1555cm ™" are due to E. faecalis present on the negative abscissa (PC-1). The
peaks at 541, 554, 629, 822, 1138, 1170, 1234, 1260, 1347, 1361, 1459, and 1575 cm™!
are positive loading associated with K. pneumoniae and are located on the positive
abscissa (PC-1). Moreover, the PCA loadings are related to SERS features in the mean
plot of the bacteria (Figure 1).

Figure 4a shows the PCA scatter plot for the SERS spectra of E. faecalis and S. aur-
eus. The red points are due to E. faecalis located on the negative ordinate (PC-2) and
blue due to S. aureus SERS measurements clustered toward the positive ordinate (PC-
2). Figure 4a shows differentiation of the SERS data sets of these bacteria. The 39% vari-
ance and 30% variance in the SERS spectra are shown by PC1 and PC2, respectively.

Figure 4b presents PCA-loadings of E. faecalis and S. aureus. The positive loadings,
which include 541, 554, 594, 619, 688, 735, 822, 1138, 1234, 1268, 1347, 1361, 1459, and
1575cm™ ", are due to S. aureus grouped on the positive ordinate (PC-2). The negative
loadings at 782, 831, 853, 944, 1030, 1086, 1194, 1319, 1403, 1502, and 1555 cm™ ! are
due to SERS datasets of E. faecalis clustered on the negative ordinate (PC-2). The PCA-
loadings of E. faecalis and S. aureus match the distinct SERS features in the mean plot
which confirms these results.

Figure 5a shows the PCA-scatter plot of SERS enhanced datasets of K. pneumoniae
and S. aureus. The SERS data sets of K. pneumoniae are in green on the negative por-
tion of the y-axis, while blue represents the S. aureus spectra on the positive ordinate
(PC-2). Each spectrum is displayed by one point. The PCA scatter plot distinguishes the
bacterial strains. Variability values of 53% and 29% are provided by PCl and PC2,
respectively.
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Figure 5. (a) Principal component analysis (PCA) scatter plot of SERS spectra of Klebsiella pneumoniae
(green) and Staphylococcus aureus (blue). (b) PCA loading of SERS spectra between Klebsiella pneumo-
niae and Staphylococcus aureus.

Figure 5b shows the PCA-loadings of SERS spectra of these bacteria: the positive
loadings are due to S. aureus which is clustered in the positive region of PC-2 in the
scatter plot. These loadings include 554, 594, 619, 629, 669, 782, 831, 944, 1030, 1086,
1138, 1234, 1268, 1290, 1347, 1361, 1459, 1535, and 1591 cm™'. The negative-loadings
include 735, 822, 930, 1170, 1319, and 1490 cm ™' that are due to K. pneumoniae on the
negative portion of PC-2 in the plot. The PCA-loadings are matched with distinct SERS
features in the mean plot (Figure 1).

Figures 3b, 4b, and 5b show pair-wise PCA loadings by comparison of the SERS data
sets. The PCA loadings are employed to show significant differentiating features indicat-
ing biochemical differences in the bacteria. In PCA loading figures, the changes due to
one bacterium strain are present in the positive region and other in the negative region
as peaks. These biochemical changes shown in the PCA loadings are matched with dis-
tinct SERS features in the mean spectrum (Figure 1).

Partial least squares—discriminate analysis (PLS-DA)

The PLS-DA model was employed to differentiate the SERS signals of three bacteria
that cause sinusitis using pair-wise comparison. The model was calibrated using training
data. Monte Carlo cross-validation was employed to select latent variables based upon
the Bayes theorem. For this purpose, the calibration and validation data were 60% and
40%, respectively, and the number of latent variables employed was 5.

Figure 6a shows the PLS-DA score plot of SERS data sets of E. faecalis (red) on the
positive portion of y-axis while negative region of the y-axis of score plot shows the K.
pneumoniae data set (green). The score plot of this classification model provides good
differentiation of the SERS spectra of these bacteria with a specificity of 98%, an
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sensitivity of 97%. Figure 6b shows the receiver operating char-
of the PLS-DA model with an area under curve (AUC) value
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Figure 8. (a) Partial least squares—discriminate analysis (PLS-DA) scatter diagram of SERS spectra of
Klebsiella pneumoniae (green) and Staphylococcus aureus (blue). (b) Receiver operating characteristic
curve (ROC) of PLS-DA for SERS spectra of Klebsiella pneumoniae (green) and Staphylococcus aur-
eus (blue).

Figure 7a displays the PLS-DA score plot on which the positive side of y-axis is clus-
tered with SERS spectra of E. faecalis (red) and negative side of y-axis is clustered with
S. aureus SERS spectra (blue). The specificity was 94%, the accuracy 91%, and the sensi-
tivity 97%. Figure 7b shows ROC curve of PLS-DA model with the area under curve
equal to 0.92.

The PLS-DA model score plot of SERS spectra of K. pneumoniae and S. aureus are
shown in Figure 8a. The spectra of K. pneumoniae clustered on the positive side are in
green while the negative side of score plot shows the cluster of the S. aureus spectra in
blue. The accuracy, specificity, and sensitivity were 96%, 97%, and 98%, respectively.
The AUC value of ROC curve is 0.78 as shown in Figure 8b.

The PLS-DA model with SERS provides excellent results for the classification and dif-
ferentiation of the bacteria that cause sinusitis. The cross validation of model is shown
by ROC curve and accuracy of model is indicated by the value of AUC. An AUC value
near zero shows that model is inaccurate, while a value near 1 indicates high accuracy.
The values of AUC are near 1 in all of PLS-DA scatter diagrams of three bacteria shown
as pair-wise comparisons. Therefore, the constructed PLS-DA model provides the excel-
lent classification and differentiation of these bacteria.

Conclusions

SERS was demonstrated to provide excellent differentiation between Klebsiella pneumo-
nia, Enterococcus faecalis, and Staphylococcus aureus, three bacteria that cause sinusitis.
SERS enhanced features due to these bacteria were identified for characterization and
identification. Furthermore, PCA and PLS-DA were employed for the differentiation of
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the SERS spectra. Pairwise PCA was performed to compare the SERS spectral datasets
of the bacteria. PLS-DA provided an AUC value near 1 for all data sets allowing the
classification of the bacteria. SERS spectral features were identified for these bacteria
that may be employed as markers for their identification.
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