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A B S T R A C T   

Background: Surface-enhanced Raman spectroscopy (SERS) of body fluids is considered a quick, simple and easy 
to use method for the diagnosis of disease. 
Objectives: To evaluate rapid, reliable, and non-destructive SERS-based diagnostic tool with multivariate data 
analysis including principal component analysis (PCA) and partial least square discriminant analysis (PLS-DA) 
for classification of different stages of typhoid on the basis of characteristic SERS spectral features. 
Methods: SERS has been used for analysis of serum samples of different stages of typhoid including early acute 
stage and late acute stage in comparison with healthy samples, in order to investigate capability of this technique 
for diagnosis of typhoid. SERS spectral features associated with the biochemical changes taking place during the 
development of the typhoid fever were analyzed and identified. 
Results: The value of area under the receiver operating characteristics (AUROC) for early acute stage versus 
healthy is 0.87 and that for healthy versus late acute stage is 0.52. PLS-DA classifier model gives values of 100 % 
for accuracy, sensitivity and specificity, respectively for the SERS spectral data sets of healthy versus early acute 
stage. Moreover, this classifier model gives values of 91 %, 89 % and 97 % for accuracy, sensitivity and speci
ficity, respectively for the SERS spectral data sets of healthy versus late acute stage. 
Conclusions: Based on preliminary work it is concluded that SERS has potential to diagnose various stages of 
typhoid fever including early acute and late acute stage in comparison with healthy samples.   

1. Introduction 

Typhoid fever is an infectious [1], contagious [2], and 
life-threatening disease [3]. The pathogen of this disease is sub-specie 
Salmonella enterica serovar typhi [4], which is a gram-negative, hos
t-adapted, human-specific pathogen and belongs to the rod-shaped, 
aerobic, and flagellated bacterial family named Enterobacteriaceae [5]. 
Typhoid fever is considered a significant factor for the cause of 
morbidity and mortality [6,7] in the global distribution due to the 
emergence of 21.6 million cases annually. This disease is a monsoonal 
fever and its rate of perfusion is high during rainy days and can cause its 
outbreak. 

Enteric fever is characterized by abdominal pain, persistent fever & 
headache, vomiting, paradoxical bradycardia, atrophy, drowsiness, loss 

of appetite, redness, and intestinal pain. Other symptoms are neuro
logical include inflammation of the spinal cord and catalepsy [8]. Due to 
inducing systematic infection in humans, Salmonella subspecies are 
recognized as a leading contributor to bloodstream infections. These 
clinical symptoms fall into ranges from less complicated high-grade 
fever to more complicated and serious illness leading towards hemor
rhage, peritonitis, encephalopathy, and perforation. Typhoid is rare in 
developed countries but remains a serious health problem in areas of 
poor sanitary and unhygienic conditions [9]. S. typhi is water-borne 
obligate and mode of transmission are person-to-person, contaminated 
water and food [10], visit endemic areas, shellfish, fruit, and vegetables 
harvested from soil subjected to human waste and sewage-contaminated 
water defecation in open places [11]. 

Although different microbial and serological techniques such as 
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blood culture [12], Enzyme-linked immune-sorbent assays (ELISA) [13, 
14], biosensors [15], Loop-mediated isothermal amplification [16,17], 
immunofluorescence [18], Polymerase Chain Reaction (PCR) [19], 
Widal test for characteristic antigens [20,21], duodenal string culture 
[22], lateral flow immunoassay [23] are used to diagnose typhoid fever, 
they are subjected to limitations of low specificity and time-consuming 
[24]. Moreover, it is difficult to discriminate enteric fever from other 
diseases such as paratyphoid (A, B, C) and pneumonia because of simi
larity in prolonged fever and other clinical manifestations which de
mand sensitive, precise, reproducible, and accurate methods for the 
diagnosis. Raman spectroscopy is identified as a potential candidate for 
the identification of water-borne. It is inexpensive, providing wider in
formation content, having high analytical speed on chemical composi
tion, structure, and bio-molecular interactions within microorganisms. 
Raman spectroscopy is a type of vibrational molecular spectroscopy and 
can help in quantitative and qualitative analysis of samples [25]. Apart 
from being rapid, simple, and sensitive, Raman spectroscopy is sub
jected to weak signal intensity. It also faces some problems in the 
identification of biological fluids containing low concentration such as 
serum, plasma, synovial fluid in joints and lymph. Surface-Enhanced 
Raman spectroscopy has the potential to detect a low concentration of 
biological fluids due to the enhancement of Raman signal caused by the 
nanoparticles as substrates [26]. Clinically, there is a need to analyze 
early acute stage and late acute stage typhoid so that a proper treatment 
can be provided to early acute stage patients therefore our technique can 
be used for the diagnosis of different stages of typhoid fever and their 
comparison for the characterization of the biochemical changes associ
ated with the development of the severity of this disease due to its high 
sensitivity and specificity. The utility of this technique as a clinical tool 
can also be extended for the diagnosis of other diseases at different 
stages. 

Previously, Raman Spectroscopy has been reported to differentiate 
healthy and typhoid serum. They have acquired Raman spectra with 
laser power of 150 mW and the changes they found to differentiate 
healthy and typhoid samples are at 630 cm− 1, 1099 cm− 1, 1144 cm− 1, 
1343 cm− 1, 1692 cm− 1, 1711 cm− 1, and 1746 cm− 1 that are very minor 
changes and hard to identify visually [27]. The Raman fingerprints of 
unknown sample will not be characteristic/unique enough to identify 
either that sample belongs to healthy or infected individual that is why, 
it cannot be employed to differentiate different stages of typhoid that 
require more sensitivity of a technique. In the current study, 
Surface-enhanced Raman Spectroscopy (SERS) is employed with laser 
power of only 90 mW to analyze serum samples of two stages of typhoid 
including early acute stage and late acute stage as compared to the 
healthy samples. We have obtained greater number of characteristic 
features that differentiate healthy and typhoid samples as compared to 
normal Raman (NR). Also, we have successfully employed SERS for the 
differentiation of different stages of typhoid. It is observed that the 
concentration of IgM (immunoglobulin M) increases at the early acute 
stage. S. typhi is intracellular at this stage and not directly present in 
serum, but biochemical changes associated with typhoid fever can be 
observed by taking serum as a target analyte for diagnosis. With time, 
S. typhi flows in bloodstream and becomes extracellular. At that point, 
the late acute stage appears and the concentration of IgG (immuno
globulin G) increases along with IgM. A critical review of the previous 
literature has shown that no such comparison is published yet. 

2. Materials and methods 

2.1. Serum isolation from the blood of typhoid patients 

On removal of cells and blood clotting agents from blood, the 
remaining liquid part of blood is known as serum and should therefore 
contain proteins and other molecules which represent the entire body 
system [28]. The whole blood sample was obtained in a blood collecting 
tube and centrifugal separation was performed to separate blood 

components to obtain serum. All samples were collected from Allied 
Hospital Faisalabad, Pakistan. A total of 60 samples were obtained 
including 20 healthy, 20 of the early acute stage, and 20 of the late acute 
stage of typhoid serum samples. 

2.2. Synthesis of silver nanoparticles and substrate for SER measurements 

Ag NPs were synthesized by chemical reduction method using silver 
nitrate (AgNO3) as a precursor and tri-sodium citrate (Na3C6H5O7) as 
reducing agent and capping ligand as we previously described [29]. 
More briefly, 0.0085 g/300 mL of silver nitrate solution in distilled 
water is heated at 100 ◦C then 10 mL of 1 % tri-sodium citrate is 
introduced. The solution is boiled for one and half hours on a hot plate 
along with magnetic stirring to obtain the grey-colored silver nano
spheres [30]. 

2.3. Characterization of Ag-NPs 

Characterization of obtained Ag NPs was carried out by transmission 
and scanning electron microscopy (TEM and SEM) using a field emission 
electron microscope (JEOL, JSM-7500F) as described in our previous 
publication [29]. Briefly, for TEM, the samples were prepared by slow 
evaporation of a drop from an aqueous suspension of Ag NPs onto a 
carbon-coated copper grid (400 mesh). For SEM, dried Ag NPs were 
placed on a copper stub without any extra conductive coating. ImageJ 
software was used to analyze the electron micrographs. 

2.4. SERS measurements 

For this purpose, 30 μL of each sample was mixed with 30 μL of silver 
nanoparticles and left for 30 min as incubation time to develop good 
interaction between sample and nanoparticles. The longer incubation 
time let nanoparticles interact sufficiently with the sample and the 
distance between nanoparticles and sample decreases. The electromag
netic strength increases with the close binding of nanoparticles and it 
results in the strong SERS intensity of healthy and typhoid samples. The 
SERS spectra have been recorded after every 10 min and we observed 
that the incubation time of 30 min provides good results that is why this 
incubation time was fixed for all measurements [31,32]. From this in
cubation mixture, 40 μL of typhoid positive and healthy individuals was 
placed on an aluminum slide and SERS spectral acquisition was per
formed using Raman spectrometer (ATR8300BS, Optosky, China). For 
this purpose, a 785 nm diode laser was used as an excitation source by 
delivering laser power of 90 mW through a 40 X objective, and an 
air-cooled charged coupled device (CCD) detector was used to record 
Raman scattering. For all the serum samples, 15 Raman spectra were 
acquired in the spectral range of 200 to 1800 cm− 1 with an acquisition 
time of 10 s. 

2.5. SERS spectral data pre-processing 

All Raman spectral data of typhoid infected and healthy human 
serum was pre-processed by using MATLAB 7.8 and established pro
tocols. By taking all the SERS spectral data in a matrix, different pre
processing steps involving smoothing, substrate removal, correction of 
baseline, and vector normalization were carried out. Savitzky-Golay (13 
peekpoint window, 3rd order polynomial) standardization technique 
has been utilized to smooth raw spectral information content. For the 
elimination of the baseline, a rubber band correction was evaluated out 
for every spectrum. The best indication of baseline correction is that the 
spectrum starts from zero and finally ends at zero. 

2.6. Data analysis 

In the current study, multivariate data analyses such as Principal 
Component Analysis (PCA) and Partial Least Square Discriminate 
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Analysis (PLS-DA) were employed for the analysis of SERS spectral data 
of healthy serum and two stages of typhoid (early acute stage and late 
acute stage) serum samples. PCA is an unsupervised method and a 
mathematical procedure involving the transformation of possibly 
correlated variables into a smaller number of uncorrelated variables, 
known as principal components (PCs), to reduce the dimensionality of 
the data whilst maintaining their variability. The dominant source of 
variability in data is accounted by the first principal component (PC-1) 
and each succeeding principal component is counted for the further 
highest source of remaining variability. The PC loading could be un
derstood as orthogonal dimensions of variability which facilitate the 
differentiation of different groups of Raman spectral data along with 
their coefficient as each spectrum of serum sample of typhoid fever and 
healthy scores along these dimensions [33]. The Partial Least Square 
Discriminant Analysis (PLS-DA) is a classifier model and combination of 
Partial Least Square & Partial Discriminate Analysis and both these 
approaches are supervised. PLS-DA model is a statistical tool that has the 
potential to predict, classify, and explain as well to differentiate the 

variability among the groups. Furthermore, it has the advantage to 
explain the multi-dimensional dataset for various purposes such as 
diagnosing different stages of disease in the medical field, analyzing 
product quality assurance, and investigating forensic medical exami
nation [34]. The area under the receiver operating characteristics is 
mostly used to check the diagnostic accuracy of the classifier model and 
measure the usefulness of the technique. It is a graphical representation 
plotted against the true positive rate and the false positive rate. The true 
positive rate represents sensitivity and the false positive rate shows 
specificity. Furthermore, it is the likelihood that a randomly chosen 
individual with the disorder will score higher on the test than a 
randomly chosen individual without the disorder [35]. 

3. Results 

Electron microscopy revealed Ag NPs to be of oval geometry with an 
average size of 65 × 45 nm as shown in Fig. (S1). The SERS results were 
interpreted by using Raman spectral features assignments taken from 

Table 1 
SERS peak assignments of spectral data of healthy and typhoid positive serum samples.  

SERS Shift (cm− 1) Peak assignments Healthy 
Serum 

Typhoid Early acute stage Typhoid Late acute stage References 

440 N-C-S stretch (thiocyanate) ✓ x x [36] 
456 Ring torsion of phenyl x x ✓ [37] 
496 Glycogen, C-N-C deformation ✓ ✓ ✓ [38,39] 
533 Cholesterol ester  ✓ ✓ [40] 
595 Phosphatidylinositol ✓ ✓ ✓ [40] 
562/649 Uric acid ✓ ✓ X [41] 
730 Lipids ✓ ✓ X [42] 
814 C-C stretching (collagen assignment) ✓ ✓ x [43] 
890 Protein bands ✓ ✓ ✓ [44,45] 
961 Phosphate symmetric stretching vibration of calcium 

hydroxyapatite 
✓ ✓ ✓ [46] 

1005 Phenylalanine (proteins) ✓ ✓ ✓ [47] 
1047 Glycogen ✓ X x [48] 
1099 Palmitic acid x ✓ x [43] 
1105 Carbohydrates peak for solutions x ✓ ✓ [49] 
1140 Alpha amylase ✓ ✓ ✓ [50] 
1206 Hydroxyproline, tyrosine ✓ ✓ ✓ [42] 
1330 Region associated with DNA & phospholipids Collagen x ✓ ✓ [51] 
1362 Tryptophan ✓ X x [52] 
1455 Deoxyribose x X ✓ [53] 
1590 Carbon particles x X ✓ [54] 
1623 Tryptophan (IgG) x ✓ ✓ [43] 
1652 Lipid (C––C stretch) x X ✓ [38] 
1691 Amide I (turns and bands) x X ✓ [55] 
1701 C––O (lipid) ✓ X ✓ [56]  

Fig. 1. Mean SERS spectra of healthy serum (Black) versus two stages of typhoid (early acute stage (red) and late acute stage (cyan)).  
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literature, and are assigned in Table 1. Fig. 1 shows the mean SERS 
spectra of serum samples of healthy versus two stages of typhoid (early 
acute stage and late acute stage). The SERS peaks appearing in healthy 
serum show different patterns as compared to typhoid (early acute stage 
and late acute stage) positive serum. 

Here, comparison of healthy and two stages of typhoid serum were 
done through mean SERS spectra. The features including 440 cm− 1, 496 
cm− 1, 533 cm− 1, 640 cm− 1, 730 cm− 1, 815 cm− 1, 960 cm− 1, 1005 cm− 1, 
1099 cm− 1, 1005 cm− 1, 1140 cm− 1, 1330 cm− 1, 1362 cm− 1 and 1455 
cm− 1 are observed as prominent changes and discussed here one by one. 

The Peaks labeled with boxes can be considered as characteristic 
features associated with the development of typhoid. The Peak observed 
at 456 cm− 1 is due to δ (C-C) Ring torsion of phenyl. Raman peak at 496 
cm− 1, 530 cm− 1, and 595 cm− 1 could be associated with cholesterol 
ester, Phosphatidylinositol, and C-N-C deformation, respectively. Two 
bands of phosphate backbone (C–C) (lipids) at 1099 cm− 1 and 1701 
cm− 1 may be contributions from the symmetric deoxyribose stretching 
and C––O stretching of lipid molecules, respectively. SERS bands 
observed at 562 and 649/640 cm− 1 are reported for the presence of uric 
acid. Lipid characteristic peak at wavenumber 730 cm− 1 is observed 
[57], 1099 cm-1 (palmitic acid) [58], 1399 cm− 1 and 1556 cm− 1 rep
resents high density lipoproteins (HDL) [59]. Raman band at 1140 cm− 1 

is a representation of alpha-amylase [50]. At 1330 cm− 1, a band is 
observed in the mean SERS spectrum of typhoid serum samples and 
represents CH3 and CH2 wagging (proteins/lipids) [60]. Raman band at 
1692 cm− 1 may be contributions of DNA (Z-form) [55] and dT C2––O 
stretching vibrations [61]. Along with these, it can be proposed that 
Raman shift at 1701 cm− 1 arises due to cholesterol esters or triglycerides 
[62]. Moreover, peaks at 440 cm− 1 N-C-S stretch (thiocyanate) and 1362 
cm− 1 (tryptophan) were observed only in healthy serum samples. On the 
other hand, a peak at 1099 cm-1 (Palmitic acid) was identified only in 
early acute typhoid. 

3.1. Principal Component Analysis (PCA) 

Principal Component Analysis (PCA) is performed so that each un
known sample could be differentiated based on the associated 
biochemical changes. PCA has been applied on SERS spectral data sets of 

diseased samples including early acute stage and late acute stage of 
typhoid and healthy serum samples. 

Fig. 2 (a) shows PCA scatter plot showing the variability of SERS 
spectral data of diseased and healthy samples. Each cluster at a different 
location is the indication that variability among different kinds of 
samples is observed. Here each dot represents one spectrum. 

The spectral data associated with the healthy serum samples is 
clustered on the negative side of the PC-1 (black color) of healthy are 
grouped indicate that they are similar at a molecular level and varied 
from each other clusters which have different kinds of spectral features 
from other Early acute typhoid grouped on the right side/positive side of 
the PC-1 shown as a red cluster. The scatter plot of various samples is 
helpful to explain variability in different groups and also among the 
samples of the same group. 

Fig. 2 (b) shows loadings of PCA of SERS spectral data of early acute 
stage of typhoid and healthy samples. The negative loadings of PC-1 can 
be associated with spectral data of early acute stage of typhoid serum 
samples include 496 cm− 1, 533 cm− 1, 595 cm− 1, 640 cm− 1,815 cm− 1, 
890 cm− 1, 1005 cm− 1, 1099 cm− 1, 1140 cm− 1, 1285 cm− 1, 1366 cm− 1, 
1418 cm− 1 and 1630 cm− 1 and loadings in positive side including 730 
cm− 1, 854 cm− 1, 958 cm− 1, 1020 cm− 1, 1202 cm− 1, 1392 cm− 1, 1455 
cm-1 and 1587 cm-1 can be associated with spectral data of healthy 
serum samples grouped in the positive axis of the PC-1. Major variations 
are explained by PC-1 as 87 %, and the remaining 13 % explained by PC- 
2. These observations of negative and positive loadings are similar to the 
mean SERS spectra of the infected blood serum and healthy ones, 
respectively. 

Fig. 3 (a) shows PCA scatter plot of Raman spectral data sets of the 
late acute stage of typhoid (cyan dots) and healthy serum samples (black 
dots) and shows that both sets of SERS spectral data are clustered in the 
negative and positive axis of PC-1, respectively. There are strong vari
ations at different Raman shifts of these data sets reflected in the form of 
their clustering separately. 

In the Fig. 3 (b), the positive loadings including 730 cm− 1, 855 cm− 1, 
930 cm− 1, 965 cm− 1, 1005 cm− 1, 1052 cm− 1, 1099 cm− 1, 1174 cm− 1, 
1243 cm− 1, 1399 cm− 1, 1455 cm− 1, and 1593 cm− 1 can be related with 
the Raman spectra of healthy serum samples, grouped in the positive 
axis of the PC-1 and loadings in negative side including 496 cm− 1, 564 

Fig. 2. (a) PCA Scatter plot of SERS spectral data of Healthy (black) and early 
acute stage (red) (b) Loadings of PCA of SERS spectral data of Healthy versus 
early acute stage of typhoid serum. 

Fig. 3. (a) PCA Scatter plot of SERS spectral data of Healthy (black) compared 
with the late acute stage (cyan) (b) Loadings of PCA of Healthy versus Late 
acute stage of typhoid serum samples. 
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cm− 1, 595 cm− 1, 640 cm− 1, 782 cm− 1, 815 cm− 1, 890 cm− 1, 1144 cm− 1, 
1285 cm− 1, and 1362 cm− 1 can be linked with the Raman spectra of late 
acute stage typhoid samples, clustered in the negative side of the x-axis. 
Major variations are explained by PC-1 as 78 % and the remaining 22 % 
explained by PC-2. The results of the loadings confirm the findings made 
based on the mean spectra (Fig. 1) of the infected serum samples and 
healthy ones. 

The loading plots for PCA of healthy and typhoid samples either early 
acute stage and late acute stage are very much similar because in this 
case, the peaks majorly contributing to differentiate samples on the 

positive and negative axis of PC-1 are mostly the SERS characteristic 
features associated with the typhoid development and those peaks have 
formerly been mentioned in the mean spectra. The peaks related to 
healthy samples are on the positive axis of PC-1 loadings and are exactly 
similar in both cases and the bands that are associated with typhoid 
development (early acute/late acute stage) are on the negative axis of 
PC-1 loadings and they are also quite similar but few minor changes can 
be seen (Figs. 2b and 3b). The peak at 1625 cm− 1 is only present in the 
loading plot of healthy versus early acute stage (Fig. 2 (b)) and the in
tensity of peaks at 496 cm− 1 and 630 cm− 1 is lower as compared to Fig. 3 
(b). In the loadings plot, not only the peak position on the negative or 
positive axis is important but also the intensity of peaks is important. 
The peaks associated with typhoid are the same but which peak is 
contributing more in the early acute stage and which one contributing 
more in the late acute stage is mainly associated with the intensity of 
positive and negative loadings. That is why, to better see which SERS 
features are related to the early acute stage of typhoid and which fea
tures are related to late acute stage typhoid, PCA scores plot and loading 
plot has been plotted between early and late acute stage as shown in 
Fig. 4. The SERS bands which are more intense or solely present in the 
early acute stage can be seen on the negative axis and the features that 
contribute more in the late acute stage of typhoid can be seen on the 
positive axis of the PC-1 loading plot in Fig. 4 (b). 

In Fig. 4(a) (b), PCA scatter plot of SERS spectral data sets of two 
stages of typhoid including early acute stage (red dots) compared with 
the late acute stage of typhoid (cyan dots) and shows that both sets of 
SERS spectral data are clustered in the negative and positive axis of PC- 
1, respectively showing considerable differentiation. The reason of this 
differentiation is indicated in the form of positive loadings including 567 
cm− 1, 730 cm− 1, 924 cm− 1, 963 cm− 1, 1099 cm− 1, 1232 cm− 1, 1286 
cm− 1, 1331 cm− 1, 1451 cm− 1, 1533 cm− 1 and 1590 cm− 1 can be related 
with the Raman spectra features of late acute stage of typhoid serum 
samples grouped in the positive axis of the PC-1 and loading in negative 
side including 496 cm− 1, 533 cm− 1, 595 cm− 1, 640 cm− 1, 815 cm− 1, 890 
cm− 1, 1012 cm− 1 1140 cm− 1 and 1206 cm− 1 which can be linked with 
the Raman spectral data points of early acute stage of typhoid serum 
samples which is clustered in the negative side of the PC-1. Major 

Fig. 4. (a) PCA Scatter plot of SERS spectral data of early acute stage (red) 
compared with the late acute stage (cyan) (b) Loadings of PCA of early acute 
stage compared with late acute stage of typhoid serum samples. 

Fig. 5. (a) PCA scatter plot of SERS spectral data set healthy compared with both stages early acute stage (red) and late acute stage (cyan) typhoid. (b) Scree plot of 
healthy versus various stages of typhoid. (c) Loading PC-1 and (d) loading PC-2. 
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variability is explained by PC-1 as 70 % leaving behind the remaining 30 
% explained by PC-2. 

Fig. 5 (a) PCA scatter plot gave out clear differentiation between 
different stages of typhoid such as early acute stage (red dots), late acute 
stage (cyan dots), and healthy samples (black dots). Fig. 5 (b) shows the 
scree plot of healthy versus both stages of typhoid. Fig. 5 (c) the positive 
loadings including 564 cm− 1, 610 cm− 1, 667 cm− 1, 730 cm− 1, 853 cm− 1, 
962 cm− 1, 1099 cm− 1, 1240 cm− 1, 1330 cm− 1, 1456 cm− 1 and 1593 
cm− 1 can be related with the Raman spectra of healthy serum samples, 
grouped in the positive axis of the PC-1 and loadings in negative side 
including 496 cm− 1, 640 cm− 1, 815 cm− 1, 890 cm− 1, 1144 cm− 1, 1140 
cm− 1, 1202 cm− 1, and 1365 cm− 1 can be linked with the Raman spectra 
of late acute stage typhoid samples, clustered in the negative side of the 
x-axis. Major variations are explained by (c) PC-1 as 73 % and the 
remaining 9 % is explained by PC-2 (d). 

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

PLS-DA model was built by using SERS spectral data and finding the 
optimal number of latent variables [63]. Although PCA-DA and PLS-DA 
both are dimensionality reduction methods, PCA-DA has the ability to 
reduce the dimensionality of the SERS data set in order to maintain 
information for small number of class. If this technique is used for large 
number of classes then such a setting will lose much information. In 

order to retain information for large number of classes, the PLS-DA 
classifier model has been used for reducing the dimensionality of 
hyperspectral datasets as well as determining the optimal subset of 
latent variables to produce the highest classification accuracies. In 
previous studies, PLS-DA has found to give good results as compared to 
PCA-LDA [64]. Another reason to choose the PLS-DA model for classi
fication is that it explains variability within the group to a greater extent 
as compared to variability among the group. Furthermore, it is a 
recognition tool having the potential to explain outliers. It is the best fit 
model to classify given data sets when there is no knowledge about the 
variability range among the groups [65]. The whole was randomized 
first and then into the calibration dataset (60 %) and the validation 
dataset (40 %) to avoid any biasedness in the data. The calibration 
dataset was used to build the model and yes, leave one Patient out 
cross-validation has been performed along with it to choose the optimal 
number of latent variables. The built model was applied to the validation 
dataset to check the performance of the established model. In the current 
study, the PLS-DA model was applied for serum samples of healthy 
versus two stages of typhoid serum including early acute and late acute 
stages. Classification among healthy and two stages of typhoid was 
further explained by calculating Receiver Operating Curve (ROC) from 
SERS spectral data sets. 

The value 1 for the area under curve of ROC is an indication of good 
performance of the PLS-DA model and a value equal to zero shows poor 
performance of this classifier model. Receiver Operating Curve is the 
plot of true positive rate (sensitivity) and false positive rate (1- speci
ficity). Table 2 shows the evaluation parameters of the PLS-DA model for 
SERS spectral data sets of healthy versus early acute stage and healthy 
versus late acute stage. The value of Area under Curve for healthy versus 
early acute stage is found to be 0.87 and that for healthy versus late 
acute stage is found to be 0.52. Latent variables used for SERS spectral 
data sets of healthy vs. early acute stage and healthy vs. late acute stage 
were 18 and 16, respectively. 

4. Discussion 

To investigate the capability of Surface-enhanced Raman Spectros
copy (SERS) to identify the spectral features associated with the 
biochemical changes taking place during the development of the 
severity of infectious diseases such as typhoid at an early stage and late 
acute stage in comparison with healthy serum, SERS has been per
formed. The spectral features including 496 cm− 1 (glycogen), 533 cm− 1 

(cholesterol ester), 595 cm− 1 (phosphatidylinositol), 730 cm− 1 (lipids), 
815 cm− 1 (collagen assignments), 1005 cm− 1 (phenylalanine), 1099 
(palmitic acid) cm− 1, 1140 cm− 1 (Alpha-amylase), 1330 cm− 1 (associ
ated with DNA and phospholipids collagen) and 1455 cm− 1 (deoxyri
bose) are observed as striking features and used as spectral markers for 
the diagnosis of typhoid. Serum lipid profile studies have shown that 
levels of cholesterol, triacyl glycerides, and lipids in individuals diag
nosed with typhoid are significantly elevated [66]. This rise of levels of 
cholesterol is manifested in the form of typhoid-associated cardiovas
cular complications [67]. SERS bands observed at 640 cm-1 are reported 
for the presence of uric acid [68]. After ingestion, Salmonella resides in 
the Peyer’s patches (PP) and spread throughout the body, and colonizes 
in reticuloendothelial tissues leading to cytokine secretion by macro
phages against bacterial by-products. This event, with many other fac
tors, leads to release a large number of biological compounds in body 
fluids including the adenosine deaminase (ADA) enzyme [69]. ADA is 
involved in irreversible catalysis and hydrolytic deamination of adeno
sine to uric acid. The increased level of ADA indicates this enzyme’s 
significance in cell proliferation, to prevent accumulation of toxic 
metabolite [70]. So, it is suggested that these could have originated 
because of higher uric acid concentration. Raman peak at 838 cm-1 

represents optical signature of tyrosine [71] 
Lipid characteristic peak at wavenumber 730 cm− 1 is observed [57] 

1099 cm− 1 (palmitic acid) [58] 1399 cm− 1 and 1556 cm− 1 represents 

Table 2 
Evaluation parameters of PLS-DA model for SERS spectral data sets.  

SERS 
Spectral 
Datasets 

Latent 
Variables 

Sensitivity 
(%) 

Specificity 
(%) 

Accuracy 
(%) 

AUROC 

Healthy Vs 
early 
acute 
stage 

18 100 100 100 0.87 

Healthy Vs 
late acute 
stage 

16 89 97 91 0.52  

Fig. 6. (a) Scores plot of the classified model, PLS-DA, for healthy serum 
(healthy dots above the straight line) versus early acute stage of typhoid serum 
samples (red dots below the straight line). (b) Area under curve (AUC) of the 
healthy and early acute stage of typhoid. 
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high density lipoproteins (HDL) [59]. Studies have revealed that 
elevated levels of lipids, very low density lipoproteins (vLDL), high 
density lipoproteins (HDL), low density lipoproteins (LDL), and tri
acylglycerols are associated with the cardiovascular status of typhoid 
patients, as these molecules promote the development of atheroma, 
which leads to myocardial infarction, peripheral vascular disease and 
stroke [72]. Mean plasma, serum, and urine levels of amylase are re
ported to increase in typhoid patients as a manifestation of pancreatitis 
[73]. S. typhi is included in the list of pathogens implicating 
non-alcoholic pancreatitis. This band shows the greater intensity of 
typhoid positive serum as pancreatitis due to bacterial etiology has been 
documented in the literature that leads to an elevation of the mean 
serum and amylase levels in the urine [74]. At 1330 cm− 1, a band is 
observed in the mean SERS spectrum of typhoid serum samples and 
represents CH3 and CH2 wagging (proteins/lipids) [60]. As described 
earlier, lipid profiles are significantly altered in typhoid patients and are 
manifested as typhoid-related cardiovascular complications [66]. De
fense protein levels that play a role in clearing bacteria and preventing 
spleen and liver infection from spreading are also known to increase in 
cases of typhoid infections [75]. Like many other infections, Salmonella 
typhi causes sepsis and apoptosis in many cells by activating toll re
ceptors that are the basis of cell-free DNA in the serum. SERS signatures 
in case of certain diseases are known as cell-free DNA [76]. The above 
discussed SERS features can be associated with the development of the 
typhoid disease and biochemical changes as a result of this, taking place 
in the serum samples, which can be used to diagnose typhoid infection in 
human serum [41]. The scatter plot (PCA) of various samples is helpful 
to explain variability among different samples and among same group of 
samples as indicated in (Fig. 2 (a) & (b)). As found in the mean SERS 
spectra (Fig. 1), the bands used to distinguish biochemical changes 
associated with typhoid fever are also identified in the PCA loadings. 
Principal component 1 and principal component 2 loadings plots are 
generated using principal component analysis and explain the separa
tion of disease and healthy samples based on spectral differences. 
Loadings, more pronounced at some variations due to spectral variation 
in that region. Therefore, it is concluded that principal component 
analysis accurately captures alterations in bimolecular distributions and 
successfully clusters the two kinds of datasets centered on the subtle 
difference in concentration of biomolecules. In Figs. 5 and 6, the PLS-DA 
classifier model gives accuracy, sensitivity, and specificity of 1 for 

healthy vs. early acute stage of typhoid SERS spectral data set. PLS-DA 
classifier model gives values of 0.91, 0.89, and 0.97 for accuracy, 
sensitivity, and specificity, respectively for SERS spectral data sets of 
healthy versus late acute stage. The maximum value of Area under Curve 
(AUC) equal or near to 1indicated that PLS-DA classifier model shows 
good performance of this model (Fig. 7). 

5. Conclusion 

Surface-Enhanced Raman spectroscopy (SERS) provides a reliable 
way to diagnose typhoid, an infectious disease, due to its high accuracy, 
sensitivity, and specificity. SERS is useful to differentiate between 
healthy and two different stages of typhoid including early and late 
acute stages. Principle component analysis (PCA) is found to be helpful 
in analyzing the variability among different groups of SERS spectral data 
sets. Furthermore, the PLS-DA classifier model was applied to check the 
accuracy, specificity, and sensitivity of this analytical tool for the SERS 
spectral dataset acquired from serum samples of healthy versus two 
stages of typhoid. PLS-DA classifier model gives accuracy, sensitivity, 
and specificity of 1 for healthy vs. early acute stage of typhoid SERS 
spectral data set. PLS-DA classifier model gives values of 0.91, 0.89, and 
0.97 for accuracy, sensitivity, and specificity, respectively for SERS 
spectral data sets of healthy versus late acute stage. These results prove 
the potential of SERS for the characterization of biochemical changes 
associated with the development of typhoid and the severity of this in
fectious disease at an early stage. 
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