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Background: Raman spectroscopy is able to analyze non-invasively, disease related to body fluids.

Objectives: For the qualitative and quantitative analysis of HCV serum samples surface-enhanced Raman spec-
troscopy (SERS) based method is developed.

Method: Surface-enhanced Raman spectroscopy (SERS) technique is employed for analysis of filtrate portions of
blood serum samples of hepatitis C virus (HCV) infected patients and healthy ones by using 50 kDa centrifugal
filter device. The filtrate portions of the serum obtained in this way contain proteins smaller than 50 kDa and
removal of bigger size protein which allows to acquire SERS spectral features of smaller proteins more effectively
which are probably associated with Hepatitis C infection. Moreover, SERS spectral features of the filtrates of
different level of viral load including low, medium and high viral loads are compared with SERS spectral features
of the filtrate portions of healthy/control serum samples. SERS spectral data sets of different samples are further
analyzed by using multivariate data analysis techniques such as principal component analysis (PCA) and partial
least square regression (PLSR). Some SERS spectral features are solely observed in the filtrate portions of the
serum samples of hepatitis C and their intensities are increased as the level of viral load increases and might be
used for HCV diagnosis.

Results: PCA was found helpful for differentiation of SERS spectral data sets of filtrate portions of the serum
samples of hepatitis C and healthy persons. The PLSR model helped for the quantification of viral loads in the
unknown serum samples with 99% accuracy.

1. Introduction including longtime infection called chronic and a short span infection

known as acute infection [4]. For the HCV diagnosis, different gold

Hepatitis C is caused by RNA virus and is extremely transmittable
disease, affecting millions of people worldwide [1-3]. HCV is related to
Flaviviridae family of virus and produces unhealthy cells in the cyto-
plasm of hepatocytes. The poor response of immune system against the
mutational spreading of HCV is one of the main reasons of viral evasion
scheme. Mutation of HCV from the adaptive immune response is one of
the major viral division strategies. The duplication rate is 10'2 virions
per day and can be transmitted from person to person by transplantation
of physical relation, infected medical equipment through hemodialysis
and circulatory drugs. There are two major types of HCV infection
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standard techniques are being used including serological assay [5],
recognition of antibodies of HCV [6] and enzyme linked
Immuno-sorbent assay (ELISA) [7]. Notably, the ELSIA technique can
show false positive and false negative results [8]. On the other hand
polymerase chain reaction (PCR) is also being used for the direct anal-
ysis of HCV and recognition of RNA sequence present in the blood serum
samples [7]. PCR is a bio-molecular based method and can easily detect
the HCV infection by using primers [7] but it requires many consum-
ables hence costly, it is highly sensitive technique even any form of
contamination of sample can give false results. Furthermore, PCR can
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only be used to identify the presence or absence of known pathogens or
genes [9]. Therefore, there is a requirement of a technique which is
reliable, cost effective and can do quick analysis for the identification of
HCV infection [10]. Raman spectroscopy is an analytical technique
which is being used for monitoring biochemical changes on the basis of
spectral deviations. It has been explored for various applications
including analysis of bio macromolecules containing lipids [11], pro-
teins [12] and DNA/RNA [13]. Moreover, Raman spectral character-
ization of the hepatitis C related antigens is performed which provides
basic information about disease [14].

Serum is present in the human body having all kind of the protein
except fibrinogen [15]. Surface enhanced Raman spectroscopy of the
serum samples of different diseases has been done .in previous different
studies including breast cancer dengue fever [8], hepatitis B and C virus
[16,17], malaria [18].

In order to analyze the blood serum samples more effectively, sep-
aration of proteins of different sizes from the serum can be done by using
centrifugal filters of different KDa sizes with the help of centrifugal fil-
ters. In the current study, the technique of centrifugal filtration is used
for the blood serum samples of Hepatitis C patients. Notably, our pre-
vious study is about application of the SERS technique for the hepatitis B
(HBV) serum samples [19]. It is important to mention that both HBV and
HCV are two different diseases. The HBV is a DNA based virus and HCV
is an RNA based virus. In this way their respective SERS features are
expected to be different from each other. This can lead to the develop-
ment of the surface enhanced Raman spectroscopy-based methods for
the identification of the viral infections in the blood serum samples of
the patients.

This is the first time that we introduced the centrifugal filtration
method to examine the qualitative and quantitative analysis of HCV
serum samples which can potentially give more accurate results for the
diagnosis of hepatitis C. Surface-enhanced Raman spectroscopy (SERS)
employing silver nanoparticles as substrates, is used to analyze the
filtrate portions of the serum samples of the HCV patients obtained by
using centrifugal filters of 50 KDa. In this way, the filtrate portions of the
serum samples contain proteins smaller than 50 KDa and the removal of
bigger size proteins allows for the acquisition of SERS spectral features
of smaller proteins more effectively which are probably associated with
Hepatitis C infection. According to the best of our knowledge, there is no
such work published yet.

2. Material and methods
2.1. Preparation of Ag NPs

Silver nanoparticles (Ag-NPs) were prepared by a chemical reduction
process by using silver nitrate (AgNO3) as a precursor and (NazCgHs07)
trisodium citrate as a reducing agent and capping ligand. In this process
0.0085 g/300 ml of silver nitrate was added in deionized water and
heated at 100 °C. As the boiling starts, 10 ml of 1% trisodium citrate was
introduced to the solution. Keep the solution boiling for two to three
hours on hot plate along with magnetic stirring to obtain gray colored
silver nano-particles. The obtained Ag-NPs observed under the trans-
mission and scanning electron microscopy. Both of these were per-
formed by using a field emission electron microscope (JEOL, JSM-
7500F) functioning in equally scanning and transmission modes at an
accelerating voltage of 30 keV. In TEM, the nanoparticles are organized
by slow evaporation method from aqueous suspension to from a drop of
Ag-NPs on copper grid (400 mesh) coated with the carbon [20]. On the
other hand, in SEM, dehydrated Ag-NPs are put on copper end lacking
any additional conductive coating. ImageJ software was used for the
analysis of the electron micrographs showing that the silver nano-
particles have oval geometry with an average size of 65 x 45 nm. These
results are published elsewhere [17].
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2.2. Sample collection and preparation

The clinically diagnosed HCV positive and healthy blood serum
samples were acquired from the PINUM Hospital Faisalabad, Pakistan.
The details of these samples are described in; Table 1. For study purpose,
permission was taken from the Ethical Clearance Committee of Uni-
versity of Agriculture, Faisalabad, Pakistan. Notably, the for the purpose
of understanding the serum samples were divided into three different
levels of viral loads such as high, medium and low. There were no
specific boundaries among these different groups of samples. The fil-
trates are obtained by filtering these serum samples using 50 KDa

Table 1.
Details of HCV positive serum samples categorized as low, medium, high viral
loads, negative control and true healthy samples.

Series Samples Viral load (IU) Log of viral class

No. name load

1 S2 1.91E+02 2.2810 Low

2 S8 2.60E+03 3.4149 Low

3 S21 6.64E+03 3.8221 Low

4 S24 1.26E+02 2.1003 Low

5 S27 3.03E+03 3.4814 Low

6 S14 7.40E+03 3.8692 Low

7 §52 4.57E+03 3.6599 Low

8 S77 4.52E+02 2.6551 Low

9 S93 2.35E+02 2.3710 Low

10 S34 6.22E+04 4.7937 Medium

11 S49 6.14E+04 4.7881 Medium

12 S75 5.89E+04 4.7701 Medium

13 S6 1.47E+05 5.1673 Medium

14 §32 7.55E+05 5.8779 Medium

15 S38 6.82E+05 5.8337 Medium

16 S43 2.63E+05 5.4199 Medium

17 S41 1.07E+05 5.0293 Medium

18 S49 3.45E+05 5.5378 Medium

19 S7 3.32E+05 5.5211 Medium

20 S54 6.83E+05 5.8344 Medium

21 S59 4.91E+06 6.6910 High

22 S9 3.64E-+06 6.5611 High

23 S1 1.25E+06 6.0969 High

24 S51 2.04E+06 6.3096 High

25 S53 4.73E+06 6.6748 High

26 S48 1.52E+06 6.1818 High

27 S1 1.24E+06 6.0934 High

28 S29 1.08E+06 6.0334 High

29 S2 Negative <1 Healthy
Control

30 S3 Negative <1 Healthy
Control

31 S4 Negative <1 Healthy
Control

32 S7 Negative <1 Healthy
Control

33 S8 Negative <1 Healthy
Control

34 S9 Negative <1 Healthy
Control

35 S10 Negative <1 Healthy
Control

36 S11 Negative <1 Healthy
Control

37 S12 Negative <1 Healthy
Control

38 S13 Negative <1 Healthy
Control

39 S14 Negative <1 Healthy
Control

40 S15 Negative <1 Healthy
Control

41 S8 Negative 0 True
Control Healthy

42 S16 Negative 0 True
Control Healthy

43 S17 Negative 0 True
Control Healthy
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centrifugal filter and analysed by SERS technique. . The results of a viral
load test are normally described in international units per milliliter (IU/
mL).

2.3. Centrifugal ultrafiltration of serum samples

This protocol of centrifugal filtration was adopted from the literature
[21]. For the centrifugal filtration of the blood serum samples, 200 pl of
each sample were put in the 50 KDa centrifuge tubes of Amicon Ultra-2
ml centrifugal devices (Merck, Millipore). The tubes were centrifuged at
the speed of 6.5 x 10° RPM for 30 min. Same procedure is followed for
all the hepatitis ¢ and healthy serum samples. As a result of centrifugal
filtration, 2 fractions were obtained one with molecular weight higher
than 50 kDa (concentrate/ HMWF) called residue and other with mo-
lecular weight lower than 50 kDa (filtrate/ LMWF). These two fractions
were collected in the separate vials.

2.4. Surface Enhance Raman spectroscopy (SERS) data acquisition

Surface Enhance Raman spectral data acquisition was done by using
Raman Microscope Spectrometer (ATR8300BS) Optosky China with
laser of 785 nm wavelength and a lens of 40X/0.6. For the spectral
acquisition, 50 pl of each serum sample was mixed with 50 ul of Ag-NPs
and left for 30 min for the incubation. From this incubation mixture, 50
ul were placed on the aluminum slide having a little groove and 15 SERS
spectra were recorded. For each sample the laser power was set as100
mW and integration time was 10 s.

2.5. Data preprocessing

For the preprocessing of SERS spectral data, Matlab 7.8 already
established chemometric protocols were used. Surface enhanced Raman
spectral data sets of all the samples were put in a single matrix for the
preprocessing steps including smoothing, substrate elimination, base-
line correction and vector normalization. The smoothing of the SERS
spectral data was done with the help of Savitzky-Golay smoothing
technique (order 3, 17 points window). Notably, normalization algo-
rithm is not applied for the quantitative analysis, Partial least square
regression analysis (PLSR), in the current study The quantitative evi-
dence maybe lost by applying normalization which can disturb the in-
tensity and concentration relationship [39]. The baseline correction of
every spectral data of SERS was modified by applying the rubber band
alteration/ correction and the extra substances were also deducted from
all the spectral data of every serum samples.

2.6. Data analysis

The peak assignments of the spectral features taken from literature
were used for the understanding the reults as mentioned in the Table 2.
For the SERS spectral data analysis, multivariate data analysis methods
including principal component analysis (PCA) and Partial least square
regression analysis (PLSR) are employed. PCA is a data analysis tech-
nique for unidentified samples for which previous information about the
samples is not needed. PCA is an excellent technique for the identifi-
cation of the variability present in the spectral data sets and it gives
assessment about the sample data by decreasing dimensionality but
keeping their variability. The maximum variability is explained by PC-1
and second maximum by PC-2 and so on [39].

For the PLSR analysis, the SERS spectral information is used as in-
dependent variables which are regressed against predetermined viral
load values, known as dependent variables of the serum samples. The
variance among the measured and unexplained predicted variables are
residual variance. PLSR is used to analyze the serum samples quantita-
tively and predict the viral loads. In order to explain fitness of the model,
root mean squared error of cross validation (RMSECV) and root mean
squared error of prediction (RMSECV) were determined. Calibration was
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Table 2.
RNA based Peak Assignment measured by SERS spectral data gained from
literature. Citations are also given.

Wavenumber Peak Assignments Refs.
(em™)
402 Cytosine stretching [22]
436 Lipids [23]
499 C-OHg3 torsion of methoxy [24]
550 Lipids [23]
573 cytosine [22]
593 Phosphate of HA [23]
596 Phosphatidylinositol [23]
639 Amino acid [25]
728 C—C stretching, proteins [26]
743 T (ring breathing mode of thymine in DNA/RNA) [27]
766 thymine ring breathing mode [27]
817 C-C stretching (collagen assignment) [26]
856 Amino acid [28]
880 Tryptophan, sigma(ring) [29]
888 Protein bands [30]
945 stretching vibrations for the amino acids [31]
1008 Phenylalanine (proteins) [32]
1034 C—C stretching; proteins [28]
1056 PO, stretching (DNA/RNA) [33]
1100 n(C—C)-lipids, fatty acids [23]
1102 Phenylalanine (proteins) [33]
1133 Fatty acid [23]
1209 Amide III-Due to C—N stretching and N—H Bending [30]
1248 Amide IIT [30]
1255 Lipids [34]
1275 Amide III band in proteins [25]
1332 -C stretch of Phenyl and C3-Cj stretch/in-plane bend [35]
of proteins
1333 Guanine [22]
1374 RNA base [25]
1379 lipid assignment [36]
1411 Lipid bands [36]
1450 CH,, bending, CH functional groups in lipids, CH, [34]
bending (proteins)
1513 C-C stretching of cytosine [34]
1533 Amide carbonyl group [37]
1585 C=C olefinic stretch (protein assignment) [26]
1590 Carbon particles [28]
1626 Amide-I (a-helix) [36]
1658 Amide-I (proteins) [36]
1704 n(Css0)OH (amino acids aspartic & glutamic acid) [36]
1709 amino acids [36]
1725 (C-0) stretching vibration in Guanine [23]
1774 C-0 and C-C stretching vibration (for Lipids and Fatty [38]
acids)

accomplished on 60% of randomly selected data sets and remaining 40%
were utilized for the prediction/validation of the viral loads by using
leave one sample out cross validation method [40].

3. Results and discussion

Synthesized silver nanoparticles (Ag-NPs) were characterized by
using transmission electron microscopy (TEM) which showed that Ag-
NPs were found to be of oval shape with size ranging from 45 to 65
nm. Previous studies demonstrated that the nanoparticles of this size
range were found to be excellent for SERS enhancement. In addition, use
of centrifugal filers (50 KDa) can separate HCV disease associated pro-
teins in the filtrate portion of the serum samples which can be further
useful for the characterization of the biochemical changes as a result of
development of disease. Different filtrate samples according to their
predetermined viral loads, 43 filtrate samples, are classified into three
categories such as high Viral load, medium viral load and low viral load
samples and are compared against filtrates of healthy samples.

3.1. Mean SERS spectra

The peak assignments of these spectral features of HCV whole serum
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samples, residue and filtrate were taken from the literature given in
Table 2 where the citations are also mentioned against each peak
assignment. Fig. 1 displays the mean spectra of centrifuged HCV serum
samples which are separated into two components such as residual and
filtrate. The solely differentiating features are represented by solid lines
and intensities-based differences are labelled by dotted lines. In this
mean spectral plot the different peaks labeled with solid lines include
573 em™! (Tryptophan/cytosine, guanine), 596 cm™! (Phosphatidyli-
nositol), 945 cm! (stretching vibrations for the amino acids), 1513
cm ! (cytosine), 1626 cm ™! (amide I (alpha-helix)) and at 1725 cm !
((C—0O) stretching vibration of guanine). On the other hand, the peaks
represented by dotted lines having increase in intensities as the viral
load increased, include 499 cm! (C—OHj3; torsion of methoxy), 639
em ! (n(C-S) gauche (amino acid methionine)), 743 cm ! (T (ring
breathing mode of thymine in DNA/RNA)), 817 cm ! (C—C stretching
(collagen assignment)), 888 em™! (Proteins), 1008 em! (Phenylala-
nine), 1056 cm ™! (PO, stretching (DNA/RNA) chain, 1133 cm ™! (Fatty
acid), 1209 cm ! (amide III-Due to C—N stretching and N—H bending),
1333 cm™! (guanine), 1411 em ™! (vs. CO02), 1585 cm ™! (C=C olefinic
stretch protein assignment), 1774 cm™! (C—O and C—C stretching vi-
bration of lipids and fatty acids). In the SERS spectrum of whole serum,
these peaks are either absent or having less intensity and broad but in
the spectra of residue or filtrate these are observed as new peaks or
having increase in intensity indicating that due to centrifugal filtration
the respective biomolecules are concentrated in the filtrate or residue as
compared to whole serum. The peaks which are represented by dashed
lines including 550 em ! (Cholesterol), 856 em~! (Amino acid side
chain vibrations), 1100 cm ! (n(C—C)-lipids, fatty acids), 1275 em ™!
(Amide III band in proteins), 1379 em™! (d(CH3 symmetrical lipid
assignment)), 1450 cm ! (CH3y bending) 1533 em~! (amide carbonyl
group), 1658 em™! (amide-I (proteins), 1709 cm~! (amino acids)
decrease in intensity indicating that due to centrifugal filtration the
respective biomolecules are eliminated from the filtrate or residue as
compared to whole serum.. In the whole serum samples these peaks are
intense but in residue and filtrate, they have decreased intensities.
After establishing the effectiveness of applying centrifugal filters (50
KDa) on the serum samples which is resulted in the form of different
SERS spectra of whole serum, filtrate and residue (Fig. 1), this approach
is used for different HCV positive serum samples having different levels
of viral loads. These filtrate samples were analysed by using SERS
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technique. Fig. 2 shows mean SERS spectra of the filtrates of different
HCV serum samples which are categorised into three groups including
low, medium and high viral loads (Table 1). The significant spectral
features which are labeled by solid lines including 402 cm™! (Cytosine
stretching), 596 cm™! (phosphatidylinositol), 766 cm ™! (thymine ring
breathing mode), 945 cm ! (stretching vibrations of amino acids), 1513
em ™! (C—C stretching of cytosine), 1725 em ™! (C—O stretching vibra-
tion Guanine). The peaks which are represented by dotted lines have
increasing intensities as the viral load of the filtrate samples increases
including peaks at 499 cm™! (C—OHj torsion of methoxy), 573 cm™!
(cytosine), 639 cm~! (amino acid)), 817 cm! (C—C stretching of
collagen assignment), 888 em™! (Protein bands), 1008 em™! (Phenyl-
alanine), 1034 em~! (C—C stretching of protein), 1133 cm! (fatty
acid),1209 em ! (Amide III-Due to C—N stretching and N—H Bending),
1374 cm™! (RNA base), 1411 cm ™! (lipid bands), 1704 cm™! (n(Cs50)
OH (amino acids aspartic & glutamic acid)) and 1774 cm™~!(Lipids and
Fatty acids). In Fig. 2 the mean plot presents significant spectral features
which are characterized by the dashed lines including 436 cm™!
(Cholesterol), 728 cm™' (C—C stretching, proline (collagen assign-
ment)), 856 cm~! (Amino acid side chain vibrations), 1102 cm !
(Phenylalanine (proteins)), 1255 cm! (Lipids), 1332 cm ! (-HC stretch
of Phenyl), 1450 em! (CH; bending in lipids), 1590 em~! (Carbon
particles), 1658 cm ! (Amide-I (proteins). These characteristic peaks of
lipids, proteins and DNA/RNA bases are the differentiating features in
the Fig. 2 and can be considered as indications of the HCV virus
infection.

The increasing intensities of RNA related SERS features in the filtrate
samples can be due to the increase in the viral loads hence taken as
indication of the HCV infection. The spectral feature present at 1209
cm ! and 1135 ecm™! (amide-Ill Due to C—N stretching and N—H
Bending) illustrate increased protein component in the filtrate sample
which may be due to virus-related proteins. The peak observed at 1374
em™! (ring breathing modes in uracil) is directly linked with viral RNA
because it is detected due to the uracil base that only exists in RNA. This
is very significant spectral feature for identification of the Hepatitis virus
because HCV is a RNA virus.

Other changes that are shown by dashed lines include features at
436, 728, 856, 1102, 1255, 1332, 1450, 1590 and 1658 cm ™ which
decreased in their intensities as the viral load increases. At 436 cm ™
(Cholesterol, cholesterol ester), 728 cm~! and 856 cm™! (Amino acid

= Whole serum

Residual
- Filtrate
1275 1333 1411
| : h
as| 1513]  [1628] [1725
z : 1450
: . 1585 1774
1200 -1 - > 1658 :
o ! 1533 : 11709
I
i

1 | | 1
400 600 800 1000

‘Wavenumber (cm'l)

| 1 |
1200 1400 1600 1800

Fig. 1. Mean SERS spectra of whole serum, filtrate and residue portions obtained by use of centrifugal filters of 50 KDa.
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Fig. 2. Mean SERS spectra of filtrate portions of different HCV positive patients with increasing viral loads and healthy persons obtained by use of centrifugal filters

of 50 KDa for filtering whole serum samples.

side chain vibrations of proline & hydroxyproline, as well as a (C—C)
vibration of the collagen backbone Hydroxyproline (collagen type I))
and (C—C stretching, proline (collagen assignment)) are showing that at
these points collagen contents are decreased as the viral load is
increased. At 1102 cm™? (phenylalanine (proteins)),1332 cm ! (-C
stretch of Phenyl (1) and C3—Cs stretch and Cs—Os stretch CH(alpha) in-
plane bend), 1450 cm ! (CH, bending of lipids), Furthermore, the SERS
peak present at 1255 em ™}, 1450 em™1,1658 em ™! (C=C stretching of
lipids) show decreasing intensity as the viral load increases, indicating
that lipid components in the serum are decreasing gradually due to in-
crease of the severity of disease. It has been observed that the patients
infected by HCV have considerably lower C—O and C—C stretching
vibration (for Lipids and Fatty acids), cholesterol, triglyceride and li-
poproteins [41].

3.2. Principal component analysis (PCA)

Principal component analysis (PCA) is applied to decrease the
dimensionality of SERS spectral data in such a way that no variability is
lost, in order to differentiate SERS spectral datasets of distinct groups of
filtrates samples and whole HCV serum samples [7].

Fig. 3 illustrates the PCA scatter plot of SERS spectral data sets of
different classes of HCV positive filtrates and whole serum samples as
shown as different clusters differentiated from each other.

Three separate PCA scatter plots of SERS spectral data sets of filtrate
portions of serum samples of “low VL” (9 samples), “medium VL” (11
samples) and “high VL” (8 samples) are shown in Fig. 4(a), Fig. 4(b) and
Fig. 4(c) respectively. There is reasonable differentiation observed be-
tween SERS spectral data sets of filtrate samples of different viral loads.
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Fig. 3. PCA scattered plot of SERS spectral data sets of filtrate of healthy and filtrates of HCV samples collected from different patients having increasing viral loads

obtained by use of centrifugal filters of 50 kDa.
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Moreover, for the identification of the loadings of PCA which are the
basis of differentiation of different categories of filtrates having different
viral load (low VL, medium VL and high VL), pairwise PCA analysis was
performed as shown in Fig. 5 (a-i, b-i, c-i) as scatter plots and Fig. 5 (a-ii,
b-ii, c-ii) as loadings.

Fig. 5a (i) shows PCA scatter plot of centrifuged filtrate of low viral
load (9 samples) versus high viral load (8 samples) shown by red color
and blue color dots, respectively. As shown in the plot that categories of
low VL and high VL are distinguished on the basis of principal compo-
nent analysis. For low vs. high viral load, PC-1 explains 47% of the
variability in the two data sets and PC-2 explains 28%. The samples of
filtrates of low viral load category are clustered on the negative side and
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the samples of filtrates of high viral load are clustered on the positive
side which shows that samples of Low and high viral load are well
separated due to difference of biochemical changes reflected in the form
of SERS spectral features due to changes in viral load. Fig. 5a (ii) shows
the loadings of PCA of categories of low vs high viral load samples.
Remarkably, negative loadings are detected at 499 cm™' (C—OHj tor-
sion of methoxy), 639 cm ! (amino acid), 817 cm ! (C—C stretching
collagen assignment), 888 cm ™! (protein band), 1008 cm™! (phenylal-
anine), 1134 em~! (C—C stretching of protein), 1209 cm ™! (Amide III-
Due to C—N stretching and N—H Bending), 1374 cm ! (RNA base),
1411 cm™! (lipid band), 1704 em! (n(Cs50)OH (amino acids aspartic &
glutamicacid) and 1774 em ! (lipid and fatty acid) which are associated
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Fig. 5. Pairwise PCA scatter plots and loadings of SERS spectral data sets of filtrate portions of HCV positive serum samples (a-i and a-ii) low vs. high VL, (b-i and b-

ii) low vs. medium VL and (c-i and c-ii) medium vs. high VL.
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the SERS spectral data set of filtrates of high VL, clustered in the negative
axis. These features indicate that as the viral load increases, intensities of
these features increase. Other peaks that are observed on the positive
side of PC-1 loadings contain stretching of POz > phosphate, Amide I and
Amide-III B-sheet structure, C-C=C stretching in Adenine and C—O and
C—C stretching lipids and fatty acids are all in accordance as the results
described in mean spectra. The positive loadings of the filtrate samples
including 436 em! (Lipids), 728 em~! (C—C stretching, proteins), 856
em ! (Amino acid) 1102 em! (Phenylalanine (proteins)), 1255 em!
(Lipids), 1332 cm™! (-C stretch of Phenyl and C3—Cs stretch/in-plane
bend of proteins), 1450 cm~! (CH, bending, CH functional groups in
lipids, CH; bending (proteins)), 1590 cm™! (Carbon particles), and 1658
cm ™! (Amide-T (proteins))are associated with the SERS spectral data sets
of low viral load class of samples and show decrease in intensities as the
viral load increases.

Fig. 5b (i) shows PCA scatter plot of centrifuged filtrate samples of
low viral load (9 samples) versus medium viral load (11 samples) shown
by red color and green color dot, respectively. As shown in the plot these
categories of low VL and medium VL are distinguished on the basis of
principle component analysis. For low vs medium viral load, PC-
lexplains 41% of the variability in the two data sets and PC-2 explains
36%. The samples of the filtrates of low viral load category are the
clustered on the negative side and the samples of filtrates of medium
viral load are clustered on the positive side which shows that samples of
low and medium viral load are well separated due to difference of
biochemical changes reflected in the form of SERS spectral features due
to changes in viral load. Fig. 5b (ii) shows the loadings of PCA of cate-
gories of low vs medium viral load samples. Remarkably, negative
loadings are detected at 499 cm ™! (C—OHj3 torsion of methoxy), 639
cm ™! (amino acid), 817 cm ! (C—C stretching collagen assignment),
888 cm ™! (protein band), 1008 cm ! (phenylalanine), 1134 cm ! (cC—C
stretching of protein), 1209 cm ™! (Amide III-Due to C—N stretching and
N—H Bending), 1374 cm ™! (RNA base), 1411 ecm* (lipid band), 1704
cm ! (n(Cs50)OH (amino acids aspartic & glutamicacid) and 1774 em !
(lipid and fatty acid) which are associated the SERS spectral data set of
filtrates of high VL, clustered in the negative axis. These features indi-
cate that as the viral load increases, intensities of these features increase.
Other peaks that are observed on the positive side of PC-1 loadings
contain stretching of PO3°> phosphate, Amide I and Amide-III B-sheet
structure, C-C=C stretching in Adenine and C—O and C—C stretching
lipids and fatty acids are all in accordance as the results described in
mean spectra. The positive loadings of the filtrate samples including 436
em ™! (Lipids), 728 cm ! (C—C stretching, proteins), 856 cm! (Amino
acidy 1102 cm™! (Phenylalanine (proteins)), 1255 em! (Lipids), 1332
em ! (-C stretch of Phenyl and C3—Cg stretch/in-plane bend of proteins),
1450 cm™! (CH, bending, CH functional groups in lipids, CH, bending
(proteins)), 1590 em™! (Carbon particles), and 1658 cm ! (Amide-I
(proteins))are associated with the SERS spectral data sets of low viral
load class of samples and show decrease in intensities as the viral load
increases.

Fig. 5¢(i) shows PCA scatter plot of centrifuged filtrate samples of
medium viral load (11 samples) versus high viral load (8 samples)
shown by green color and blue color dot, respectively. As shown in the
plot these categories of low VL and medium VL are distinguished on the
basis of principle component analysis. For medium vs high viral load,
PC-1lexplains 46% of the variability in the two data sets and PC-2 ex-
plains 19%. The samples of the filtrates of medium viral load category
are the clustered on the negative side and the samples of filtrates of high
viral load are clustered on the positive side which shows that samples of
medium and high viral load are well separated due to difference of
biochemical changes reflected in the form of SERS spectral features due
to changes in viral load. Fig. 5c(ii) shows the loadings of PCA of cate-
gories of low vs medium viral load samples. Remarkably, negative
loadings are detected at 499 cm ! (C—OHj3 torsion of methoxy), 639
em~! (amino acid), 817 em™! (C—C stretching collagen assignment),
888 cm™! (protein band), 1008 em! (phenylalanine), 1134 em~! (C—C
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stretching of protein), 1209 cm ™! (Amide III-Due to C—N stretching and
N—H Bending), 1374 cm ™! (RNA base), 1411 cm ™! (lipid band), 1704
cm ! (n(Cs50)OH (amino acids aspartic & glutamicacid) and 1774 cm !
(lipid and fatty acid) which are associated the SERS spectral data set of
filtrates of high VL, clustered in the negative axis. These features indi-
cate that as the viral load increases, intensities of these features increase.
Other peaks that are observed on the positive side of PC-1 loadings
contain stretching of POz°> phosphate, Amide I and Amide-III p-sheet
structure, C—-C=C stretching in Adenine and C—O and C—C stretching
lipids and fatty acids are all in accordance as the results described in
mean spectra. The positive loadings of the filtrate samples including 436
em™! (Lipids), 728 em™! (C—C stretching, proteins), 856 em™! (Amino
acidy 1102 cm™? (Phenylalanine (proteins)), 1255 cm! (Lipids), 1332
em ™! (-C stretch of Phenyl and C3—Cs stretch/in-plane bend of proteins),
1450 cm™! (CH, bending, CH functional groups in lipids, CH, bending
(proteins)), 1590 cm ! (Carbon particles), and 1658 cm! (Amide-I
(proteins))are associated with the SERS spectral data sets of low viral
load class of samples and show decrease in intensities as the viral load
increases.

Fig. 6 shows pairwise PCA scatter plot and a combined loading of
centrifuged filtrate of all viral load versus healthy samples are given. In
Fig. 6(a) shows PCA scatter plot of centrifuged filtrate of low viral load
(9 samples) versus healthy (13 samples) shown by blue color and pink
color dots, respectively. As shown in the plot that categories of low VL
and healthy samples are distinguished on the basis of principal
component analysis. For low vs. healthy, PC-1 explains 50% of the
variability in the two data sets and PC-2 explains 19%. The samples of
filtrates of low viral load category are clustered on the positive side and
the healthy samples are clustered on the negative side which shows that
samples of Low VL and healthy samples are well separated due to dif-
ference of biochemical changes reflected in the form of SERS spectral
features. Fig. 6(b) shows PCA scatter plot of centrifuged filtrate of me-
dium viral load (9 samples) versus healthy (13 samples) shown by red
color and pink color dots, respectively. As shown in the plot that cate-
gories of medium VL and healthy samples are distinguished on the basis
of principal component analysis. For low vs. healthy, PC-1 explains 63%
of the variability in the two data sets and PC-2 explains 17%. The
samples of filtrates of medium viral load category are clustered on the
positive side and the healthy samples are clustered on the negative side
which shows that samples of medium VL and healthy samples are well
separated due to difference of biochemical changes reflected in the form
of SERS spectral features. Fig. 6(c) shows PCA scatter plot of centrifuged
filtrate of high viral load (9 samples) versus healthy (13 samples) shown
by green color and pink color dots, respectively. As shown in the plot
that categories of high VL and healthy samples are distinguished on the
basis of principal component analysis. For low vs. healthy, PC-1 explains
52% of the variability in the two data sets and PC-2 explains 22%. The
samples of filtrates of high viral load category are clustered on the
positive side and the healthy samples are clustered on the negative side
which shows that samples of high VL and healthy samples are well
separated due to difference of biochemical changes reflected in the form
of SERS spectral features. Fig. 6(d) shows the loadings of PCA of cate-
gories of low vs. medium viral load samples. Remarkably, negative
loadings are detected at 499 em ! (C—OHj3 torsion of methoxy), 639
em™! (amino acid), 817 em ! (C—C stretching collagen assignment),
888 cm ! (protein band), 1008 em ! (phenylalanine), 1134 em~! (C—C
stretching of protein), 1209 cm ! (Amide III-Due to C—N stretching and
N—H Bending), 1374 cm™! (RNA base), 1411 cm ™' (lipid band), 1704
cm ! (n(Cs50)OH (amino acids aspartic & glutamicacid) and 1774 cm !
(lipid and fatty acid) which are associated the SERS spectral data set of
filtrates of high VL, clustered in the negative axis. These features indi-
cate that as the viral load increases, intensities of these features increase.
Other peaks that are observed on the positive side of PC-1 loadings
contain stretching of POz phosphate, Amide I and Amide-III p-sheet
structure, C-C=C stretching in Adenine and C—O and C—C stretching
lipids and fatty acids are all in accordance as the results described in
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mean spectra. The positive loadings of the filtrate samples including 436
em ! (Lipids), 728 cm ! (C—C stretching, proteins), 856 cm! (Amino
acidy 1102 cm™! (Phenylalanine (proteins)), 1255 em ! (Lipids), 1332
em ™! (-C stretch of Phenyl and C3—Cs stretch/in-plane bend of proteins),
1450 cm ™! (CH; bending, CH functional groups in lipids, CH, bending
(proteins)), 1590 cm ! (Carbon particles), and 1658 cm ! (Amide-I
(proteins))are associated with the SERS spectral data sets of low viral
load class of samples and show decrease in intensities as the viral load
increases.

3.3. Partial least square regression analysis

PLSR analysis is applied to evaluate the capability of Surface
Enhance Raman Spectroscopy for the prediction of viral loads of all the
filtrate samples of HCV samples. SERS spectral data of all the samples
(420 spectra) are put in a single matrix and randomly divided into two
halves, 60% (255 spectra) and 40% (165 spectra), used as calibration
dataset and validation dataset/test dataset, respectively, for the devel-
opment of the PLSR model and to prevent dataset bias. Notably, leave
one sample (15 spectra of that sample) out cross validation is employed
in order to avoid overfitting of the model. Thirteen latent variables are
found optimum for the development of PLSR model of 43 filtrate sam-
ples presented in Table 1.

Fig. 7(a) displays the calibration of PLSR model and plot (b) is the
predicted PLSR model. The calculated value of goodness (R2 calculated)
for calibration is 0.96 and for prediction is 0.86 which indicates the
validity of the regression model. In order to further elaborate the val-
idity of our developed PLSR model, one sample was considered as blind
sample and PLS regression tool was applied for unknown blind sample
$19. The predicted value of blind sample S19 was found to be 3.055 as
shown in Fig. 7(b).

4. Conclusions

Surface-enhanced Raman spectroscopy (SERS) has been used for the
analysis of filtrate portion of HCV positive serum samples of different
levels of viral loads and healthy persons. Different SERS spectral features
are identified which are associated with the HCV infection and also with
the increasing viral load values. For this purpose, centrifugal filtration
technique is found very helpful in order to concentrate the HCV related
proteins by removing proteins bigger in size than 50 KDa. Furthermore,
Principal Component Analysis (PCA) of the SERS data indicated a sig-
nificant differentiation between filtrate samples of different viral loads.
Biochemical differences found between infected and healthy serum
samples were used to create the PLSR model for predicting HCV viral
load with 99% accuracy and reliability (R2) of 0.96. Finally, the method
presented here has potential to be used as a qualitative and quantitative
technique for the diagnosis of hepatitis C.
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