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Abstract: Surface-enhanced Raman spectroscopy (SERS) was developed here for the non-
invasive detection of the hepatitis B virus (HBV). Chronic hepatitis B virus (HBV) infection
is a primary health problem in the world and may further develop into cirrhosis and
hepatocellular carcinoma (HCC). SERS measurement was applied to two groups of serum
samples. One group included 93 HBV patients and the other group included 94 healthy
volunteers as control subjects. Tentative assignments of the Raman bands in the measured
SERS spectra have shown the difference of the serum SERS spectra between HBV patients
and healthy volunteers. The differences indicated an increase in the relative amounts of L-
arginine, Saccharide band (overlaps with acyl band), phenylalanine and tyrosine, together
with a decrease in the percentage of nucleic acid, valine and hypoxanthine in the serum of
HBYV patients compared with those of healthy volunteers. For better analysis of the spectral
data, the first-order derivation was applied to the SERS data. Furthermore, principal
components analysis (PCA), combined with linear discriminant analysis (LDA), were
employed to distinguish HBV patients from healthy volunteers and to realize the diagnostic
sensitivity of 78.5% and 91.4%, and specificity of 75% and 83% for SERS and the first order
derivative SERS spectrum, respectively. These results suggest that derivative analysis could
be an effective method to improve the classification of SERS spectra belonging to different
groups. This exploratory work demonstrated that first-order derivative serum SERS spectrum
combined with PCA-LDA has great potential for improving the detection of HBV.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Chronic hepatitis B virus (HBV) infection is a serious global health problem and may further
develop into cirrhosis and liver carcinoma. According to the report from World Health
Organization (WHO) in 2015, around 240 million people were chronically infected with HBV
worldwide [1]. HBV diagnosis is crucial for HBV control and prevention. HBV surface
antigen (HBsAg) is a widely recognized serological marker and is usually employed for the

#338226 https://doi.org/10.1364/BOE.9.004755
Journal © 2018 Received 9 Jul 2018; revised 17 Aug 2018; accepted 28 Aug 2018; published 12 Sep 2018


https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/BOE.9.004755&domain=pdf&date_stamp=2018-09-12

Research Article Vol. 9, No. 10 | 1 Oct 2018 | BIOMEDICAL OPTICS EXPRESS 4756 I

Biomedical Optics EXPRESS .

detection of acute or chronic HBV infection. However the screening of blood or human organ
donors and the supervision of individuals are at a risk of acquiring or transmitting HBV [2].
Moreover, there are still false-negative results using commercial HBV tests [3]. The primary
infection in incubation period, low levels of the HBV carriers, S gene mutants and variants
and HCV/HDV co-infection may affect HBV replication and/or HBsAg expression, leading
to a failure of diagnosis [4] and subsequently an increased risk of HBV infection due to blood
transfusion or liver transplantation. Therefore, the development of an alternative HBV
detection technology has significant clinical value for accurate diagnosis of HBV and the
safety of liver transplantation [5] or blood transfusion [6].

Raman spectroscopy (RS) based on molecular vibration of inelastic light scattering can
detect and identify trace amount of chemical and biochemical species based on their unique
vibrational signatures [7]. RS can provide fingerprinting type information on the structure and
conformation of macromolecules. Furthermore, the distinct chemical and molecular features
of biological molecules can be easily identified and quantified without additional marks [8].
The changes in these “molecular fingerprints” can provide biological information on the
pathogenic aspects [9]. RS has been widely used in biomedical researches such as proteins,
nucleic acids and other biological molecules related to important diseased infection and
transformation [10—12]. Nevertheless, due to the inherently small cross section of Raman
scattering and the strong auto fluorescence background, the weak Raman scattering signals
are very hard to detect, which hinders its further clinical applications [13].

Fortunately, the surface-enhanced Raman spectroscopy (SERS) is capable of enhancing
Raman signal by placing the interest molecules close proximity to the roughened surface of
noble metal nanostructures [14]. The weak Raman signals can be enhanced by about 13 or
even up to 15 orders of magnitude, which makes it an ultrasensitive technology even at single
molecular level. The common view is that the electromagnetic field enhancement and the
chemical enhancement, through surface plasmons and charge transfer, both contribute to
SERS sensitivity [15]. SERS technique has been widely applied in biomedical studies
including detection of DNA/RNA, protein, cell, tissue and body fluid such as serum/blood
plasma and saliva samples. Recently, our group has published multiple studies on body fluid
analysis based on SERS technology. For example, Lin et al. made use of serum SERS for the
diagnosis of colorectal cancer [16]. Feng et al. studied blood plasma from gastric cancer
patients based on SERS [17]. Wang et al. investigated the application of serum albumin and
the globulin analysis for hepatocellular carcinoma detection [18]. However, there is few
report on applying surface-enhanced Raman spectroscopy of human serum to assess the
potential for HBV detection, which is very important for blood transfusion and liver
transplantation. Moreover, if we analyze the serum SERS data directly as we did before, the
statistical result will be unsatisfactory for discrimination HBV patients from normal group.
Thus, the development of a more powerful data preprocessing methods that could help to
identify Raman spectra belong to HBV patients would be of significant clinical value for
blood SERS analysis. For HBV diagnosis based on SERS spectra, there have been some
reports about HBV-DNA and HBV antibodies via label SERS detection [19-21], but these
label methods are time consuming and more often require complex process.

For the first time, we explored the feasibility of a label-free method based on serum SERS
spectroscopy with derivative preprocessing methods for HBV detection. Both SERS and first-
order derivative SERS data were analyzed by PCA-LDA and the performance of these two
data processing methods were compared. This preliminary work may offer a non-invasive,
convenient and accurate diagnostic method for HBV detection.

2. Experiments and methods
2.1 Preparation of A NPs

Silver (Ag) nanoparticle solution was prepared using the process developed by Leopold and
Lendl etc [22]. Briefly, 4.5 ml of sodium hydroxide (0.1 M) and 5 ml of hydroxylamine
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hydrochloride (0.06 M) are uniformly mixed. Then 90 mL of silver nitrate aqueous solution
(0.0011 M) were immediately added to the mixture accompanied with intense stirring, until
the solution turn gray color. The resulting colloid showed a milky gray color. The silver
colloid can stabilize for one week. 1 ml silver nanoparticles solution was concentrated by
centrifugation for 10000 rpm at 10 minutes, 0.95 ml supernatant was removed and the final
concentration was used late on with the plasma samples. The concentration of silver
nanoparticles was about 1.12 x 10° /ml. And the SERS enhancement factor of 4.42 x 10° can
be calculated for Ag colloids. The same batch of silver was used in this research.

2.2 Preparation of the human serum sample

Human serum samples were collected from 187 individuals, including 93 patients which have
been clinical confirmed with HBV and 94 healthy volunteers in the Quanzhou Blood Center.
The patients and volunteers have signed an application in scientific research before blood
sample collection and they have similar ethnic and socioeconomic backgrounds. After 12
hours of overnight fasting, a single peripheral blood samples were obtained from the study
subjects between 7:00-10:00 A.M. with the use of coagulant. Blood cells were removed by
centrifugation at 1000 rpm for 10 min to obtain the blood serum. Each of the serum samples
was divided into two aliquots: 3mL for clinical test and another 3mL for SERS measurement.
The 2.5 pL blood serum was mixed with the silver nanoparticle solution at 1:1 ratio. The
pipette tip was used to create a mixture as homogeneous as possible for serum SERS on pure
aluminum plate. The samples were measured immediately after natural drying at room
temperature.

2.3 SERS measurement

A confocal Raman spectrometer (Renishaw, Great Britain) equipped with a 785 nm diode
laser (laser power 100 mW) was used for measuring the SERS spectroscopy in the range of
400~1800 cm™'. The 520 cm™" band of a silicon wafer was used for frequency calibration. The
SERS spectrum of each serum samples was acquired within 10 s for integration using a
microscope with a Leica 20 X objective. The incident power on the serum sample was
approximately 2 mW. The Raman spectrometer resolution was 2 cm™'. The spectra were
obtained from a sample in three different positions and the mean spectrum was used for
further analysis. Moreover, the software package WIRE 2.0 was employed for SERS spectral
acquisition and analysis. To get pure serum SERS spectra in the wave number of 400~1800
cm™', the Vancouver Raman Algorithm was used to eliminate the signals of background noise
and smooth from the raw SERS spectra [23]. Then all background-subtracted SERS spectra
were normalized by the integrated area under the curve in the range of 400~1800 cm™.

2.4 Statistical analysis

Principal component analysis (PCA) is a statistical technique for simplifying Raman spectral
data sets and determining principal components (PCs) that best explain the differences in the
observations. Linear discriminate analysis (LDA) determines the discriminant function line
that maximizes the variance in the data between groups while minimizing the variance
between members of the same group. The information of PCA of the serum SERS spectra is
included in a finite set of PCs, which reduces the number of variables to be utilized in the
LDA model. Then, an independent-sample t-test is utilized to identify the three most
diagnostically significant PCs (P <= 0.05).

In bayesian statistics, the posterior probability of a random event or an uncertain
proposition is the conditional probability that is assigned after the relevant evidence or
background is taken into account. Similarly, the posterior probability distribution is the
probability distribution of an unknown quantity, treated as a random variable, conditional on
the evidence obtained from an experiment or survey. “Posterior”, in this context, means after
taking into account the relevant evidence related to the particular case being examined. The
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posterior probability of classification results is applied to evaluate the discrimination of PCA-
LDA algorithm.

The classification results of SERS data with PCA-LDA were estimated with the leave-
one-out cross-validation (LOOCV) procedures. In LOOCV procedures, only one random
sample is retained as the validation data for testing the model, and the remaining n-1 samples
are used as training data. The cross-validation process is then repeated n times, with each of
the n samples used exactly once as the validation data. The n results from the cross-validation
(the folds) can then be averaged to produce a single estimation to measure the performance of
the model. The advantage of this method is that almost all of the samples in each turn are
used to train the model, so it is closest to the distribution of the original samples, so that the
results are more reliable. Besides, there are no random factors that affect the experimental
data and ensure that the experimental process can be replicated. LOOCV was automated in
the PCA-LDA process. PCA-LDA statistic method was performed by SPSS 13.0 software
package (SPSS Inc Chicago). The PCA-LDA statistic method for SERS spectra have already
become a promising tool in biomedical research [24,25].

Derivatives have the capability to extract subtle spectral features and have been used in
spectroscopy analysis for decades. Derivative spectrum is an analytical tool which
differentiates normal spectrum by mathematical transformation of spectral curve into a
derivative (first or higher derivatives) and enhances the detectability of subtle spectral
features. The method for data processing of derivative spectrum has already been reported in
some aspects of UV spectra and near infrared spectra [26,27]. Moreover, the first-order
derivative spectrum has been used to analyze Raman spectral of Chinese medicine, organic
material and so on [28-30]. But the application of derivative spectrum in SERS spectra
statistical analysis has not been reported. To improve the serum SERS diagnosis, the first-
order derivation was applied to the data normalization of our SERS by the Matlab software.
The detailed sequence of derivative processing is as follows: 1) spectra were eliminated the
signals of background noise; 2) spectra were normalized by the integrated area under the
curve; 3) the first derivative calculation of spectral data was performed; 4) spectra was
smoothed by mean filtering algorithm. Mean filtering algorithm is a method which can be
used to smooth the data and further eliminate the noise in Raman signal. The mean filtering
algorithm firstly needs to define a range (r), then the mean filter filters data by replacing
every value by the mean value in its range (r) neighborhood. These data processing methods
can be conveniently implemented in the tool box corresponding to MATLAB software. The
usage of a smoothed derivative spectrum in the statistical analysis can decrease the
detrimental effect on the signal-to-noise ratio. Derivative spectrum is a useful technique in
extracting information from overlapping bands of serum SERS spectra and exploring subtle
spectral features.

3. Results

Figure 1(A) and 1(B) showed the comparison of SERS and first-order derivative SERS
spectrum from a healthy volunteer in the range of 400~1800 cm™' and amplification in the
wave number of 600~700 cm™'. Among them, the black and red lines are SERS and
derivative SERS spectrum zoomed in fifteen times, respectively. Derivative SERS spectrum
consists of two zeros and positive, negative peaks corresponding to SERS spectrum on the
peaks, troughs and two sides of the inflection point, which is the maximum slope, as shown in
Fig. 1(B). Hence, we can observe that the number of spectral peaks in derivative SERS
spectrum have obvious increased compared to SERS spectrum. Those weak spectral peaks
hidden by stronger peaks became dateable by derivative SERS spectrum. So first-order
derivative SERS spectra can be a beneficial complement for SERS spectra analysis.
Especially, the increased spectral peaks of derivative SERS spectrum are more obvious in the
two boxes marked with green dotted lines, as shown in Fig. 1(A). And some small SERS
peaks hidden by strong bands were displayed after first-order derivatives. These results
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demonstrated that derivative SERS spectrum has some advantages over SERS spectrum for
the classifications of HBV serum.
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Fig. 1. Representative serum SERS (black line) and derivative SERS (red line) of healthy
volunteers in the range of 400~1800 cm™ (A) and in the range of 600~700cm™ (B). The
increased spectral peaks of derivative SERS spectrum are obvious in the two boxes marked
with green dotted lines.

3.1 SERS spectrum

Figure 2(A) compares the mean SERS spectrum obtained from 94 serum samples of healthy
volunteers (black line) and 93 HBV patients’ serum samples (red line). Shown at the top are
the average normalized SERS spectra of healthy volunteers and HBV serum samples and the
standard deviations was overlaid in the average spectra as shaded color fill. Shown at the
bottom are their corresponding difference spectrum (HBV minus healthy) which are
difference in normalized spectral intensity between HBV and healthy volunteers’ serum. It is
clearly observed that SERS spectrum of the serum samples in healthy volunteers and HBV
patients have obvious differences. The normalized intensities of HBV serum SERS peaks
located at 495, 639, 813, 889, 1007, 1073, 1136 and 1206 cm™! are greater than normal serum,
while SERS bands at 725, 960, 1332 and 1655 cm™" are lower in HBV serum samples. The
most obvious differences can be found in the peaks at 495, 639, 725, 1136 and 1655 cm.

3.2 Derivative SERS spectrum

The average derivative SERS spectrum of serum sample of HBV group (red line, n = 93) and
healthy volunteers group (black line, n = 94) are shown in Fig. 2(B), together with their
difference spectra (blue line, HBV minus normal). Intensity standard deviations are reported
as gray and green shaded areas. We can clearly observed that the difference of derivative
SERS spectrum between HBV patients and healthy volunteers was significantly increased
compared to that of SERS spectrum, due to the increase of spectral peaks and the appearance
of negative peaks in derivative SERS spectrum. For example, the difference spectrum of
derivative spectrum is changed from one negative peak (at 725 cm™') in SERS spectrum to
three negative peaks (at 721, 774, 799 cm™) and two positive peaks (at 725, 747 cm™) as
shown in the red dashed box (in Fig. 2) of 700~800 cm™.



Research Article Vol. 9, No. 10 | 1 Oct 2018 | BIOMEDICAL OPTICS EXPRESS 4760 I

Biomedical Optics EXPRESS -~

/ 0.007 - 539 B
! i v ooon] e
0006 - 3 z
| difference| 0.0003 4 ﬂ —difference|
0005 -
Fl . 0.00024 '| I‘
E a = ‘
8 a0 5 0.0001 ‘
% oo ] g 00000— Il Il /’\ \/‘ ”
s 5 ,“ p Y ‘ f)
= 0002 4 = -0.0001 4 I i
c c
g g
E o001+ || 5 -0.0002 ]
o o
00004\ "\ -0.0003 F
0.001 -~ fin i -0.0004 ff'r S O S S N A N
-0.002 —_— r T T —— -0.0005 T T T T T T T
400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm™) Raman Shift (cm™)

Fig. 2. Comparison of the mean SERS spectrum (A) and first-order derivative SERS spectrum
(B) of normal serum sample (black line, n = 94) and HBV serum sample (red line, n = 93). The
shaded areas represent the standard deviations. Also shown at the bottom is the difference
spectrum.

3.3 PCA-LDA statistical analysis

To test the classification ability of serum SERS between HBV patients and healthy
volunteers, PCA combined with the LDA (PCA-LDA) multivariate statistical method was
utilized to develop diagnostic algorithms. An independent-sample the test on all the PC scores
showed that there are three most significant PCs (PC1, PC2 and PC5) that are diagnostically
significant (P < 0.05) for discriminating normal and HBV groups in SERS spectrum and
derivative SERS spectrum. The percent of variances of the three selected PCs were 27.2% for
PC1, 16.2% for PC2, and 5.9% for PCS5 calculated from the SERS data set. And the percent of
variances of the three selected PCs were 15.9% for PC1, 9.1% for PC2, and 2.7% for PC5
calculated from the derivative SERS data set. This data processing method was applied to
build diagnostic models and algorithms for serum SERS spectra. We can further draw the
curve for the relationship between the number of PCs and the root mean square error of cross
validation (RMSE) for correct classification of normal and HBV patients in Fig. 3. As shown
in Fig. 3, with increasing the number of PCs, the RMSE decreased gradually, and the area of
corresponding ROC curve was increased. When the PC number reached PC8 in SERS
spectrum and PC5 in derivative SERS spectra, the RMS error tends to a stable minimum.
However, to avoid overtraining problem, we only used the three most significant PCs (PCl,
PC2 and PC5) for LDA analysis and ROC curve.
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Fig. 3. The relationship between the number of PC and the root mean square error of cross
validation (RMSE) for correct classification of normal and HBV patients.
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Direct comparisons of normal and HBV serum group based on SERS and derivative
SERS data are shown in Figs. 4(A) and 4(B). The lines (PC2 = —0.58 PC1 + 0.0365) in Fig.
4(A) and another line (PC2 = —1.196 PC1-0.00549) in Fig. 4(B) as diagnostic algorithms
classify HBV from normal serum samples. Normal and HBV serum are largely clustered into
two separate groups based on the combinations of significant PCs (PC1 and PC2), and the
corresponding separation lines differentiate HBV from a normal serum sample with the
sensitivity of 75.3% (70/93), 84.9% (79/93) and the specificity of 77.7% (73/94), 80.8%
(76/94) for SERS and derivative SERS data, respectively.
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Fig. 4. Scatter plots of the PCA result for HBV group (red circles) and the healthy volunteer
group (black triangles) with (A) PC1, PC2 in SERS spectrum and (B) PC1, PC2 in first order
derivative SERS spectrum as the two axes. The diagnostic lines (PC2 = —0.580 PC1 + 0.0365
in Fig. 4(A); PC2 = -1.196 PC1-0.00549 in Fig. 4(B)) classify HBV from normal serum
sample with the sensitivity of 75.3% (70/93), 84.9% (79/93) and the specificity of 77.7%
(73/94), 80.8% (76/94) for SERS and derivative SERS data, respectively.

To further improve the diagnosis of SERS spectrum and derivative SERS spectrum, all the
three most significant PCs (PC1, PC2 and PCS5) of SERS spectrum and derivative SERS
spectrum were loaded into the LDA model for serum classification. Figure 5 shows the cross-
validated prediction results (posterior probabilities) belonging to normal (black triangles) and
HBV (red circles) serum sample as calculated for (A) SERS spectrum and (B) derivative
SERS spectrum, respectively. The classification results of serum SERS with PCA-LDA,
estimated with the leave-one-out cross-validation procedures, showed that the diagnostic
sensitivity and specificity for classifying HBV from the serum SERS analysis are 78.5%,
91.4% and 75.5%, 83.0%, respectively.
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Fig. 5. Scatter plots of the posterior probability of normal (black triangles) and HBV (red
circles) serum sample as calculated for (A) SERS spectrum, (B) first-order derivative
spectrum, respectively, using the PCA-LDA together with leave-one-out cross-validation
method. The posterior probability corresponding to the dashed separation line is 0.5.

To estimate the performance of the PCA-LDA for HBV detection, receiver operating
characteristic (ROC) curves were generated. Figure 6 shows that the receiver operating
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characteristic (ROC) curves of the discrimination result for the PCA-LDA based on the
spectral classification of serum SERS spectrum and derivative SERS spectrum. The
integration area under the ROC curves was 0.860 and 0.927 based on the PCA-LDA
multivariate analysis for SERS and derivative SERS data, respectively. These results
demonstrated that derivative SERS spectra can provide a better diagnostics accuracy than the
routine SERS data.
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Fig. 6. The receiver operating characteristic (ROC) curve of the discrimination result for the
PCA-LDA based on the spectral classification of SERS and first order derivative SERS
spectrum.

4. Discussions

Figure 2(A) showed that SERS spectrum of serum are dominated by many vibrational modes
of various biomolecules such as proteins, saccharide and nucleic acids, which may change in
quantity and composition associated with HBV transformation and infection. To better
understand the relationship between the molecular basis and SERS spectrum of human serum,
the SERS bands are compared with known serum Raman bands. Table 1 presents tentative
assignments for the observed SERS bands, according to the literature [16,17,24,31-36]. For
example, the SERS bands of hypoxanthine (725 cm™") showed lower signals for HBV patients
compared to the normal.

Table 1. Peak positions and tentative assignments of major vibrational bands observed in
serum samples

Peak position (cm™) Major assignments
495 L-arginine (+)
530 Cholesterol ester
639 Tyrosine ring breathing ( +)
725 Hypoxanthine (-)
813 C-C stretching (collagen assignment)
889 Saccharide band (overlaps with acyl band) (+)
960 v (C-C) valine (-)
1007 Phenylalanine (+)
1073 Tyrosine (+)
1136 Phenylalanine ( +)
1206 Tyrosine (collagen assignment) ( +)
1332 Nucleic acid (-)
1655 Amide I, a-helix (-)

(+) indicates an increase and (-) indicates an decrease in spectra intensity.
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The prominent SERS peak at 1655 cm™ can be attributed to the amide I band of proteins
in the o-helix conformation and human serum albumin (HSA) which is a principal
extracellular transport protein. The SERS bands of L-arginine (493 cm™) in the serum of
HBV patients show higher percentage signals than those in normal serum, suggesting a
increase in the percentage of certain amino acids contents relative to the total SERS active
components in the serum of HBV patients. The SERS peak at 1332 cm™' due to the C-H
vibration of nucleic acid bases exhibited a lower signal in HBV serum, indicating a decrease
in the percentage of the nucleic acid bases content relative to the total SERS active
components in the serum of HBV patients. The SERS bands of saccharide (889 cm™) are
higher and the SERS band of valine (960 cm™) is lower in HBV patient serum, due to the
disorder of saccharide metabolism, and the process of glycolysis is inhibited. These findings
agreed with previous studies [37,38]. The SERS peak at 1007 (phenylalanine), 1136
(phenylalanine), 639 (tyrosine), 1073 (tyrosine) and 1206 cm™" (tyrosine) are higher in HBV
serum sample compared to healthy serum sample, and this phenomenon has also been

reported in some hepatocellular carcinoma cancer (HCC) studies based on SERS technology
[35,39].

4.1 Statistical analysis for classification of HBV

To compare the performance of the two data processing methods, PCA-LDA was applied to
the analysis of SERS and derivative SERS spectrum. PCA is a statistical method that can
extract features of SERS spectra and single out the characteristic variables that represent the
difference between HBV patients and healthy volunteer groups. Figure 4(A) and 4(B) showed
the PC scores calculated from SERS and derivative SERS spectrum, respectively. We can see
that they were distributed in separate areas except for a small overlap. Additionally, the effect
of the separation was better in Fig. 4(B). Further, all the three significant PCs (PC1, PC2, PC5
in SERS spectrum and PCI1, PC2, PC5 in derivative SERS spectrum) were used for
performing LDA model. The diagnostic accuracy appears different between SERS and
derivative spectrum, which are more clearly showed in Figs. 5(A) and 5(B). Utilizing a
discrimination threshold of 0.5 in the PCA-LDA model, the diagnostic accuracy for detecting
HBV is obviously higher in derivative SERS spectrum than in SERS spectrum. The
diagnostic accuracy was increased by 10.2% after first-order derivative transformation in this
work. Receiver operating characteristic analysis (Fig. 6) further confirms that derivative
SERS spectrum was more robust and powerful than that of SERS spectrum in distinguishing
HBYV from normal serum sample integrated with the diagnostic algorithms (PCA-LDA).

The favorable discrimination results achieved using derivative SERS spectra might be
explained as follows. On one hand, it should be noted that derivative SERS spectrum has
negative peaks, which does not exist in SERS spectrum. As shown in Fig. 1(B), one spectral
peak in SERS spectrum was converted into one positive and one negative peak after first-
order derivative transformation. Some weak spectral peaks hidden by stronger Raman bands
in SERS spectrum became clearly observed in derivative SERS spectrum. These made the
information contained in derivative SERS spectrum more abundant than that of SERS spectra.
Thus, some biochemical changes, which are very small changes reflected in SERS spectrum
but closely related to HBV, are amplified and highlighted by the derivative method. On the
other hand, the increasing spectral peaks number and the enhanced weak SERS peaks were
also reflected in the difference spectrum in derivative SERS spectrum in Fig. 2(B). The peaks'
numbers for normal and HBV serum SERS spectra increased in the derivative spectrum. The
positive and negative peaks of the derivative spectrum corresponded to the two sides of one
SERS peak. The information of the weak peaks and two sides of SERS spectral peaks may
play important roles in classifying HBV from normal serum samples using first-order
derivative SERS spectral analysis. But these advantages of derivative SERS spectrum cannot
be achieved by SERS spectral analysis. So the derivative transformation is a useful pre-
processing strategy for the analysis of SERS spectrum in biomedical research. This
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exploratory work indicates that derivative SERS spectrum combined with PCA-LDA analysis
has tremendous potential for the label free detection of HBV.

5. Conclusions

The routine method in our hospital employs the COBAS AmpliPre/TagMan PCR system and
the matching reagent COBAS AmpliPre/COBAS TagMan HBV Test V2.0 to detect the HBV
DNA. The linear range for this test is 2.0 —1.7x10® [U/ml. The average test time is around 4
hours. The serum SERS methods just need 10 mins for each sample, so our method is faster
than the routine method in our hospital. The comparison of Raman bands in the SERS
spectrum suggests the differences of serum SERS spectrum between HBV patients and
healthy volunteers, such as an increase of the relative amounts of L-arginine, Saccharide band
(overlaps with acyl band), phenylalanine, tyrosine and a decrease of the percentage of nucleic
acid, valine, hypoxanthine were showed in the serum of HBV patients compared with those of
healthy volunteers. High diagnostic sensitivity of 91.4% and specificity of 83.0% can be
achieved for differentiating HBV from normal samples based on derivative SERS spectra
using the PCA-LDA diagnostic algorithm, which has almost a 10.2% improvement in
diagnostic accuracy compared with SERS spectra. This improvement may be attributed to the
ability of derivative SERS spectra for exploring subtle features in the spectra and extracting
more information from overlapping Raman bands of serum sample. This exploratory work
demonstrates that the derivative SERS spectrum analysis in conjuction with PCA-LDA has
great potential for the diagnosis of HBV. This work may offer an alternative method for the
label free and noninvasive detection of HBV patients.
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