Photodiagnosis and Photodynamic Therapy 40 (2022) 103199

Contents lists available at ScienceDirect

Photodiagnosis and Photodynamic Therapy

journal homepage: www.elsevier.com/locate/pdpdt

ELSEVIER

Check for

Surface-enhanced Raman spectroscopy for characterization of filtrate ol
portions of blood serum samples of typhoid patients

Maria Akram °, Muhammad Irfan Majeed ™, Haq Nawaz ®, Nosheen Rashid ",
Muhammad Rizwan Javed ©, Muhammad Zeeshan Ali®, Ali Raza®, Muhammad Shakeel ?,
Hafiz Mahmood ul Hasan ?, Zain Ali“, Usama Fhsan , Muhammad Shahid *

@ Department of Chemistry, University of Agriculture Faisalabad, Faisalabad 38000, Pakistan

Y Department of Chemistry, University of Education, Faisalabad Campus, Faisalabad 38000, Pakistan
¢ Department of Bioinformatics and Biotechnology, Government College University Faisalabad (GCUF), Faisalabad 38000, Pakistan

ARTICLE INFO ABSTRACT

Keywords: Background: Surface-enhanced Raman spectroscopy (SERS) is explored to design a rapid screening method for the
Surface-enhanced Raman spectroscopy characterization and diagnosis of typhoid fever by employing filtrate fractions of blood serum samples obtained
Typhoid

by centrifugal filtration with 50 KDa filters.

Objectives: The purpose of this study, to separate the filtrate portions of blood serum samples in this way contain
proteins smaller than 50 kDa and removal of bigger size protein which allows to acquire the SERS spectral
features of smaller proteins more effectively which are probably associated with typhoid disease. Disease caused
by Salmonella typhi diagnose more effectively by using surface-enhanced Raman spectroscopy (SERS) and
multivariate data analysis tools.

Methods: SERS was used as a diagnostic tool for typhoid fever by comparison between healthy and diseased
samples. For this purpose, all the samples were analyzed by comparing their SERS spectral features. Over the
spectral range of 400-1800cm ™!, multivariate data analysis techniques such as Principal Component Analysis
(PCA) and Partial Least Squares-Discriminant Analysis (PLS-DA) are applied to diagnose and differentiate
different filtrate fractions of blood serum samples of patients of typhoid fever and healthy ones.

Results: By comparing SERS spectra of healthy filtrate with that of filtrate of typhoid sample, the SERS spectral
features associated with disease development are identified including PCA is found to be efficient for the
qualitative differentiation of all of the samples analyzed. Moreover, PLS-DA successfully identified and classified
healthy and typhoid positive blood serum samples with 97 % accuracy, 99 % specificity, 91 % sensitivity and
0.78 area under the receiver operating characteristic (AUROC) curve.

Conclusions: Surface enhanced Raman spectroscopy using silver nanoparticles SERS substrate, is found to be
useful technique for the quick identification and evaluation of filtrate fractions of the blood serum samples of
healthy and typhoid samples for disease diagnosis.

Blood serum
Centrifugal filtration
Silver nanoparticles
Chemometrics

1. Introduction

Typhoid infection is an infectious [1] and mortal disease [2] caused
by a host-adapted, gram-negative, human-specific pathogen that be-
longs to the Enterobacteriaceae family of aerobic, rod-shaped, flagellated
bacterium Salmonella enterica serovar typhi [3]. Typhoid fever is a lead-
ing source of mortality in developing countries. Annually, an estimated
26.9 million cases and around 217,000 mortalities are observed [4]. The
Salmonella bacteria can survive at temperatures ranging from 5 to 45 °C,

with a preferred temperature of 35-37°C. It grows best in a pH range of 6
to 7, however, it may also grow at pH 4.1 [5]. The fecal-oral route is the
most common way of infection. It is a foodborne disease that is spread by
the ingestion of infected animal products such as meat, dairy, poultry,
fish (tuna), as well as eggs [6].

Salmonella typhi is present in the bloodstream of the infected people
and intestinal tract and periodically "discharges" the bacteria in their
feces, less usually in their urine [7]. Typhoid fever has a higher risk of
mortality of up to 10%. The bacterium is excreted from the gallbladder
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for months to years in chronic carriers [8]. Although various microbial
serological techniques like blood culture and Widal test [9], Typhidot
(IgM) for early diagnosis [10], enzyme-linked immunosorbent assay
(ELISA) [11], Loop-mediated isothermal amplification [12], biosensors
and polymerase chain reactions (PCR) [13] are applied to identify
typhoid disease they are limited by low specificity and time consump-
tion [14]. Furthermore, because of the similarities in persistent fever
and other clinical signs, it is challenging to distinguish typhoid fever
from other illnesses for instance paratyphoid (A, B, C) as well as pneu-
monia, which requires sensitive, specific, reproducible, and reliable
diagnostic procedures [15]. Raman spectroscopy (RS) has been found as
a possible analytical technique for detecting water-borne pathogens. It is
inexpensive, has high content information, and can analyze biochemical
changes caused by microbes during the development of infection,
quickly. RS is a form of vibrational molecular spectroscopy that may be
used to analyze materials quantitatively and qualitatively [16]. Since
biological molecules such as protein, DNA/RNA, and hemoglobin have
low concentrations in body fluids hence give weak Raman spectroscopy
signals which make their identification difficult. To identify such mol-
ecules in biological fluids at low concentrations, SERS is used to enhance
the Raman signal of molecules using metallic nanoparticles as SERS
substrates. Using nanoparticles as the SERS substrate is the typical
method for enhancing the Raman signal. With a limit of detection (LOD)
as low as a single cell, SERS coupled with silver nanoparticles (Ag NPs)
has shown potential for rapidly and precisely identifying and differen-
tiating bacteria [17-22]. Silver nanoparticles were utilized as a SERS
substrate in this analysis to enhance the Raman signal. Silver (Ag) and
gold (Au) NPs have the maximum SERS enhancement factor due to their
strong surface plasmon characteristics. The silver-NPs have been widely
used as an effective substrate. The SERS examination of various
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microbes is reported in multiple research reports [17,23-34]. The SERS
enhancement is greater with Ag-nanoparticles than with
Au-nanoparticles due to the enhanced surface plasmon response due to a
higher number of available active sites (hotspots). They are also simple
to make and inexpensive [17,35].

In this work, filtrate fractions of blood serum samples of typhoid-
positive also healthy individuals are obtained by employing 50 KDa
filters as depicted in Fig. 1. Human blood serum is a complex mixture of
lipids, proteins amino acids, and carbohydrates [36]. High molecular
weight fraction (HMWF) biomolecules are more abundant while low
molecular weight fraction (LMWF) biomolecules are less abundant in
the blood serum. Larger proteins with high molecular weights, such as
albumin (50-60%) and globulin (40%) of the overall protein content of
serum [37], dominate smaller proteins and other biomolecules including
carbohydrates, lipids, amino and nucleic acids called LMWF. The iden-
tification of potentially significant disease biomarkers is made more
challenging by the existence of the HMWF in serum. To solve this
problem, HMWF and low molecular weight (LMWF) fractions are
separated using centrifugal filter devices with varying molecular weight
cut-offs [38]. It is possible to detect changes in the LMWF by separating
these proteins like albumin and globulins [39-41]. Centrifugal filtration
for the separation of the low and high-molecular-weight fractions from
serum samples of typhoid fever is followed by Surface Enhanced Raman
Spectroscopy.

Six proteins make up around 90% of the serum’s total protein con-
tents. Each one weighs more than 50 kDa. These proteins are Albumin
(66 kDa), immunoglobulin G (IgG) with 150 kDa, transferrin (80 kDa),
al-Antitrypsin (52 kDa), immunoglobulin A (IgA) 180-500 kDa and
immunoglobulin M (IgM) (950 kDa) [41,42].In this study, the authors
used a 50 kDa filter because a majority of Salmonella
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Fig. 1. Schematic illustration of the SERS analysis approach, demonstrating (a) Ag NPs synthesis and (b) serum fractionation by centrifugal filtration and SERS

spectral acquisition using a 785 nm laser beam as a source of excitation.
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typhimurium-related disease proteins range in size from 15 to 49 kDa.
More than fifteen proteins having molecular weights in the range be-
tween 15 and 100 kDa are present in Salmonella typhi out of which eight
major proteins are assigned molecular weights of 49, 43, 37, 35, 32, 30,
25, and 15 kDa [43] which can be a potential target after centrifugal
filtration with the filter size of 50KDa, in the current study. So serum
samples centrifugal filtration was performed to separate the LMWF and
HMWF. The LMWF was then analyzed to determine the SERS spectral
features associated with the disease biomarkers of typhoid.

Fever and other diseases alter the composition and concentration of
certain biomolecules in human serum. The infections cause molecular
changes in the blood that are accompanied by the emergence of some
new molecules, such as antibodies, as well as an increase or decrease in
the concentration of particular biomolecules in blood, which can ulti-
mately be used for the diagnosis of disease through Raman spectroscopy
[44]. SERS is used for the biomedical analysis of typhoid patients by
which additional biomolecules are identified that are due to the Sal-
monella typhi bacterial biomolecules listed in Table 1.

Moreover, SERS based approach is established to compare the filtrate
parts of blood serum samples of healthy individuals with typhoid pa-
tients to distinguish between them for the characterization of
biochemical changes and diagnosis of typhoid disease. Furthermore,
chemometric methods such as PCA are applied to detect qualitative
differentiation and PLS-DA is used for the quantitative classification of
the healthy versus typhoid-positive samples. This technique may be very
helpful to detect the biochemical changes associated with the pathogens
with high sensitivity and lead to the characterization and diagnosis of
the disease.

2. Materials and methods
2.1. Ag-NPs preparation

The chemical reduction method was used to synthesize the Ag-NPs to
be used as a substrate for SERS measurements. For this, 33.72 mg of
AgNOs (silver nitrate) as a precursor was mixed with 200 mL de-ionized
water to make a 1 mM solution, which was heated to a boil. 8 mL of 1%
trisodium citrate (NagCgHsO7), both as capping and reducing agent
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solution, was added, and the mixture was heated for a further 1 hour at
constant stirring. The heating was then turned off and stirred the solu-
tion to bring it to room temperature. By adding deionized water, the
total amount of 200 mL was maintained. The supernatant was separated
through centrifuging 2 mL of nanoparticles suspension for 7 minutes at
600 rpm [45]. Electron microscopy was used to determine the shape and
size of the grey-colored silver NPs and the methodology used for this is
detailed in a paper [46].

2.2. Isolation of serum from the blood of typhoid patients and healthy
individuals

The residual fluid component of blood after cells and blood clotting
agents have been removed is called serum and it has proteins and other
compounds [47]. To acquire serum, the blood was collected in a
blood-storing tube and centrifugal separation was applied to separate
components of blood. All of the samples were taken from PINUM hos-
pital in Faisalabad, Pakistan. A total of 65 serum samples were collected,
with 25 healthy and 40 typhoid blood serum samples.

2.3. Silver -NPs characterization

As reported in another study, transmission and scanning electron
microscopy (TEM and SEM) were used to characterize the produced Ag-
NPs by use of a field emission electron microscope (JEOL, JSM-7500F)
[46]. To prepare the samples for TEM, a drop of an aqueous solution
of silver NPs was slowly evaporated onto a carbon-layered copper grid (4
hundred mesh). Dry silver nanoparticles were put on a copper stump
with no further conductive covering for SEM. The electron micrographs
were analyzed using ImageJ software.

2.4. SERS spectral acquisition

SERS spectra were collected by an Optosky China Raman Microscope
Spectrometer (ATR8300BS) with a 785 nm diode laser. For this, 25p1 of
each sample of filtrate portion of blood serum of healthy and Salmonella
typhi positive was mixed with 25p] of Ag-nanoparticles followed by in-
cubation for 30 minutes in an Eppendorf tube by the use of a

Table 1
SERS peak assignments were detected in the filtrate portions of blood serum samples of typhoid-positive and healthy individuals obtained by employing 50 KDa filters.
SERS Shift Peak assignments Component Healthy Typhoid References
(em™ ) Filtrate Filtrate
519 Phosphatidylinositol Lipids X v [55]
596 Phosphatidylinositol Lipids v v [56]
640 Protein-tyrosine showing C-C twisting & C-S stretching Proteins v X [57]
727 Collagen assignment that is due to proline, C-C stretching Proteins v v [58]
802 Ring breathing mode of DNA/RNA base which is thymine-based DNA/RNA X v [59,60]
815 Tyrosine, Proline, hydroxyproline, v, PO3 stretch in nucleic acids Proteins, DNA/ v X [60]
RNA
840 a-Saccharide or band of a-Anomers Glucose saccharide Carbohydrates X v [56]
889 Methylene rocking Lipids v X [61]
950 Amino acids, & proline, valine single bond stretching vibrations Proteins X v [62]
963 CH’5,¢ bending which is out of plane unassigned protein assignment Proteins v X [63]
1008 pectin, phenylalanine Proteins, v X [64]
1029 Due to methoxy group (O-CHj) stretching DNA/RNA 4 v [65]
1096 Groups of PO3 (Phosphodioxy) DNA/RNA v v [56]
1131 Palmitic acid Lipids v X [56]
Fatty acid
1208 Proteins like phenylalanine or amide III, Tryptophan, n(C-CgHs) Proteins v X [57,60,63,
66]
1315 B, Z- a marker of DNA/RNA base Guanine DNA/RNA 4 4 [67]
1398 CH,, distortion or symmetric stretch of carbonyl C=0 Lipids X v [68]
1447 Different modes of vibrations such as deformation of CH, in lipids & protein CH, Lipids, Proteins v v [57,68]
bending mode
1540 Due to the presence of aromatic hydrogen and vibrations of amide carbonyl (C=0)  Proteins v v [69]
group
1697 Turns & bands of Amide I Proteins v v [55]
1787 Lipid content Lipids X v [70]
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micropipette to allow the nanoparticles to interact adequately with the
sample.

After incubation, a 30pl of the sample mixture was put on an
aluminum (Al) slide using a micropipette for SERS data collection. The
Raman excitation light was focused onto the sample using a 40 X
objective lens and a laser power of 50 mW. The integration period per
spectrum was set at 10 seconds to ensure that the results were stable,
robust, and repeatable. At room temperature, 15 SERS spectra for each
serum sample were acquired, with consistent conditions. Surface
enhanced-RS spectra were obtained in the range of 400-1800cm ™ 1.

2.5. Pre-processing of SERS data

All of the fundamental pre-processing, including smoothing, removal
of substrate, baseline correction, and vector normalization was per-
formed using MATLAB R2009a (The MathWorks, USA) and its standard
chemometric methods using in-house developed codes [48]. The data
was smoothed using Savitzky-Golay filtering (S-G) using a 17th poly-
nomial order and a 14-point window width [49]. The baseline of all
SERS spectral data was adjusted using rubber band correction plus
polynomial methods. The influence of the substrate of the aluminum
slide was eliminated from SERS spectral data using the subtraction
approach, followed by vector normalization.

2.6. Multivariate data analysis

Multivariate data analysis techniques including PCA and PLS-DA
were used to examine SERS spectral data of filtrate portions of blood
serum samples of healthy and typhoid patients. PCA is an un-supervised
mathematical approach designed for qualitative multivariate data
analysis, in which a lesser number of un-correlated variables (PCs or
loadings) are obtained by transforming a greater number of original
correlated variables, which do not take part much in decision making,
into a smaller number of un-correlated variables (principal components
or loadings). These principal components consist of all of the valuable
information of Raman spectra [50]. The dimensionality of SERS data
was decreased to obtain key Principal Components (PCs) to distinguish
between healthy and disease-positive samples while maintaining their
variability unchanged [51]. The 1% Principal Component (PC-1) always
describes the most variation in the data, then the second Principal
Component (PC-2), and so on [52]. PC loadings, which are used to
differentiate SERS spectral data of typhoid from healthy samples, can be
utilized to extract the orthogonal dimensions of data variability.

The PLS-DA is a supervised classifier algorithm that combines the
partial least-square (PLS) and linear discriminant analysis (LDA)
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methodologies. The PLS-DA method is a statistical technique that can
predict, categorize and explain as well as discriminate between SERS
data sets having variability. It also has the benefit of being able to
describe multidimensional datasets for a variety of reasons, including
detecting various phases of the ailment in the medical area, assessing
product quality assurance, and examining forensic medical examina-
tions [53]. The definitive diagnosis of the classifier model as well as the
utility of the method is mostly evaluated using the AUROC. The ROC
curve is a graph that compares the false positive and true positive rates.
The true positive rate is a measure of sensitivity, whereas the false
positive rate is a measure of specificity [54].

3. Result and discussion

3.1. Mean SERS spectra of uncentrifuge versus centrifuge healthy
samples

The mean spectrum of the whole serum sample (un-centrifuged
healthy sample) in comparison with centrifuged (filtrate and residue)
healthy sample and presented in the mean SERS spectra plot in Fig. 2.
This helps to detect the distinct and characteristic SERS features that are
particularly related to the biochemical changes taking place during the
development of healthy serum samples, as well as the alterations that
happened after centrifugation and removal of biomolecules/proteins
bigger than 50KDa. These characteristic SERS features and their peak
assignments are listed in Table 1 along with the references.

The characteristic SERS features present in un-centrifuged serum
only are represented by dash-dot lines and categorized in a green box,
including 573 cm™!. The SERS spectral features that are present only in
whole serum and filtrate are represented by dashed lines and catego-
rized in red boxes, including 1096, 1315, and 1447 cm~ L. The SERS
spectral features that increase in their intensities are represented by
solid lines including, 596, 640, 815, 889, 1008, 1131, and 1208 em L.
SERS spectral features which go on decreasing in intensities designated
by dotted lines are detected at 727, 963, and 1697 em L

All SERS bands of uncentrifuge and centrifuged blood serum samples
are differentiated to detect the variations in the form of SERS charac-
teristic peaks which are related to the changes taking place in the profile
of blood serum after centrifugation. These differentiating SERS bands of
known biological constituents/molecules are observed including stron-
ger SERS signals at 640, 815, and 1208 cm !, and weaker signals at 963,
1008, and 1447 cm™! can be assigned to healthy serum protein. The
SERS characteristic peaks which differentiate whole serum from the
filtrate fraction associated with healthy individuals are 573, 963, 1096,
1315, and 1447 cm ', Most of these peaks are related to nucleic acids
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Fig. 2. Comparisons of mean SERS spectra of uncentrifuge, centrifuged (filtrate and residue) of healthy serum sample.
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(DNA/RNA) and proteins. At 573 cm™! the peaks appear due to the
nucleic acid tryptophan, 596 em™? appear due to the Phosphatidylino-
sitol, 727 cm ™! due to proline, 815 cm ! due to tyrosine, 889 cm ! due
to methylene rocking, 963 cm ™! due to CH bending which is out of plane
unassigned protein assignment, 1008 ¢cm~! due to polysaccharide,
pectin, phenylalanine, 1096 cm ™! due to groups of PO (phosphodioxy),
1131 ecm ™! due to fatty acid, 1208 cm ™ due to proteins like phenylal-
anine or amide III, tryptophan, n(C-C¢Hs), 1315 cm ™! due to guanine (B,
Z-marker), 1447 cm™! due to lipids cholesterol and it’s esters shows
different modes of vibrations like scissoring in CHy and bending in CHs
and C-H and at 1697 cm ™! due to turns & bands of Amide-I.

In SERS spectra of uncentrifuge/whole blood serum sample, the peak
intensities at 640, 889, and 1131 cm™! are enhanced, while the peak
intensities at 727 and 963 cm ! are reduced and the bands at 573 cm™?
due to appear due to the nucleic acid tryptophan missing in centrifuged
(filtrate and residue) while it is present in uncentrifuge/the whole
spectrum. Notably, the peaks related to smaller molecules appearing in
the filtrate and whole serum are due to the removal of proteins bigger
than 50KDa which were not appearing in the residue due to the sepa-
ration of these smaller proteins by 50KDa filters to be identified by SERS.
These are peaks observed at 1096 em ! due to groups of POy (phos-
phodioxy), 1315 em ! due to guanine (B, Z-marker) and at 14477 cm !
due to lipids cholesterol and its esters showing different modes of vi-
brations like scissoring in CHy and bending in CHs and C-H.

3.2. Mean SERS spectra of uncentrifuge versus centrifuge typhoid
samples

All the SERS spectra of samples of filtrate portions of blood serum
samples of typhoid positive and healthy persons have been preprocessed
and mean SERS spectra are acquired for comparison.

The mean spectrum of the whole serum sample (un-centrifuged
typhoid sample) in comparison with centrifuged (filtrate and residue)
typhoid sample and presented in the mean SERS spectra plot in Fig. 3.
This helps to detect the distinct and characteristic SERS features that are
particularly related to the biochemical variations taking place during
the development of typhoid disease, as well as the alterations that
happened after centrifugation and removal of biomolecules/proteins
bigger than 50KDa. These characteristic SERS features and their peak
assignments are listed in Table 1 along with the references.

The characteristic SERS features present in un-centrifuged serum
only are represented by dash-dot lines and categorized in red boxes,
including 640, 898, and 1131 cm!. The SERS spectral features that
increase in their intensities are represented by solid lines including, 678,
802, 840, 950, 1029, 1096, 1396and 1701cm™!. SERS spectral features
which go on decreasing in intensities designated by dotted lines are
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detected at 519, 596, 746, 1008, 1315, 1441, 1541and 1787 cm .
Furthermore, the peaks that are detected by a shift in the position shown
by the dashed line include 727(vs) cm L

All SERS bands of uncentrifuge and centrifuged blood serum samples
are differentiated to detect the variations in the form of SERS charac-
teristic peaks which are related to the variations taking place in the
profile of blood serum after centrifugation. These differentiating SERS
bands of known biological constituents/molecules are observed
including stronger SERS signals at 746 and 802 cm ™! and weaker peaks
signals at 678, and 1315 cm ™! can be assigned to bacterial DNA. The
SERS characteristic peaks which differentiate whole serum from the
filtrate fraction associated with the infection of Salmonella typhi are 640,
678, 727, 746, 898, 950, 1029, 1096, 1131, 1208, 1315, 1396, 1441,
1541, 1701 and 1787 cm™'. Most of these peaks are related to nucleic
acids (DNA/RNA) and proteins. At 519 and 596 cm ™! the peaks appear
due to the Phosphatidylinositol, 727 cm™' due to proline, stretching of
C-C, 746 cm™! due to thymine base ring breathing mode, 802 cm™! due
to ring breathing mode of DNA/RNA base which is thymine, 840 cm™!
due to a-saccharide; glucose saccharide, 950 cm~! due to amino acids,
polysaccharide and proline, valine single bond stretching vibrations,
1029 cm ™! due to methoxy group (O-CHj) stretching, 1096 cm™* due to
groups of POz (phosphodioxy), 1208 cm™! due to proteins like
phenylalanine or amide III, tryptophan, n(C-C¢Hs), 1398 cm™! due to
CH;, distortion or symmetric stretch of carbonyl C=0, 1441 cm ™! due to
lipids cholesterol and it’s esters shows different modes of vibrations like
scissoring in CH, and bending in CHs and C-H, 1541 cm™! due to aro-
matic hydrogens and amide carbonyl group vibrations, 1701 cm™! due
to glutamic acids and amino acids aspartic and 1787 cm™* due to lipid
contents.

In SERS spectra of uncentrifuge/whole blood serum sample, the peak
intensities at 840, 950, and 1096 cm ! are enhanced, while the peak
intensities at 519, 596, and 1208 cm ! are reduced and the bands at 678
em ™! due to Guanine ring breathing mode is missing in uncentrifuge/
whole one while it is present in both filtrate and residue. Notably, the
peaks related to smaller molecules appearing in the filtrate are due to the
removal of proteins bigger than 50KDa which were not appearing in the
whole serum due to the dominance of these bigger proteins and were
unable to be identified by SERS. There are additional peaks observed at
640 cm ™! (protein-tyrosine showing C-C twisting & C-S stretching), 898
em™! (C-O-C skeletal modes of monosaccharide & disaccharide), and at
1131 cm ™! (fatty acid) that are present only in un-centrifuged spectra
while after centrifugation these features disappear.

3.3. Mean SERS spectra of Healthy vs diseased filtrates

Fig. 4 represents SERS mean plot of the filtrate portion of serum from
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Fig. 3. Comparisons of mean SERS spectra of uncentrifuge, centrifuged (filtrate and residue) serum samples of patients positive for typhoid fever.
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Fig. 4. Comparison of mean SERS spectra of healthy filtrate with the disease-positive filtrate.

healthy humans (black spectra) and typhoid samples (green spectra).
The differentiating SERS characteristic features are designated as four
types dash-dot, dashed, dotted, and solid lines. The peaks labeled with
dash-dot lines are the characteristic peaks observed only in the healthy
filtrate and categorized in purple circles. The solid lines are the char-
acteristic peaks found only in typhoid-positive filtrate samples and
categorized in red circles. The SERS features represented by dashed and
solid lines are the characteristic peaks that are found in both healthy and
disease-positive filtrate samples with decreasing and increasing peak
intensities, respectively. These characteristic features are listed in
Table 1 SERS bands of true healthy filtrate appear at 640, 815, 889, 963,
1008, 1131, 1208, and 1697 cm ™. Most of these are related to proteins
and lipids which give the basis for a quick distinction between healthy
and disease-positive samples. At 640 cm ™! the peak intensity appears
due to protein-tyrosine showing C-C twisting & C-S stretching, 815 cm ™!
due to tyrosine, proline, hydroxyproline, v, PO3 stretch in nucleic acids,
889 cm ™! due to methylene rocking, 963 cm ™~ due to CH bending which
is out of plane unassigned protein assignment, 1008 cm ™! due to poly-
saccharide, pectin, phenylalanine, 1131 ecm™! due to fatty acid and
palmitic acid, 1208 cm ™! due to proteins like phenylalanine or amide III,
tryptophan, n(C-C¢Hs) and 1697 cm ™! due to turns & bands of Amide-I.

SERS bands of typhoid-positive filtrate samples appear at 519, 802,
840, 950, 1029, 1398, 1540, and 1787 cm .. Most of these peaks are
related to proteins & lipids. The SERS band intensity at 519 cm ™! due to
Phosphatidylinositol, at 802 cm ™! due to thymine ring breathing mode,
840 cm ™! due to a-saccharide or band of a-Anomers glucose saccharide,
950 cm™! due to amino acids, polysaccharide & proline, valine, 1029
cm ™! due to methoxy group (O-CHs) stretching,1398 cm™! due to CHy
distortion or symmetric stretch of carbonyl C=0,1540 cm™! due to
presence of aromatic hydrogen and vibrations of amide carbonyl (C=0)
group and 1787 cm™! due to lipid contents.

Those SERS features which are detected in both healthy and diseased
filtrate are observed at 596, 727, 1096, 1315, and 1447 cm™". There are
bands at 596 cm ™! due to Phosphatidylinositol, 727 cm ™! due to proline,
1096 cm™! due to phosphodioxy groups, 1315 cm™! due to B, Z- a
marker of DNA/RNA base guanine and 1447 cm ™' due to different
modes of vibrations such as deformation of CH; in lipids & protein CHy
bending mode.

3.4. Principal component analysis (PCA)

For all healthy and typhoid-positive SERS spectral data sets, PCA was
used as a differentiating method. PCA reduces the dimensionality of
multi-dimensional datasets to reduce data complexities and transforms
them into new variables called PCs that are orthogonal to each other.

PCA, which may be used for objective identification between similar
spectra, can highlight minor spectral changes. PCA was used in this
study to see if SERS could be used to quickly differentiate between
healthy and typhoid-infected patients by lowering the overall dimen-
sionality of datasets.

The PCA scores and loadings for the dominating principal compo-
nents (PCs) are plotted to explain variation in the SERS data sets. Fig. (a)
illustrates a PCA scatter plot of SERS spectra of healthy and disease-
positive samples. First Principal Component (PC-1) on the x-axis clus-
ters and separates the SERS spectral data of the two groups of samples,
which are shown with different colors. Black dots represent healthy
SERS data, whereas green dots are shown for SERS data of typhoid-
positive samples. Each dot represents one SERS spectrum and the PC-1
accounts for 71% of the total explained variation, whereas the second
principal component accounts for 17% variability. The results show that
PC-1 explains the most variation since it has distinctly grouped spectral
datasets where healthy samples are on the negative side of PC-1,
whereas on the positive side of PC-1 SERS spectra of typhoid samples
are clustered indicating that both these samples are significantly
different from the others based on its SERS features.

The analysis of PCA scores provides a visual representation of vari-
ability in the case of distinct clusters or groupings, but it does not give
any information on the cause of the variation in data that differentiates
data into different clusters. The PCA loadings are used to find the
fundamental relationship in the original variables. The loadings can be
designated as correlation coefficient vectors between variables in the
original dataset, with each main component score. This illustrates spe-
cific characteristics that play a key role in the grouping/clustering of the
SERS spectra of different samples. The large loadings either negative or
positive of a variable make it significant for detection purposes since
they play a significant influence in data variations concerning the
associated PC when likened to the other variables. As can be seen in
Fig. 5 (a), the disease-positive SERS spectra are grouped/clustered on
the positive axis, whereas spectra of all other healthy samples are rep-
resented on the negative axis hence PC-1 positive and negative loadings
are associated with typhoid disease and healthy samples respectively,
allowing the PC-1 loadings to be used to identify whether a sample is
healthy or infected.

PC-1 negative loadings related to spectral data of healthy samples,
observed at 640 cm™! (protein-tyrosine showing C-C twisting & C-S
stretching), 815 cm ™! (tyrosine, proline, hydroxyproline, vy PO3 stretch
in nucleic acids), 889 em™! (methylene rocking), 963 em™! (CH’ 26
bending protein assignment), 1008 cm ! (phenylalanine), 1131 cm?
(fatty acid and palmitic acid), 1208 cm ! (phenylalanine, tryptophan)
and 1697 cm~! (Amide-I band). The PC-1 positive loadings could be



M. Akram et al.

Photodiagnosis and Photodynamic Therapy 40 (2022) 103199

0.4r
(a) * Healthy Filtrate
K * Typhoid Filtrate
£ 02t - -
g 0. . .
g W%y,
-9 ‘ ".=lh‘
E o 5 &
o ul'e a
z ® %
S -0.2f 2 ,
. .
T4 ¢ A
S
_0. 1 | | 1 | | |
—8.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
1st Principal Component
0.1
—rClp)
596
0.05519
g OV -
S
=
8
8
- -0.05F
01 77
-0.15 640 ' ' w . .
600 800 1000 1200 1400 1600

1800

Raman Shift (cm ™)

Fig. 5. (a) Principal component analysis scatter plot and (b) PCA loadings of SERS spectra of filtrate fractions of blood serum samples of healthy and typhoid

fever patients.

related to spectral data of typhoid-infected samples observed at 519
em ™! phosphatidylinositol, 802 cm ™! (thymine ring breathing mode),
840 cm~! (band of a-Anomers glucose saccharide) and (a-saccharide),
950 cm ™! (amino acids, & proline, valine single bond stretching vibra-
tions), 1029 cm ™! due to methoxy group (O-CHj) stretching, 1398 cm ™!
(CH;, distortion or symmetric stretch of carbonyl C=0), 1540 cm~! due
to presence of aromatic hydrogen and vibrations of amide carbonyl
(C=0) group and 1787 cm™! (lipid contents). These conclusions are
following mean spectra and demonstrate that SERS could be used to
distinguish between filtrate portions of blood serum samples of healthy
and typhoid-infected patients, based on respective spectral data
variations.

3.5. Partial least square discriminant analysis (PLS-DA)

Analysis of PCA scores gives only visual distinction of SERS spectral
data sets of all typhoid and healthy samples but it does not give any
quantitative information about the data. PLS-DA is a data modeling
approach that may be used for descriptive and predictive modeling as
well as variable selection. PLS-DA is a supervised classification modeling
approach that uses previous knowledge from classes to quantitatively
discriminate between SERS spectra of healthy and typhoid-infected

samples. To eliminate biased in the results, all data is put into a ma-
trix and then randomized. PLS-DA is designed to take into account a
large number of highly correlated elements and aids in unraveling un-
derlying relationships between variables. PLS-DA works by the selection
of the most discriminatory features in the spectral data sets that aid to
categorize the samples into different classes like healthy and disease
ones. PLS-DA accomplishes variable selection and classification in a
single step using variables found in X data inside a supervised frame-
work [71]. To construct the PLS-DA model, the SERS spectral data were
divided into two sets, with 60% of the spectra of samples randomly
selected and retained as the calibration set while 40% of the total data
was used for testing. The variables with the least prediction error are
identified and regarded as ideal latent variables (LVs) to attain a high
level of accuracy in the results. The latent variables identified to be the
optimum number for this purpose are 17. The class information was
used as the y-variable and the spectral data as the x-variable to construct
the PLS-DA classification model. To develop the model using the cali-
bration dataset, the Bayes theorem and cross-validation were applied
[52]. Cross-validation is used for validation, taking one sample (15
spectra) out of cross-validation and these spectra were not part of the
calibration data. Because the validation dataset was maintained sepa-
rate from the model training process, the trained classification model
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was then used to verify its efficiency.

As shown in Fig. 6, the score plot differentiates between SERS
spectral data sets of filtrate fractions of blood serum samples of healthy
and Salmonella typhi infected samples. PLS-DA was designed to verify the
accuracy of created classes. Healthy samples are clustered/grouped on
the positive side of the line crossing the y-axis in SERS spectral datasets,
while typhoid samples are grouped/clustered on the negative side. The
black color indicates healthy, whereas the green color indicates SERS
spectra of typhoid samples. PLS-DA has a measured validity of 97 %,
precision of 76 %, sensitivity of 91 %, and specificity of 99 %, indicating
that the model is valid and can be used to classify various typhoid
samples and distinguish healthy samples from typhoid disease samples.
Fig. 7 shows the ROC curve, which was used to evaluate the diagnostic
capabilities of the SERS technique as well as the efficacy and function-
ality of the classifying model. The curve (ROC) was mapped among 1-
specificity and sensitivity. The high efficiency of the model is demon-
strated by its AUC value of 0.78. The highest AUC value is 1, indicating
that the model is 100 percent valid, while a value of zero indicates that
the model is invalid. Because the value of AUC of the SERS data set is
close to 1, the PLS-DA graph describes the differences among the healthy
and disease classes more clearly than the PCA scatter plot.

4. Discussion

The Raman spectra are greatly influenced by removing the bigger
size proteins from the blood serum samples of the healthy and typhoid-
positive patients by using 50KDa filters and the filtrate parts of these
samples are characterized by the SERS technique. The cellulose mem-
brane separated the dominant large molecular weight proteins(LMW)
from the smaller molecules, allowing for more efficient SERS spectro-
scopic detection [72].

The intensity of bands associated with lipids is located at 519, 596,
1131, and 1447 cm L. At 519 cm ™ the peak intensity is only present in
typhoid filtrate and not found in healthy filtrate due to bacterial
cholesterol (phosphatidylinositol). Phosphatidylinositol-4-phosphate
[PI(4)P] is a signaling molecule present on the plasma membranes,
Golgi, and endosomes of bacteria that plays a significant part in traf-
ficking, phagolysosome resolution, inflammasome development, and
autophagy [73]. The peak intensity at 596 cm ' * present both in
healthy and diseased samples but the intensity of the band increase due
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to the phosphatidylinositol of bacteria as well as the human itself as in
humans, 4 membrane-related to phos-phatidylinositol-4-kinases (PI4Ks)
plus a single preserved PI(4)P phosphatase, work together to maintain
homeostasis [74]. The band intensity at 1131 em ™" is also lipids (pal-
mitic acid and fatty acid) which are not found in Salmonella typhi posi-
tive samples. At 1787 cm™! the peak is also due to bacterial lipid
contents.

The carbohydrates (polysaccharides, pectin) differentiating feature
observed at 1008 cm™! is detected in healthy samples only [75] while
bacterial carbohydrates peaks observed at 840 cm ™ due to a-saccharide
or band of a-Anomers glucose saccharide. These carbohydrates act as
adhesion receptors in the early stages of bacterial infections. The role of
carbohydrates in Salmonella enterica infection and the production of
fimbrial adhesions by different bacterial species. Carbohydrates are used
by these microbes as receptors for infection; although, the carbohydrate
consumption of microbes differs. Various carbohydrate moieties are
found on the surface of the mucosal tissues of the gastrointestinal system
and play a significant role in infection, serving as the site of contami-
nation or route of entrance for most microorganisms. Carbohydrates are
used by bacteria throughout their infection and/or invasion processes.
They can serve as receptors for a variety of bacteria as well as a barrier
against infection [76].

The SERS bands associated with DNA/RNA are observed in both
healthy and typhoid-positive filtrate fractions including 1096 cm ! due
to phosphodioxy groups and 1315 cm™! (Guanine) have intensities
increased in typhoid-positive filtrate fractions as compared to healthy
ones indicating that this increase in DNA/RNA contents may be due to
presence of bacteria as infection in the filtrate fractions of blood serum
samples. The DNA/RNA band at 815 cm ! is due to vy PO3 stretch in
nucleic acids only found in healthy filtrate fractions. Moreover, the SERS
features which are found only in typhoid-positive filtrate fractions are
observed at 802 cm ™! due to thymine ring breathing mode, and 1029
cm ™! due to methoxy group (O-CHs) stretching. The bacteria, Salmonella
typhi, during infection, induces death and sepsis in various cells by
making active toll receptors, which are the source of cell-free DNA in the
blood serum. The characteristic SERS features of cell-free DNA are
considered indications of specific disorders [77].

Some SERS spectral features are related to proteins. The SERS fea-
tures having an increase in intensities in typhoid-positive filtrate frac-
tions as compared to healthy ones associated with proteins are found at
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727 cm™! due to proline and 1447 cm™! due to different modes of vi-
brations such as protein CHy bending mode. The decreasing band in-
tensity is present at 1697 cm ™' (protein contents). The SERS bands
associated with proteins which are only observed n healthy samples are
present at 640 cm ™! due to protein-tyrosine, 815 cm ™' due to proline,
hydroxyproline, 963 cm™! due to CH bending which is out of plane
unassigned protein assignment, 1008 cm ™! due to pectin, phenylalanine
and 1208 cm ™! due to proteins like phenylalanine or amide ITI and those
which are solely present disease samples are at 950 cm ! due to amino
acids, proline, valine single bond stretching vibrations and 1540 cm™!
due to the presence of aromatic hydrogen and vibrations of amide
carbonyl (C=0) group respectively. These differentiating SERS features
between healthy and typhoid patients also indicate the potential of the
SERS technique for the characterization of the filtrate fractions of the
respective blood serum samples.

5. Conclusions

Surface-enhanced Raman spectroscopy using Ag-nanoparticles SERS
substrate is found to be an excellent technique for the quick identifica-
tion and evaluation of filtrate portions of the blood serum samples of
healthy and typhoid samples for disease diagnosis. The characteristic
SERS bands have been observed in disease-positive samples that may be
linked to the development of infection by Salmonella typhi bacteria.
These bands are associated with carbohydrates, lipids, nucleic acid, and
proteins. PCA was found to be highly useful for qualitatively dis-
tinguishing healthy and pathological SERS spectral data sets. The
diagnostic capability of SERS to quantitatively differentiate between
filtrate fractions of healthy and typhoid patients has been found excel-
lent. To categorize various healthy and typhoid filtrate fractions, the
PLS-DA model is successfully established with 97 % accuracy, 76 %
precision, 91 % sensitivity, and 99 % specificity. The centrifugal filtra-
tion approach is found very useful for analyzing the smaller, potentially
disease-related proteins, more effectively and to avoid the interference
of the bigger size proteins which may dominate if not removed.
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