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ARTICLE INFO ABSTRACT
Keywords: Background: Surface-enhanced Raman spectroscopy (SERS) is an efficient technique which has been used for the
Surface-enhanced Raman spectroscopy analysis of filtrate portions of serum samples of Hepatitis B (HBV) and Hepatitis C (HCV) virus.
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Objectives: The main reason for this study is to differentiate and compare HBV and HCV serum samples for disease
diagnosis through SERS. Hepatitis B and hepatitis C disease biomarkers are more predictable in their centrifuged
form as compared in their uncentrifuged form. For differentiation of SERS spectral data sets of hepatitis B,
hepatitis C and healthy person principal component analysis (PCA) proved to be a helpful. Centrifugally filtered
serum samples of hepatitis B and hepatitis C are clearly differentiated from centrifugally filtered serum samples
of healthy individuals by using partial least square discriminant analysis (PLS-DA).

Methodology: Serum sample of HBV, HCV and healthy patients were centrifugally filtered to separate filtrate
portion for studying biochemical changes in serum sample. The SERS of these samples is performed using silver
nanoparticles as substrates to identify specific spectral features of both viral diseases which can be used for the
diagnosis and differentiation of these diseases. The purpose of centrifugal filtration of the serum samples of HBV
and HCV positive and control samples by using filter membranes of 50 KDa size is to eliminate the proteins bigger
than 50 KDa so that their contribution in the SERS spectrum is removed and disease related smaller proteins may
be observed. Principal component analysis (PCA) and partial least square discriminant analysis (PLS-DA) are
statistical tools which were used for the further validation of SERS.

Results: HBV and HCV centrifugally filtered serum sample were compared and biomarkers including (uracil,
phenylalanine, methionine, adenine, phosphodiester, proline, tyrosine, tryptophan, amino acid, thymine, fatty
acid, nucleic acid, triglyceride, guanine and hydroxyproline) were identified through PCA and PLS-DA. Principal
component analysis (PCA) and partial least square discriminant analysis (PLS-DA) were used as a multivariate
data analysis tool for the diagnosis of the characteristic SERS spectral features associated with both types of viral
diseases. For the classification and differentiation of centrifugally filtered HBV, HCV, and control serum samples,
Principal component analysis is found helpful. Moreover, PLS-DA can classify these two distinct sets of SERS
spectral data with 0.90 percent specificity, 0.85 percent precision, and 0.83 percent accuracy.

Conclusions: Surface enhanced Raman spectroscopy along with chemometric analysis like PCA and PLS-DA have
been successfully differentiated HBV and HCV and healthy individuals’ serum samples.
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1. Introduction

Hepatitis is the inflammation of liver which may occur due to virus
attack which can range from A to E [1-3]. Hepatitis B and C are very
chronic which cause permanent liver failure. Approximately 170 million
population is chronically infected worldwide every year [3,4]. Hepatitis
B and C are caused by viruses B (DNA virus) and C (RNA virus)
respectively which are transmitted from one patient to other due to
sharing of needles or other equipment which was already used and by
transfer of body fluids. Initially, both diseases are asymptomatic and
their symptoms are mostly same which usually appear at the chronic
level. Fatigue, fever, poor appetite, nausea, abdominal pain, yellowing
of eyes and skin, and diarrhea are the major symptoms of HBV and HCV
[5]. The prolonged acute infection leads to hepatocellular carcinoma
and liver cirrhosis which ultimately can cause death [6]. Different gold
standard techniques are available for the diagnosis of these two closely
related diseases. Enzyme Linked Immunosorbent Assay (ELISA) is done
by using serum and saliva samples but considered expensive as it involve
expensive consumables and antibody instability may lead to false posi-
tive and false negative results [7,8]. Liver biopsies would lead to
bleeding, damage to neighboring tissues and can lead to cancer [9].
Liver function test uses Aspartate aminotransferase (AST) for disease
diagnosis but can result abnormal values due to muscle injury which also
causes increased AST value [10]. The HBV and HCV inside the host body
can also be detected through polymerase chain reaction (PCR) which is a
gold standard technique. However, these techniques have some loops
like they have false negative and false positive results, need of skilled
person, highly expensive instruments and time consuming [11].

Surface-enhanced Raman spectroscopy (SERS) as compared to
normal Raman spectroscopy has a great capability to be used as
analytical tool especially for the diagnosis of body fluids for disease
diagnosis. Normal Raman spectroscopy can be employed for the diag-
nosis of biological samples which has been performed previously in the
literature including prediction of viral loads for diagnosis of Hepatitis C
infection in human plasma samples [12], analysis for screening of
dengue infection [13] and for screening of Hepatitis C infection [14].
Moreover, in order to further improve the capability of Raman spec-
troscopy for analysis of biological samples, surface-enhanced Raman
spectroscopy (SERS) is performed [15-17]. SERS is nondestructive na-
ture, less time consuming and cheap as compare to other techniques [1,
5,18-20].

The blood serum contains different proteins except fibrinogen [21].
Biomedical applications of SERS for the examination of serum samples
of various diseases are reported including breast cancer [22] hepatitis B
and C [18,23], dengue [22], typhoid [24], tuberculosis [24].

SERS has been used for the diagnosis of serum samples of HBV is
reported for the viral loads prediction of HBV infection by employing
chemometrics analysis like PLSR (Partial Least Square Regression
Analysis) model [18,20]. Batool et al., reported that SERS is an excellent
analytical tool for diagnosing and differentiating PCR products of Hep-
atitis C and Hepatitis B virus on the basis of their specific SERS spectral
features [1].

For the analysis of blood serum samples, different kDa sizes cen-
trifugal filters are used for the separation of proteins on density base
from the serum [25,26] which can result into filtrate and residual parts.
These separated parts of whole serum can be analyzed by SERS more
effectively as there will be no interference of the bigger proteins in the
signals of SERS. The current study is focused on the comparison of SERS
spectral data sets of centrifugally filtrate portions of HBV and HCV
serum diseases to establish a diagnostic method which potentially can
give better results for the diagnosis of these viral diseases. To the best of
our knowledge, still there is no literature has been reported which de-
scribes use of centrifugal filtration of the serum samples of HBV and HCV
for the SERS analysis and their comparison. This can lead to develop
SERS based diagnostic tools which can be rapid and cost effective as
compared to conventional gold standard techniques.
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HBV proteins come in a variety of forms, including core, surface,
structural, and non-structural proteins. Most HBV proteins have sizes
between 10 and 49 kDa, including the structural and non-structural
proteins (24, 27, 39, 42 protein and 46 kDa) as well as the core pro-
teins (15 and 17 kDa) and surface proteins (24 and 27 kDa) [27].
Moreover, important HCV proteins which are below the size of 50 kDa
including capsid protein C (21 kDa), E1 (31 kDa), NS2 (23 kDa), NS4A
(8 kDa), NS4B (27 kDa) [28]. Due to the above-mentioned sizes of the
proteins of HBV and HCV, 50 kDa filter size was used for centrifugal
filtration in order to eliminate the proteins bigger in size than this filter.
Surface-enhanced Raman spectroscopy (SERS) is utilized to examine the
filtrate parts of blood serum samples from HBV and HCV patients pro-
duced using centrifugal filters that have a 50 kDa pore size. As a result,
the filtrate parts of the serum samples include proteins smaller than 50
kDa, and the elimination of larger size proteins makes it possible to more
effectively acquire SERS spectrum [29].

2. Methodology
2.1. Preparation of Ag NPs

Chemical reduction method has been used for the preparation of
silver nanoparticles which were used as a SERS substrate in data
acquisition. The protocol of the synthesis of silver nanoparticles is re-
ported in recent research paper [30]. Ag NPs were characterize through
scanning electron microscopy (SEM) and their results shows that they
are spherical in shape having diameter is 53 nm which is describe in
previously published article [31].

2.2. Sample collection

Clinically isolated blood serum samples of HBV and HCV were
collected from PINUM hospital, Faisalabad, Pakistan. Sample were
prepared by using centrifugal filter membrane of 50 kDa by stirring at
1300 rpm. First of all, comparative analysis of controlled centrifuged
serum samples is done with centrifuged serum samples of HBV and HCV
of infected patients, Hepatitis B and Hepatitis C centrifuged serum
samples were compared. In total 54 serum samples were collected
including 22 serum samples of HBV, 22 serum samples of HCV and the
remaining were healthy individual samples.

2.3. Centrifugal filtration

Centrifugal devices (Merck, Millipore) like Amicon Ultra-2 ml were
employed for the centrifugation of serum samples of Hepatitis B, Hep-
atitis C and healthy samples having cutoff point of 50 kDa. For centri-
fugation of serum samples, 500 pL serum sample was transferred to
filtration tube and centrifuge for 30 min at 6500 rpm. Two fractions
were obtained after centrifugal filtration, one having high molecular
weight fraction (HMWF) and the other is low molecular weight fraction
(LMWEF). High molecular weight fraction (molecular weight > 50 kDa)
called residue while low molecular weight fraction (molecular weight <
50 kDa) called filtrate. These two fractions of all serum samples were
transferred in a separate vials and stored in a fridge till SERS acquisition
[32].

2.4. SERS data acquisition

Optosky Raman spectrometer (ATR8300BS) were employed to
collect all the spectral data of serum samples with a 785 nm diode laser
as an excitation source, 40X objective with the laser power of 100 mW
and 2 s integration time. For SERS acquisition, 50 pl of filtrate serum
sample and 50 pl of Ag NPs were incubated in an eppendorf for 30 min to
make effective interaction. 50 pl of incubated sample was transferred on
a small groove of aluminum slide, focused with 40X objective, 100 mW
laser light and integration time of 2 s to record SERS spectral data of



M.Z. Nawaz et al.

each sample. All these conditions were kept same to ensure the repro-
ducibility of our samples.

2.5. Preprocessing of SERS spectral data

MATLAB 7.8 version is a statistical software which was used to
preprocess the all collected raw data of HBV, HCV and healthy serum
samples. Raw data contain useful information but it also has noise and
some spikes. All the raw data were combined into a single matrix to
remove unwanted information and collect useful information by doing
baseline correction, smoothing, vector normalization and substrate
removal. Smoothing is done with the Savitzky-Golay algorithm while
baseline correction is done with rubber band and polynomial method. In
one matrix, spectral data sets of all the samples went through the same
preprocessing. Table 1 shows the peak assignments for SERS spectral
data. All the samples including HBV, HCV and healthy serum samples
were differentiated and classify through Chemometric analysis like PCA
(Principal Component Analysis) and PLS-DA (Partial Least Square
Discriminant Analysis).

Principal component analysis is chemometric analysis used to assess
variability and differentiation of spectral data sets as well as reasons for
their differentiation into classes. PCA works by reducing the dimen-
sionality of large data, minimize the loss of information while variability
remain intact [33]. PLS-DA is a simple and effective method for iden-
tifying discriminative features for classification prediction and verifying
classification validity. PLS-DA is an useful approach that may be
employed to spectral data for prediction, validation, descriptive
modeling and data splitting into different sets to characterize disease on
different stages [34].

Table 1
SERS peak assignment of spectral features of HBV, HCV and healthy centrifugal
filtered serum samples.

Peak Peak Assignments References
position
529cm ! Uracil [35,36]
583cm ! Out of plane bending of OH [37]
589cm ! v4 PO4%~ Symmetric stretching vibration [38]
621cm ! Thymine [39]
638cm ™! Methionine [24,40-42]
678cm ! DNA bases (Ring breathing modes), G C-2-endo [27,43]
anti/ (ring breathing)
729cm ! Adenine (RNA/DNA) [27,42,44,
45]
748cm ! Adenine in RNA/DNA [46]
786cm ! Uracil [42,47]
810cm ! Phosphodiester (Z-marker) [43]
840cm* Alpha-Anomers Glucose-saccharide band [36,48]
853cm ™! Proline/Tyrosine [27,47,49]
880cm ! Tryptophan, sigma(ring) [46]
950cm ! Stretching of amino acids, proline, valine and [27,50]
polysaccharides
1014cm ™! N-sugar stretching mode of thymine [36,51]
1073 cm™? Triglyceride (HBV) [52]
1073 cm ™! DNA content in cell (HCV) [53,54]
1099cm ! v(C—N) [27,38]
1131cm™! Fatty acid [27,55]
1208 cm™! Phenylalanine [55]
1280cm ! Phosphates and Nucleic acids [56,57]
1319cm ! B, Z-marker of Guanine [58]
1336¢m Guanine [27,58]
1373cm ! Guanine (DNA/RAN bases) [43,59]
1395cm ! Thymine [60]
1417cm ™! Quinoid ring stretching (C = C) [61,62]
1446¢m ! CH,, proteins bending mode [47]
CH, defor [27,45]
1540cm ™! Aromatic hydrogen, amide group vibrations and [36,63]
carbonyl group vibrations
1588cm ! Phenylalanine, Hydroxyproline [27,38]
1674cm™! C = C stretch vibration [64]
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3. Results

Transmission electron microscopy (TEM) was used to examine silver
nanoparticles which confirmed that Ag NPs had an oval geometry and
size of 53 nm as published elsewhere [19]. According to studies, nano-
particles in this size range have high SERS activity.

3.1. Mean plot of HBV, HCV and control filtrate

SERS mean spectra of filtrate portions of the serum samples collected
by centrifugal filters of 50 kDa size as HBV disease (green spectra), HCV
disease (red spectra) and true healthy samples (black spectra) are shown
in Fig. 1. DNA is corresponding to hepatitis B while RNA is corre-
sponding to hepatitis C disease with respect to the type of their virus.
Notably, major difference between RNA and DNA is that RNA has the
uracil nucleobase while DNA has thymine base. The SERS peak at 786
cm ™! assigned to Uracil base [36] is present in centrifugally filtered HCV
serum sample (HCV is RNA virus) and absent in centrifugally filtered
HBYV filtrate serum. On the other hand, the SERS peaks observed at 621
em™! (thymine) [39] and 1014 em™! (thymine) [1,65] in centrifugally
filtered HBV serum samples (HBV is DNA virus) while absent in healthy
and centrifugally filtered HCV serum. This information helps to differ-
entiate infection caused by two different viruses including hepatitis B
which is DNA and hepatitis C which is RNA virus.

The differentiating SERS spectral features are denoted with solid
lines and dashed lines. The features labelled with solid lines are linked
with the solely observed SERS spectral differences in any sample and
dotted lines are related to the intensities-based SERS spectral differ-
ences. The SERS bands are only observed in the filtrate portions of the
serum samples of clinically diagnosed HCV patients include 621, 678,
786, 810, 840, 853, 880, 950, 1260, 1319, and 1540 cm . Centrifugally
filtered serum of control and HCV samples have some common SERS
band in filtrate portion like 529, 589, 853, 950, 1073, 1417, and 1674
em™!. SERS bands which are common in filtrates of serum of HBV and
HCV samples appear at 548, 583, 748, 1099, 1336, 1373, 1446 and
1588 cm™!. Moreover, the SERS bands that are commonly present in
centrifuged healthy, HBV and HCV diagnosed serum samples appear at
583, 728, 748, 1099, 1336, 1446, and 1588 em L.

3.2. Multivariate data analysis techniques

3.2.1. Principal component analysis (PCA)

Chemometric analysis like principal component analysis (PCA) has
been employed on the SERS processed data sets of filtrate portions ob-
tained by centrifugal filters of 50 kDa size for 10 control serum samples,
22 HBV serum samples and 22 HCV serum samples.

Fig. 2 depicts the overall scatter score of centrifugally filtered serum
of HBV, HCV and control serum sample. The PC-1 shows 67% variability
while PC-2 shows 36% variability in the SERS spectral data sets. Diseases
classes are denoted by red dots and green dots which are clustered on the
positive side of x-axis while controlled samples are denoted by block
dots which are present on negative side of x-axis. HBV filtrate are rep-
resented by green dots, HCV filtrate samples represented by red dots and
black dots represent the control filtrate sample serum. Diseases classes
are clustered on one side showing resemblance and show clear differ-
ence from healthy class which is clustered on negative side of the x-axis.
This PCA scatter plot shows clear difference between healthy, HBV and
HCV serum sample on the basis of their biochemical features.

In order to identify the biochemical differences between HBV and
HCV filtrate serum, a pair wise PCA analysis is done to compare these
two groups. Fig. 3(a) shows the scatter score plot between HBV and HCV
serum filtrate samples having PC-1 exhibits 37% while PC-2 value is
23% variability. Furthermore, green color dots are clustered on the
negative side of the scatter plot represent the SERS spectra of centrifu-
gally filtered HBV serum samples, while red color dots are grouped on
the positive side represent the HCV filtered serum of spectral data. Fig. 3
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Fig. 1. Mean SERS spectra of filtrate portions of HBV, HCV and healthy serum samples. Solid lines represent the differences and dotted lines represent the

similarities.
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Fig. 2. Combined PCA score plot of the SERS spectral data sets of filtrate portions of HBV, HCV and healthy serum samples.

(b) shows PCA loadings between HBV and HCV filtrate serum sample.
The positive loadings which are linked with HCV serum are 529,583,
589, 748, 950, 1131, 1294, 1319,1336, 1373 and 1395 cm L. Further-
more, the negative loadings are linked with spectral data of filtrate
portions of HBV serum samples including 621, 640, 678, 786, 810, 840,
853, 880, 1014, 1073, 1099, 1280, 1446, 1540, 1588 and 1674 em™.
These biomarkers are helpful in differentiating between HBV and HCV
filtrate serum on the basis of biochemical compositions associated with
two diseases.

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

PLS-DA is a supervised method which is used for the quantitative
differentiation between HBV and HCV centrifugally filtrate serum
samples having 50 kDa size. In this case, 40% of the data is used to
calibrate the model and determine the number of latent variables, while
60% of the data is utilized to validate the model. There was a total of 15
latent variables found optimum for development of the model. In Fig. 4

SERS spectral of filtrate portions of HBV serum samples (green dots) are
grouped on the negative side of the score plot, while those of HCV serum
samples (red dots) are clustered on the positive side of the score plot.
The PLS-DA score plot clearly distinguishes SERS spectral data sets of
filtrate portions between HBV and HCV serum samples. Fig. 5 shows the
developed PLS-DA model which has shown 0.90 percent specificity, 0.85
percent precision and 0.83 percent accuracy. These parameters suggest
that PLS-DA model is found effective for the classification of the SERS
spectral data sets of two different viral diseases. The Receiver operating
characteristic curve (ROC) depicts model cross validation and area
under the curve (AUC) value near 1 indicates that the model is accurate,
whereas a value of zero indicates that model is invalid. Fig. 5 shows the
ROC curve of PLS-DA model of SERS spectral data of HBV and HCV and
obtained value of the AUC curve 0.71, which is close to 1 indicating that
the model is best fit and produces excellent differentiation results.
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PCA (b).
4. Discussion

In comparison to their uncentrifuged/whole serum, the hepatitis B
disease biomarkers are more apparent after centrifugation. Centrifugally
filtered blood samples of hepatitis B were easily distinguished from
centrifugally filtered serum samples of healthy people using statistical
techniques including principal component analysis (PCA) and partial
least square discriminant analysis (PLS-DA). Centrifugal filtration
method is also used to examine the qualitative and quantitative analysis
of HCV serum samples which can potentially give more accurate results
for the diagnosis of hepatitis C. In order to analyze the filtrate parts of
the serum samples of HCV patients obtained by employing centrifugal
filters of 50 kDa, surface-enhanced Raman spectroscopy (SERS) is used.
As a result, the filtrate portion of the serum samples contain proteins
smaller than 50 kDa, and the elimination of larger size proteins makes it
possible to more effectively acquire SERS spectral features of smaller
proteins, which are likely linked to Hepatitis C disease.

The differentiating SERS bands present in SERS mean spectrum of

hepatitis C are observed at 529, 639, 678, 856, 945, 1014,1102,
1131,1332 and 1374 cm ™! which are found in previously published
work [36,65]. The differentiating SERS bands of hepatitis B are observed
at 841, 853, 950, 1099, 1131, 1136, 1446, 1540 and 1588 cm ™ * which
are observed in previously published work [27,54]. The differentiating
SERS spectral bands as mentioned in Fig. 1, The peak at 1373 cm™*
(DNA/RNA bases) is found with enhanced peak intensity and due to
increased contents of RNA in HBV and HCV positive filtrate portion of
serum as compared to healthy sample. The prominent SERS features of
phosphate group appears at 589 and 810 cm ™! which are found in both
DNA and RNA and at position 589 cm™! no peak is found in HBV but it
shows slight shift towards higher wave number in RNA spectra. The
SERS features at 1014 and 1395 cm ™! are associated with thymine and
are only present in mean SERS spectrum of filtrate portion of HBV
serum. Notably, as thymine is a DNA base hence these peaks are only
observed in the mean spectrum of HBV (DNA based virus) positive
samples and absent in HCV (RNA virus) positive samples. On the similar
basis, the features of Uracil which is a RNA nitrogenous base, are
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observed only in HCV positive samples at positions 529 cm ™ (ring
stretching of uracil) and 786 cm!(pyridine ring breathing mode of
uracil). The peaks appearing at 729 cm™' (adenine) and 748 cm™!
(adenine) with increased peak intensity is found in filtrate portions of
both HBV and HCV serum spectra as compared to control serum spectra
due to contents of DNA/RNA in the form of adenine in both HBV and
HCV. The peak appearing at 853 cm™~!(ring breathing mode of Tyrosine)
is observed in HCV and HBV as well healthy samples. The SERS features
of carbohydrates appearing at 840 cm™*(glucose saccharide band) and
950 cm ™~ !(polysaccharides). The peak intensity at position 840 and 950
em ™! is increased in HCV serum spectra but absent in HBV serum spectra
at this position. The features of proteins appear at 1446 cm™'. The peak
intensity at 1260cm’1(Amide III band) and 1446 cmfl(CHg bending
mode of proteins) is increased in both HBV and HCV serum spectra as
compared to control serum spectra hence may be due to the proteins
directly related to the both viruses of HBV and HCV. Other peaks related
to proteins appear at 621 and 1588 cm ~! and are found with increased
peak intensity in both HBV and HCV due to HBV and HCV viral

infection. The SERS peak appears at 1099 cm ™' (C—N stretching) and
880 cm™! (tryptophan)with increased peak intensity in both HBV and
HCV serum spectra due to increased contents of proteins as compared to
healthy samples. One peak appears at 1540 cm™! which is slightly
higher in HCV as compared to control spectra and absent in HBV due to
amide carbonyl group vibration and aromatic hydrogen. The SERRS
peak appears at 638 cm ™! which is present in healthy filtrate but absent
in both HBV and HCV filtrate due to presence of methionine. Low con-
centration of methionine can also lead to the cell proliferation and cell
morphological changes. The peak appears at 1073 cm ™" is absent in HBV
due to increased concentration of Triglycerides and increased in HCV
due to increased content of DNA in the cell. The peak at 1135 cm ™! is
observed in normal serum samples but absent in HBV and HCYV filtrate
due to presence of fatty acids and one peak appear at 1208 cm™! is
absent in both HBV and HCV but present in healthy serum samples due
to phenylalanine. The peak appearing at 1417 cm™! is due to quinoid
ring which is increased in HCV than normal serum samples but absent in
HBV. J-Nagakawa was studied in galactosamine-induced hepatitis
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model in F344 rats in which endogenous endotoxin is believed to play a
critical pathogenic role [62].

5. Conclusions

The disease biomarkers present in centrifuged serum samples are
found more prominent as compared to uncentrifuged serum samples
employing centrifugal filters of 50 kDa. The blood serum samples of
hepatitis B and C centrifuged by using centrifugally filtered devices were
easily distinguished from centrifugally filtered serum samples of healthy
people by using principal component analysis (PCA) and partial least
square discriminant analysis (PLA-DA). Hepatitis B and C diagnosis may
be improved by using the centrifugal filtration method to evaluate the
qualitative and quantitative analyses of HBV and HCV serum samples.
SERS along with chemometric analysis like PCA and PLS-DA is an
effective in identifying the biochemical features of HBV and HCV dis-
eases in the form of SERS spectral peaks of centrifugal filtration of the
serum samples. Moreover, this approaches also found very useful for
comparing two different diseases with almost identical symptoms. This
helps the differentiation of the two diseases based on biochemical dif-
ferences. Many distinguishing SERS spectral features including 529,
589, 678, 810, 950, and 1540 cm ! are identified by the comparison of
the HBV and HCV SERS spectral data sets. PCA analysis is found helpful
for differentiation between the SERS spectral data sets of the HBV, HCV
and healthy/control serum samples. The PLS-DA analysis was used to
verify the authenticity of SERS spectral data classification for two dis-
eases with 0.90 percent specificity, 0.85 percent precision and 0.83
percent accuracy.
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