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Introduction of

Abstract. In recent years, the use of Raman and surface enhanced Raman
spectroscopy for disease detection has grown. The motives for their increased
use have commonly been attributed to their well-known benefits, such as the
creation of narrow spectral bands that are characteristic of the molecular
components present, and high sensitivity and specificity that they can provide.
The aim of this work is the analysis of spectral features of plasma in patients
with cardiovascular diseases utilizing surface enhanced Raman spectroscopy
to determine the presence or absence of the disease. The investigation
revealed spectrum difference between the patient and healthy volunteers’
groups at the observed Raman bands. 146 patients and 67 healthy subjects
were analyzed. Classification of the patient group with cardiovascular diseases
was made based on the projection on latent structures with 99% accuracy.
Stability of the classifier was checked with the implementation of cross-
validation and separation of analyzed data into training and test sets. The
obtained results demonstrate that the proposed SERS technique is stable and
has significant potential in clinical diagnostic applications. © 2024 Journal of
Biomedical Photonics & Engineering.
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atherosclerosis at  present; instead,

ultrasonographic screening or angiography are

Cardiovascular diseases (CVDs) are the leading cause of
death worldwide, in 2019, cardiovascular disease,
primarily coronary and cerebrovascular atherosclerosis
still caused about 18 million deaths pear year worldwide
(>30% of all deaths). Coronary heart disease,
cerebrovascular disease, rheumatic heart disease, and
other illnesses are among the category of heart and blood
vessel disorders known as CVDs [1-3]. A range of
auxiliary examination methods, both invasive (such as
selective coronary angiography) and non-invasive (such
as nuclear scans, CT, stress tests, and blood biomarkers),
allow assessment of cardiovascular disease risk and
treatment targets. However, there is no simple blood
biochemical index or biological target for the diagnosis
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used [4, 5].

In latest years, surface-enhanced Raman scattering
(SERS) spectroscopy has been increasingly used with the
aim of developing diagnostic applications. SERS is a
commonly used sensing technique in which inelastic
light scattering by molecules is greatly enhanced when
the molecules are absorbed onto corrugated metal
surfaces. The high sensitivity, the ease of use and the
increasing availability of relatively inexpensive portable
Raman instruments, make SERS particularly attractive
for the development of point-of-care and screening tests
of biological samples, such as blood derivatives or
tissues [6, 7]. The SERS effect is currently being debated
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in the literature and two mechanisms have been
identified: the electromagnetic mechanism and the
chemical mechanism [8]. The first suggests the
stimulation of localized surface plasmons on the metallic
surface, whereas the second suggests a chemical process
for the creation of charge-transfer complexes between the
metallic surface and analyte species. Given their
sensitivity in the examination of biological material,
Raman spectroscopy and SERS have recently been
employed as a useful tool in clinical diagnostics and
biomedical research [8], including DNA (Pyrak et al.,
and Zhang et al. [9,10]), RNA (Lee et al,
Han et al. [11, 12]), cancer markers (Choi et al. [13]),
bacteria (Andrei et al. [14]), viruses (Chen et al. [15]),
genes (Vo-Dinh et al. [16]), drugs (Jaworska et al. [17]),
pathological markers on cellular membranes and tissues
(Wallace and Masson [18]), other biomolecules, ion
concentrations, and redox potential in cells (Jaworska et
al. [19]), and even in vivo SERS measurements on mice
(Wen et al. [20]).

In the current study, a simple approach of SERS
substrate implementation for blood plasma/ serum
analysis is considered. Blood plasma and serum are
biofluids that are widely utilized as diagnostic samples
because they are rich in biochemical and biological
information, are easily accessible, and may be obtained
non-invasively. They are routinely preserved in biobanks
for research purposes for the same reasons. Regardless of
the potential diagnostic capabilities of SERS analysis of
blood components, just a few researches have been
conducted using it [6, 21].

In order to make SERS trustworthy for the
investigation of biofluids, analytical procedures and
spectrum interpretation still need to be established. The
manufacture and development of SERS substrates that
are repeatable, stable, effective, and fairly priced is
another significant barrier to the reliable use of SERS in
diagnostics [22, 23]. It was found that the cheapest and
most efficient substrates were aqueous dispersion of Ag
and Au nanoparticles (metal colloids) [24, 25].
Nanoparticle size, shape, and surface properties affect
SERS properties in fact, Zeng et al. [26] recently
employed aqueous Au and Ag colloids to evaluate the
diagnostic potential of SERS spectroscopy of blood
serum and plasma in relation to different diseases.
Nanoparticle size, shape, and surface properties affect
SERS properties for instance Jiangiang et al. [27]
prepared starch-capped gold nanoparticles with hexagon
and boot shapes through using a nontoxic and
biologically benign aqueous-phase synthetic route. They
found that different-shaped gold nanoparticles possess
different SERS properties. Tian et al. [28] synthesized
and characterized gold nanospheres and their aggregates,
nanotriangles, and nanostars of similar dimensions
according to their average size, zeta potential and
UV/visible absorption and explored their relative
efficiencies for SERS.

Despite the outstanding signal enhancements
accomplished by metal colloids and their simple
preparation and use, some substrates frequently struggle
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with a lack of consistency due to various preparing
protocols, and depending on the preparation methods; the
nanoparticles have various physico-chemical surface
characteristics, resulting in different stability, SERS
efficiency, and repeatability [29].

Thus, the main objective of our work is to develop a
useful tool for early, stable and accurate diagnosis of
CVDs patients based on SERS analysis of blood plasma.
The implemented method utilizes a classification model
based on projection on latent structures (PLS) to identify
CVD patients, and determining the most informative
SERS bands associated with differences between the
CVD group and control group by variable importance in
projection (VIP) distribution.

2 Materials and Methods

2.1 Colloidal Silver Nanoparticles Solution

Silver nitrate and trisodium citrate were used as starting
materials for the preparation of (AgNPs). The silver
colloid was prepared by using chemical reduction
method. All solutions of reacting materials were prepared
in distilled water. In typical experiment 20 ml of distilled
water heated to boil. To this solution 3 ml of 1.8%
AgNO3 of and 6 ml of 1% trisodium citrate
(Na3C6H507) were added. The resulting solution was
heated at 95 °C for 20 min until a yellow-green solution
is formed. Then the solution was removed from the
heating device and stirred until cooled to room
temperature. The UV-Vis spectrum of the AgNPs
solution was obtained by utilizing the Spectrophotometer
(UNICO 1201, United Products & Instruments, USA) to
track NPs characteristics. Detailed analysis of acquired
AgNPs properties may be found elsewhere [30].

2.2 Serum/Plasma Samples Preparation

A standardized sampling was carried out from patients of
the Samara Regional Clinical Hospital named after V. D.
Seredavin. The study included patients with different
cardiovascular diseases. Diagnosis of CVD for each
patient was set by doctors in Samara Regional Clinical
Hospital named after V. D. Seredavin after examination
of patient based on physical test and results of a blood
tests according to the guidelines of Russian Ministry of
Health. The study protocols were approved by the ethical
committee of Samara State Medical University. All the
subjects who participated in this study gave their written
informed consent at the beginning of the study. The blood
plasma samples were collected from patients in fasting
condition and placed in sealed containers, followed by
freezing at a temperature of —16 °C. Immediately before
the start of the analysis, the blood serum/plasma samples
were defrosted at room temperature. Each blood plasma
samples were dropped in a volume of 1.5 pl and dried for
30 min on aluminum foil with the layer of dried silver
colloid for SERS analysis. we measured 1 to 2 specters
for each healthy control subjects and 5 to 6 for each
patient. The characteristics of the sample of subjects are
presented in Table 1.
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Table 1 Characteristics of analyzed samples.

Grou Number Mean Number
b of patients age of spectra
33-80
Control group 67 62) 85
Patients with
Cardiovascular 146 4?6_27)5 778

Disease

2.3 Experimental Setup and Spectra Collection

The experimental setup for Raman analysis of human
serum includes a spectrometric system (EnSpectr R785,
Spektr-M, Chernogolovka, Moscow Region, Russia) and
a microscope (ADF U300, ADF, China). Focusing the
exciting radiation and collecting the scattered radiation
were implemented using 50x Objective LMPlan. The
stimulation of collected spectra was performed by the
laser module with central wavelength 785 nm. The
diameter of the laser spot at the focus on the sample
surface was 5 pm. The laser power was 10 mW. Exposure
time was 4 s. The resulting raw spectrum is an automatic
sequential recording of four spectra with subsequent
averaging. Thus, the recording time of the SERS raw
spectrum is 16 s.

2.4 Spectra Processing

Preprocessing of raw SERS spectra of biofluids consisted
of several successive stages: noise smoothing, removal of
autofluorescent  background, and normalization.
Smoothing of the raw spectra was performed with a
Savitzky-Golay filter with a filter window width of 15,
the first order of the polynomial used for smoothing, and
a zero-order derivative (no derivative). Then the
smoothed spectra were subjected to the removal of the
autofluorescent background by the polynomial method
(15th degree polynomial) [31]. Spectral characteristics
are normalized using the standard deviation of the
method of normal variation (SNV) that consists in
subtracting each spectrum by its own mean and dividing
it by its own standard deviation. After SNV, each
spectrum will have a mean of 0 and a standard deviation
of 1.

Each sample of a biofluid corresponds to a priori
information about belonging to a certain group.
Therefore, the data was analyzed through supervised
learning. To avoid overfitting, the analysis of the stability
of the constructed models and the choice of optimal
parameters were implemented using k-fold cross-
validation (k=7) [32]. After cross-validation and
determination of the optimal parameters of the model, the
complete data set was randomly divided: 80% of the
subjects for training the model (training set) and 20% of
the subjects for testing the model (testing set). It should
be noted that when splitting the initial dataset into a
training set and a verification set (both in cross-validation
and in the final model construction), the split was
performed by subjects in order to avoid allocating the
spectral characteristics corresponding to one subject in
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different sets, which could lead to incorrect
overestimation of the model characteristics. Thus, the
proposed way of data splitting provides more stable
classification models. When building models, the
importance of predictors in solving the classification
problem was estimated using the distribution of the
importance of variables in the constructed model (VIP
distribution). An analysis of the VIP distribution makes
it possible to determine which spectral bands and related
components of the biofluid are characterized by
differences in the classification task performed.

Multivariate analysis was implemented using
PLS-discriminant analysis (PLS-DA) based on the
SIMPLS algorithm in the MDAtools package available
in the R studio software.

3 Results and Discussion

Fig. 1 presents the mean plasma SERS spectra with
standard deviation (SD) for the control group (healthy)
and group of patients with CVD. Fig. 1 demonstrates that
the differences between the mean serum spectra for the
discriminated groups are visually observed in the
intensity of individual spectral bands. Without utilizing
multivariate analysis, we can see an increase in the
intensity of the peaks at 715 cm™* (C-H) Hypoxanthine,
Phosphatidylserine, 856 cm™* (C-O-H) Glutathione),
1003 (C-C) Phenylalanine), 1244 (amide Il
(proteins)carbohydrates C-O-C, N-H), 1390 cm™ (C-N,
C-H group, CHs, CH, wagging (lipids)), can be identified
as distinctive features in the spectral characteristics of the
plasma of the patient’s group against the control group
(healthy), in addition it shows a decrease intensity
at 494 and 640 cm™ ((S-S) Phosphatidylserine, (C-S)
L- tyrosine, lactose) for the patients’ group [33, 34].

Spectral bands and SERS characteristics of the plasma
obtained in the current study are similar to those reported
in the studies. Huang et al. indicated (856, 1005, and 1244
cm™) among the informative spectral bands associated
with the degree of Coronary artery disease (CAD) spectra
showed Raman peaks appeared to originate from lipids and
proteins which are the major contributors to Small
Extracellular vesicles (SEV) surface. In another work Yang
et al. indicated (1244 and 1389 cm™) as the informative
spectral bands from patients with Coronary Heart Disease
(CHD). However, it should be noted that Huang et al. and
Yang et al. [35, 36] reported a SERS band at 1450 cm™
which was very slightly observed in our study; this band
was assigned to the CH, bending vibration of proteins and
lipids.

The analyzed spectral data is characterized by
multicollinearity property; thus, application of projection
analysis methods can provide a statistically reliable
result. The most common approach to solve such
problems is the method of discriminant analysis with
regression on latent structures — PLS-DA [37].
Discriminant analysis is a technique used to identify the
unique features of groups or individuals. The technique
assumes that there are common underlying structures in
groups or individuals. These common underlying
structures are represented by a set of latent variables.
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Fig. 1 Mean with standard deviation (SD) for SERS spectra of plasma for control group (healthy) and the patients with

(cardiovascular diseases).
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Fig. 2 The relationship between the number of LVs and the
root mean square error (RMSE) for PLS-DA model.

To use the SIMPLS algorithm to implement the PLS
and PLS portions of the PLS-DA approach [38, 39]. The
number of loading vectors (LVS) in the PLS-DA model
was determined using training data set through 7 split
CV. According to Fig.2, the RMSE value for the
calibration set and CV algorithm is decreasing to 7 LVs.
However, in test set RMSE is increasing after LV5, thus,
only first 5 LVs were utilized in the analysis.

In order to assess the contribution of each LV we
examined their structure. As shown in Fig. 3 LVs peaks
show a close correlation with plasma Raman spectra
bands at 727, 1003, 1240 and 1390 cm, however in the
shape of LVV4 we observed a negative peak at 1240 and
1375 cm* but with lower intensity in comparison with
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the rest LVs. Table 2 demonstrates characteristics of the
constructed classification models. Classifying plasma
samples of CVD patients and healthy group is possible
with the sensitivity, specificity, and accuracy of 100%,
95% and 0.99% respectively. Stability of the model was
verified by CV.

Fig. 4 demonstrates the VIP distribution of the SERS
matrix of plasma spectra when constructing
discrimination models of control group (healthy donors),
with patients with (cardiovascular diseases). The VIP
distribution is represented by a gradient fill, where the
purple color corresponds to the minimum information
content, and the yellow — to the maximum information
content. It shows the most informative spectral bands
when constructing models coincide with the visible
differences in the mean spectra of the discriminated
groups. The model identified the following spectral
bands as the most informative: 727, 1003, 1244, and
1390 cm™.

In order to evaluate the performance of a binary
diagnostic classification method, a ROC curve was
employed. It is, represented as a graph, that is used to
evaluate the performance of a binary diagnostic
classification method. The diagnostic test results need to
be classified into one of the clearly defined dichotomous
categories, such as the presence or absence of a disease.
Higher the score, higher the distinction and lower the
crossover of the predictions of the two classes [40]. Fig. 5
shows ROC AUC of CVD classification equaled to 0.99.
This result suggests the model is successful to perform
the correct classification of CVD.
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Fig. 4 The mean plasma spectra for the discriminated groups with the overlapping VIP distribution.

Table 3 represent the main informative Raman bands
in the discrimination of plasma samples of the control
group and the group of patients. One may see that the
main contribution to the registered Raman bands with the
proposed approach is associated with wide range of
chemical groups which can hardly be assumed as markers
of CVD. At the same time, it is quite challenging to find
an exact biomarker of CVD and instead combinations of
biomarkers may be utilized for the efficient detection of
CVD [41]. In this regard proposed SERS analysis offers
a simple and reliable way to analyze a “spectral
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landscape” of chemical components of blood (including
biomarkers), and further evaluation of such spectral data
gives an opportunity to create a classification model of
CVD that involves data from multiple biomarkers
together at the same time. However, further
investigations are required to estimate possible
contribution of exact components to classification of
CVD. Such analysis may be performed with utilization
of  deep-learning and artificial  intelligence
models [42, 43].
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Table 2 Characteristics of the PLS-DA Discrimination
Group presented as “Mean (95% CI)”.
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Model for the Control Group and the Cardiovascular Disease

Sensitivity Specificity Accuracy
Classification
train vaCIirngitSi-on test train vaCIirgeSitsil)n test train va(I:ir((j];tsi-on test
Control group 1 1 1 0.95 0.96 0.95 0.95 0.97 0.99
(Healthy) (0.99-1) (0.99-1) (0.99-1)  (0.89-99)  (0.92-1) (0.91-1)  (0.92-0.97)  (0.94-0.99)  (0.96-1)
Cardiovascular (8.'327 (8:2; 095 1 1 1 0.96 096 099

Disease group 0.94) 0.92) (0.91-1) (0.99-1) (0.99-1) (0.99-1) (0.90-98)  (0.91-0.99)  (0.971)

o | for effective signal amplification for troponin detection

T in another promising SERS lateral immunoassay. As
compared to immunoassays lacking graphene oxide,

w | this test was able to detect troponin quantitatively

° across a much wider range (5 pg/mL to 1000 ng/mL).
Application of discussed SERS platforms is effective

© for exact biomarkers detection (as troponin), but further

= investigations are required to estimate exact accuracy of

E AUC: 0.999 (0.998-1.000) CVD detection in clinical settings. In addition to, the

@ =] discussed approaches are more complex, expensive, and
complicated to manufacture in comparison to the
proposed technique.

g Moreover, we achieved a high diagnostic
classification result in comparison to other studies. For
instance, in our previous work we analyzed the spectral

= features of the serum in hemodialysis patients with end-

10 08 06 04 02 00 stage chronic kidney disease using a combination of
Specificity SERS and machine learning methods. The specificity

Fig. 5 ROC curves of the constructed models for the
classification of “healthy” control group vs “patients”
group on the verification dataset.

In contrary to the proposed approach it is possible to
analyze exact biomarkers of CVD. As example,
Cheng et al. [44] created a SERS-based platform for the
ultrasensitive detection of cardiac troponin and creatine
kinase-MB by combining a novel SERS nanoprobe with
a monoclonal antibody immobilized gold-patterned
chip. This SERS platform offers a limit of detection of
8.9 pg/mL and 9.7 pg/mL. Another rapid, cost-effective
SERS immunoassay approach developed by
Chon et al. [45]. This method was effective in the
detection of 42.5 pg/mL and 33.7 pg/mL of creatinine
kinase and troponin respectively and the fitted
regression line was within the 95% CI. In similar
approaches Hu et al. [46] used a magnetic immunoassay
technique based on SERS to create a SERS
immunoprobe to detect heart-type fatty acid-binding
protein and cardiac troponin. The concentration of the
biomarkers was determined by observing the distinctive
Raman peak intensities of the two Raman reporter
molecules. The minimal detection limits of H-FABP
and cTnl at the optimal conditions were 0.6396 and
0.0044 ng/mL, respectively. Fu et al. [47] studied the
usage of graphene oxide-gold nanoparticle combination
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was found to be 0.95 0.92 sensitivity, and 0.94
accuracy [48]. Huang et al. [35] demonstrated a study for
early diagnosis of coronary artery disease detection by
isolated small extracellular vesicles analysis from the
human plasma samples. The achieved sensitivity,
specificity, and accuracy of 97%, 95%, and 92.3%
respectively. Yanga et al. [36] measured and analyzed
urine samples from congenital heart disease patients,
including those who had and had not undergone
percutaneous coronary intervention. The authors showed
that the two patient groups had classification sensitivity
and specificity of 90% and 78.9%, respectively.

Lin et al. [49] studied the variability of different
tumor stages in nasopharyngeal cancer in blood plasma
using SERS. High diagnostic sensitivities of 84% and
92%, specificities of 83.3% and 95% and accuracies of
83.5% and 93.3%, respectively, were achieved for
classification of cancer and normal blood groups.
Feng et al. [50] analyzed blood plasma samples from
healthy control subjects and patients diagnosed with
adenomas and colorectal cancer. The corresponding
diagnostic sensitivity, specificity and accuracy were
0.938, 0.869 and 0.945 respectively. Tahir et al. [51]
used SERS for analysis of serum samples of late acute
stage of typhoid in comparison with healthy samples,
accuracy, sensitivity and specificity were 91%, 89%,
and 97 %, respectively.
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Table 3 Major Raman peak positions and their characteristic assignments [33—36].

Raman shift (cm™)

Peak assignment

641 (C-S) L-tyrosine, lactose

727 (C-H) Hypoxanthine, Phosphatidylserine, amide 111

1003 (C-C) Phenylalanine

1244 amide 111 (proteins)carbohydrates C-O-C, N-H

1390 C-N, C-H group, CH3, CH2 wagging (lipids), Tyrosine (proteins),

In general, the presented data shows that the proposed
approach of human blood plasma analysis and spectra
classification is stable for the detection of patients with
CVD. This method offers an opportunity to achieve 99%
accuracy and 0.99 ROC AUC of CVD detection,
however, further clinical trials are required to ensure that
the proposed approach may provide high specificity of
CVD detection among other diseases.

4 Conclusions

This study shows that plasma SERS spectra can be a
useful resource of information for the noninvasive
diagnosis of CVD. In this investigation, 67 plasma
samples from healthy volunteers and 146 plasma samples
from patients with CVD were analyzed using the 785 nm
laser excitation. The investigation revealed spectrum
difference between the patient and healthy volunteer
groups at the characteristic Raman bands, which can be
linked to biochemical changes in blood during CVD
progression. The achieved classification accuracy was
99%. SERS substrate based on AgNPs is a useful
platform for the intensification of Raman signals of blood

References

and nucleic acid, lipoproteins

plasma, allowing to observe significant differences
between analyzed groups.

In comparison to standard diagnostic procedures, the
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