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Acute myocardial infarction (AMI) is a serious medical condition generally known as heart attack, which is
caused by the decreased or completely blocked blood flow to a part of the heart muscle. It is
a significant cause of both mortality and morbidity throughout the world. Cardiac troponin-| (cTnl) is an
important biomarker at different stages of AMI and is one of the most specific and widely used cardiac
skeletal muscle proteins. Delays in medical treatment and inaccurate diagnosis might be the main cause
of death of AMI patients. To overcome the death rate of AMI patients, early diagnosis of this disease is
crucial. In the current study, surface-enhanced Raman spectroscopy (SERS) is employed for the
characterization and diagnosis of this disease using blood serum samples from 49 clinically confirmed
acute myocardial infarction (AMI) patients and 17 healthy persons. Silver nanoparticles (AgNPs) are used
as the SERS substrate for the recognition of characteristic SERS spectral features, differentiating between
healthy and AMI-positive samples. The acute myocardial infarction-positive blood serum samples reveal
remarkable differences in spectral intensities at 534, 697, 744, 835, 927, 941, 988, 1221, 1303, 1403, 1481,
1541, 1588 and 1694 cm™™ For the differentiation and quantitative analysis of the SERS spectra,
multivariate chemometric tools (including principal component analysis (PCA) and partial least squares
regression (PLSR)) are employed. A PLSR model established on the basis of differentiating the SERS
spectral features is found to be helpful in the prediction of the levels of cardiac troponin-I (cTnl) in the
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1 Introduction immunosorbent assay (ELISA) is an immunological test that

relies on the principle of antigen-antibody binding and is used
Acute myocardial infarction (AMI), also known as heart attack, to detect the target molecule. This method is used for the
is a cardiovascular disease (CVD) that is caused by the decreased ~ detection of AMI antigens. Conversely, an electrocardiogram
or completely blocked blood flow to a part of the heart muscle. (ECG) is a diagnostic test in which heartbeats produce alter-
Acute myocardial infarction is a very common disease, affecting ~ations in the morphology or wave frequency and measure the
about 3 million people worldwide.! Annually, more than one electrical activity of the heart over a period of time. However,
million people die in the United States due to this disease. The these methods have some limitations, such as false negative
physical symptoms of myocardial infarction include chest pain, and false positive results, limited quantitative accuracy,
while electrocardiogram (ECG) test results indicate T wave tediousness and expensive procedures, continuous monitoring,
abnormalities and ST segment.> The enzyme-linked and the requirement of specialized and expensive
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instrumentation.*® Patients with myocardial infarction have
high levels of serum cardiac muscle enzyme. However, it has
also been observed that there are patients having specifically
less ST segment changes and no increment in the cardiac
muscle enzyme, but they are still afflicted with myocardial
infarction.” This is due to cardiac troponin-I, making them
unique due to the regulatory protein.® The calcium-mediated
interaction between actin and myosin is controlled by cardiac
regulatory proteins, including cardiac troponin-T, troponin-I
and troponin-C. It has been observed that patients in the early
stage of myocardial infarction quickly recover and have
a greater chance of returning to their lives, as compared to those
who are diagnosed at the later stage.’

Surface-enhanced Raman spectroscopy (SERS) is a powerful
analytical technique that combines traditional Raman spec-
troscopy with the enhanced signals generated by metal nano-
particles such as silver or gold nanoparticles, which act as SERS
substrates. The Raman signal of molecules adsorbed on gold or
silver nanoparticles (Au or Ag NPs) can be enhanced by 10 (ref.
10-14) times through surface-enhanced Raman spectroscopy
(SERS).>** SERS allows for the detection of trace amounts of
analytes, provides good spectral stability and reproducibility, is
inexpensive, requires no sample preparation, and gives accurate
and rapid results. Due to these advantages and its highly
sensitive and rapid optical detection method, SERS technology
has also produced a number of significant achievements in the
biomedical diagnostic fields."*'* Low concentrations of analytes
in blood serum samples can be structurally fingerprinted by
performing SERS, which has ultra-high sensitivity owing to the
plasmon-mediated amplification of electrical fields or chemical
enhancement.’® SERS has great potential for the analysis of
blood serum samples for diagnosing different diseases,
including breast cancer, hepatitis B, hepatitis C, and
typhoid.**”"* The main advantages of surface-enhanced Raman
spectroscopy are its sensitivity and selectivity, which enable the
detection of a less-than-monolayer coverage of an analyte on
a surface of the serum even in a complex mixture.”**

Blood serum has the advantage of an easy collection and
common usage in the diagnostic testing of myocardial infarc-
tion.”” The blood serum comprises DNA, lipids, and proteins,
which can be detected with the help of surface-enhanced
Raman spectroscopy (SERS).* Electrocardiograms (ECGs) are
currently the primary method used to measure and diagnose
AMI. However, not all AMI patients exhibit electrocardiographic
irregularities and the sensitivity of the ECG is limited. AMI can
be identified using various cardiac biomarkers, such as cardiac
troponin I (cTnl), cardiac troponin T (cTnT), creatine kinase-
MB, and myoglobin, to obtain information across the prob-
lems with the ECG. When compared to other AMI biomarkers,
cTnl is considered as the “gold standard” for diagnosing AMI.
Muscle contraction is controlled by c¢Tnl, which is a component
of the troponin complex. Three different types of molecules
make up the troponin complex: troponin C (TnC), ¢Tnl, and
troponin T (c¢TnT). c¢Tnl is a highly unstable protein that is
sensitive to proteolytic degradation. Cells suffer from severe
ischemia during an infarction, and they will die in 30-60 min if
circulation is not restored.***
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In the current study, surface-enhanced Raman spectroscopy
(SERS) is employed for the characterization and diagnosis of
acute myocardial infarction (AMI) using blood serum samples
of the clinically confirmed 49 patients and 17 healthy ones. The
silver nanoparticles (AgNPs) are used as the SERS substrate for
recognizing characteristic SERS spectral features and differen-
tiating between healthy and AMI positive samples. Notably,
according to a careful literature review, there is no such report
published yet.

2 Materials and methods

2.1. Preparation of silver nanoparticles (Ag-NPs)

The chemical reduction method has been adopted to prepare
silver nanoparticles. This method uses silver nitrate (AgNOj3)
and trisodium citrate (Naz;CsH50-) as a precursor and reducing
agent, respectively. In 500 mL deionized water, 0.085 g of AgNO;
is added and heated at 100 °C, followed by the addition of
0.025 g trisodium citrate. The solution is heated on a hot plate
with the use of a magnetic stirrer for an hour until grey-colored
silver nanoparticles (Ag NPs) are prepared, which will be
employed as the SERS substrate. The characterization of AgNPs
has already been discussed in a previously published paper.*®

2.2. Isolation of serum from the blood of acute myocardial
infarction (AMI) and healthy individuals

As the blood sample forms clot it is removed which leaves
behind clear yellowish fluid called serum.? It contains various
proteins, electrolytes, hormones, and other molecules that can
provide important information about the health of the patient,
including markers of cardiac injury in the case of AMI. All
serum samples (n = 66) were obtained from Nishtar Medical
University Multan, Pakistan, for this study, including those of
17 healthy patients with diagnosed healthy and 49 acute

myocardial infarction patients with confirmed clinical
diagnosis.
2.3. SERS spectral acquisition

Using silver nanoparticles as a substrate, a Raman micro-
spectrometer (ATR8300BS Optosky, China) equipped with
a 785 nm diode laser as an excitation source was used to record
all SERS spectra. The sample was held using an aluminum slide
with a small groove. Using a micropipette, 40 puL of each sample
was incubated with 40 pL of the silver nanoparticles for 30
minutes. From this incubation mixture, 50 pL was transferred
to the aluminum slide to acquire the SERS spectra. The sample
was focused using a 40 x objective, which delivered laser light of
50 mW on the sample. An air-cooled charged coupled detector
(CCD) was employed for the reduction of electrical noise. For
every sample, 15 SERS spectra were collected at a 15 s integra-

tion time in the range of 330 to 1800 cm ™.

2.4. SERS data preprocessing

Using MATLAB R2009a (The Math Works, USA), data pre-
processing and analysis were performed. This includes vector
normalization, baseline correction, substrate removal, and
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smoothing of the SERS spectra. The spectra are normalized and
noise is removed by the Savitzky-Golay filter algorithm, which
makes the peaks more distinct and noticeable. The spectral
baseline was adjusted using the rubber band and polynomial
methods. First, by using rubber bands, baseline correction was
performed, and any remaining baseline correction was per-
formed using polynomials.

2.5. SERS data analysis

Table 1 shows the peak assignments of the SERS spectral
features, along with references, which were obtained from the
literature for SERS results interpretation. Principal component
analysis (PCA) and partial least squares regression (PLSR)
analysis were used for data analysis. To obtain the relevant
information from spectral data sets, PCA, an unsupervised
statistical technique was used; it reduces the dimensionality of
the measured Raman spectral data while keeping the sources of
variability intact. This results in a number of important prin-
cipal components (PCs). The PCA helps to differentiate the SERS
spectra acquired from healthy and AMI-positive blood serum
samples. The PCA scatter plot shows the clusters of SERS
spectra of the samples to identify the variability in the samples.
The structural and spectral properties of the fingerprint regions
in the positive and negative half of the spectrum are principally
described by the loading spectra. Note that the loadings are
identified as differentiating and significant SERS spectral
features.'”**
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As a quantitative and a discriminant method, partial least
squares regression (PLSR) was employed. The cross-validation
method leave-one-out (leave all the SERS spectra of one
sample out) was used for evaluating the prediction accuracy of
the model. Using the prediction model with respect to the
observed variables known as independent variables, the
concentration of the analyte (which is also known as dependent
variables) was created. The dependent variables are regressed
against the independent variables using the regression param-
eter. The quality of the predictive model and the parameters for
model optimization can be evaluated using the yielding resid-
uals or the difference between the variables that are measured
and those that are predicted.***

3 Results and discussion

To examine the enhancement effects of silver nanoparticles on
the human blood serum, SERS spectra were acquired from the
healthy samples and myocardial infarction-positive patients
having low levels and high levels of cardiac troponin-I (¢Tnl).
Fig. 1 shows the mean SERS spectra of healthy serum, low
disease serum and high disease serum samples. The prominent
intensity-based SERS peaks found at 486, 591, 629, 723, 814,
882, 1135, 1203, 1359 and 1453 cm ™' are observed in healthy
serum, and in serum with low and high levels of cardiac
troponin-I (cTnl). A comparison of the SERS spectra of the
healthy versus Acute myocardial infarction (AMI) having low
levels and high levels of cardiac troponin-I (cTnlI) reveals
remarkable differences in spectral intensities at 534, 697, 744,

Table 1 Peak assignment comparison of the SERS spectral features in the blood serum samples of healthy and acute myocardial infarction
positive samples having low levels and high levels of cardiac troponin-I (cTnl)

Peaks (cm ™) Assignment Reference
486 DNA 30
534 Cholesterol ester 31
591 Ascorbic acid, amide IV 32
629 6(C-S)/tyrosine 30
697 C-S stretch 33
723 C-C stretching protein 34
744 T (ring breathing mode of thymine in DNA/RNA) 34
814 »(C-C-0)/r-serine, glutathione 35
835 Amino acid of (tyrosine) 36
882 Tryptophan and tyrosine residues 33
927 COO™ wagging and stretching mode 33
941 C-C stretching vibration 37
988 Amine protein, C-N group 38
1075 Stretching vibration (C-N), collagen 32
1095 Stretching vibration (C-N), p-mannose 32
1135 NH," deformation 33
1203 Ring vibration, L-tryptophan, phenylalanine/hydroxyproline 32
31
1221 Nucleic acid 39
1303-1359 Tryptophan, a-helix, phospholipids 40
1403 N=N aromatic stretching 41
1453 C-C aromatic ring vibration 41
1481 Amide I1 39
1541 Amide carbonyl group 42
1588 C=0 stretch 36
1694 Amide I 43
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Fig.1 Mean SERS spectra of blood serum samples of healthy versus two stages of acute myocardial infarction-positive patients having low levels
and high levels of cardiac troponin-I (cTnl).
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Fig.2 PCA scatter plot (a) and PCA loadings (b) of SERS spectral data of blood serum samples of healthy and acute myocardial infarction positive
patients having low levels of cardiac troponin-I (cTnl).
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835, 927, 941, 988, 1075, 1095, 1221, 1303, 1403, 1481, 1541,
1588 and 1694 cm ™. SERS peak assignments are used to obtain
a better understanding of the molecular basis of the SERS
spectra of human blood serum. Table 1 lists the tentative peak
assignments for the observed SERS features in accordance with
the literature.

To differentiate the SERS features between the disease-
positive serum samples and healthy serum, solid lines and
dotted lines are used for the SERS bands indication. A solid
line represents the peaks that are present only in disease-
positive serum samples having low and high levels of cardiac
troponin-1, indicating striking differences. The dotted lines
represent the peaks that are present in the serum from healthy
patients and those with low levels of cardiac troponin-I (c¢TnI).
Peaks are observed at 534 (cholesterol ester), 697 (C-S stretch),
744 (T(ring breathing mode of thymine in DNA/RNA)), 835
(amino acid of (tyrosine)), and 927 ecm™ ' (C-COO™~ stretch,
phenylalanine). cTnl is a challenging analyte since it contains
just eight aromatic amino acids out of its 210 amino acid
sequence, and only the aromatic amino acid residues provide
a strong SERS signal. Some other observed peaks include the
following: 941 (C-C stretching vibration), 988 (amine protein
with C-N group), 1075 (stretching vibration (C-N), collagen),
1095 (stretching vibration (C-N), p-mannose), 1221 (nucleic
acid), 1303 (tryptophan, o-helix), 1403 (N=N aromatic
stretching), 1481 (amide II) and 1541 cm™ ' (amide carbonyl
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group). The SERS peak appearing at 1588 cm ' (C=O stretch)
observed in the low levels of cardiac troponin-I (cTnl) indicates
that upon onset of the disease, protein denaturation takes
place, which is due to the aromatic amino acid residue. The
prominent peak at 1694 cm ' associated with (amide-I) is
more prominent in the serum samples containing low levels
and high levels of cardiac troponin-I (cTnI) disease, as
compared to the healthy samples.

However, certain intensity-based spectral features are
observed in healthy serum, as well as low levels and high levels of
cardiac troponin-I (¢Tnl), including 486 (DNA), 591 (amide IV),
629 6(C-S), and 723 cm ™' (C-C stretching protein). Peaks at 814
(v(C-C-O)/1-serine, glutathione) and 882 cm ™' show the trypto-
phan and tyrosine residues, which indicate the cTn-I protein.
The SERS peaks at 1135 (NH;" deformation), 1203 (hydroxypro-
line), 1359 (tryptophan, o-helix, phospholipids) and 1453 cm ™"
(C-C aromatic ring vibration) are observed, indicating the
intensity-based differences in the SERS spectra of healthy and
acute myocardial infarction-positive serum samples containing
low levels and high levels of cardiac troponin-I (c¢Tnl).

3.1. Principal component analysis (PCA)

Using the principal component analysis (PCA), the Raman
spectra of healthy/control serum samples and acute myocardial
infarction-positive serum samples having low levels and high
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Fig.3 PCA scatter plot (a) and PCA loadings (b) of SERS spectral data of blood serum samples of healthy and acute myocardial infarction positive

patients having low levels of cardiac troponin-I (cTnl).
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levels of cardiac troponin-I (cTnl) were differentiated. It was
carried out using the SERS spectra of 17 healthy serum, 25 low
levels, and 24 high levels of cardiac troponin-I blood serum
samples.

Fig. 2(a) shows the PCA scatter plot of the low and high levels
of cardiac troponin-I (cTnl) of disease serum samples versus
healthy ones. The green clusters in the SERS spectral data
indicate low levels of cardiac troponin-I (cTnl), while the red
clusters have been associated with healthy controls. To deter-
mine the identified SERS characteristic features and recogni-
tion of the PCA diagnostic capacity, a PCA loadings plot of PC-2
was attained. The variability in these groups of SERS spectra is
explained by clustering them separately at PC-2. It is easy to
distinguish the low levels of cardiac troponin-I (cTnI) serum
spectra of AMI patients from those of healthy serum samples.
The loadings plot shows the SERS peaks where there are
differences between these SERS spectral data sets. Fig. 2(b)

20
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shows the peak positions, which show the variations in peak
intensity and show striking differences in the disease serum
samples.

The healthy serum samples contain intense peaks at
486 cm™~ " (DNA), 591 em™" (amide IV), 629 cm™" (bending of
C-S group), 723 cm ™' (proteins), 882 cm ™' (tyrosine), 1135 cm ™
(NH;" deformation), 1359 cm ™" (phospholipids) and 1453 cm™*
(C-C ring vibration). However, the acute myocardial infarction-
positive serum samples contain intense peaks at 534 cm '
(cholesterol ester), 697 cm™ " (C-S stretch), 744 cm™ ' (DNA/
RNA), 835 cm ' (tyrosine), 927 ecm ' (COO~ wagging and
stretching mode), 988 cm ' (amine protein), 1075 cm™’
(stretching vibration (C-N), collagen), 1095 cm™ ' (stretching
vibration (C-N), collagen), 1221 cm ™" (nucleic acid), 1303 cm ™"
(tryptophan), 1403 cm™* (aromatic group), 1481 cm™ ' (amide
I1), 1541 cm™ "' (carbonyl group), 1588 cm ™' (C=O0 stretch) and
1694 cm ™' (amide I). The stretching or bending vibrations of
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Table2 Actualand predicted values of troponin-I for blind samples using the PLSR model developed using the SERS spectral data of these blood

serum samples

Actual value of

Predicted value

Deviation from Goodness of

Sample. no. troponin-I (ng mL ") of troponin-I (ng mL ™) actual value (ng mL™") fit (rR%)
S7 1.51 1.558 —0.048 0.87259
S19 9.39 9.09 0.3 0.63123
S21 13.27 13.17 0.1 0.32442
5S40 0.54 0.52 0.02 0.012221

these groups show that the concentration of these biomolecules
increases in the serum having acute myocardial infarction.

The PCA scatter plot of the diseased serum samples having
high levels of cardiac troponin-I versus healthy ones is shown in
Fig. 3(a). The SERS spectral data of blue clusters show the high
disease serum, and the healthy/control serum is associated with
red clusters. The PCA loadings plot of PC-1 was obtained for the
determination of the significant SERS features from healthy and
high disease serum. The SERS spectral variability is demon-
strated by PC-1 with 39.07% and PC-2 with 22.75%. The load-
ings plot associated with high disease serum shown in Fig. 3(b)
is higher in intensity at 486 cm™', 591 cm ™', 629 cm *,
723 em™ Y, 814 cm™?, 882 ecm™!, 1135 cm ™%, 1359 cm ™' and
1453 cm™'. The AMI high disease serum contains peaks at
534 cm Y, 697 cm Y, 835cem Y, 927 em ™, 941 cm Y, 988 em Y,
1075 em %, 1095 cm ™%, 1221 cm™*, 1303 cm ™, 1403 cm ™,
1481 cm™', 1541 ecm™*, 1588 cm ™! and 1694 cm ™. To under-
stand the development of the acute myocardial infarction, the
pairwise PCA of SERS spectra from healthy and acute myocar-
dial infarction-positive blood serum samples was carried out.
The SERS spectra of these groups of samples are clustered
separately according to PC-1, as shown in the PCA scatter plot in
Fig. 3(a). To determine the associated biochemical features,
PCA loadings are employed, which highlight the characteristic
SERS features of specific biomolecules associated with the
progression and development of acute myocardial infarction
having high levels of cardiac troponin-I, as indicated in the
loadings plot of Fig. 3(b).

3.2. Partial least squares regression analysis (PLSR)

Using a multivariate calibration method called partial least
squares regression (PLSR), the relationship between the levels
of the troponin-I and spectral data was established. PLSR
maximizes the covariance between the spectral data and
reduces the data to a small number of latent variables. The
construction of a predictive model is the first step using indi-
vidual SERS data for the known troponin-I values of 49 acute
myocardial infarction serum samples having different levels of
cardiac troponin-I (Table S21). The SERS spectra from these 49
blood serum samples were randomly selected and divided into
two sets, including 60% training data and 40% test data sets.
Using eight latent variables, the Root Mean Square Error of
Cross Validation (RMSECV) is calculated. It is important to
avoid over-fitting when the minimal RMSECYV is attained. For
this reason, just eight latent variables are selected as the
optimal number to develop the PLSR prediction model for the

© 2024 The Author(s). Published by the Royal Society of Chemistry

levels of troponin-I using SERS spectra of the different blood
serum samples of the patients suffering from this disease.

3.2.1. Root mean square error of cross validation
(RMSECV). To evaluate the capability of this technique, a PLSR
model of the SERS data acquired from different blood serum
samples having different troponin-I values in the acute
myocardial infarction-positive patients was established, and the
troponin-I values were predicted in the blind samples.

Fig. 4 shows the calibration vs. validation regression plot, or
predicted troponin-I, as a function of the measured troponin-I
in this sample, obtained from 8 LVs for the S7 blind sample.
The model indicated an RMSEC value of 2.98 ng mL ™' and an
RMSEP value of 3.98 ng mL™" for the provided SERS data set.
The (R?) values for the PLSR model, indicating the goodness of
the model, were determined to be 0.92 for calibration and 0.87
for the prediction sets. Table 2 shows the predicted troponin-I
value for each of the randomly selected five blind samples (S7,
S19, S21, and S40), as well as the difference between the pre-
dicted and actual troponin-I values. These results indicate the
capability of the SERS spectroscopy, along with the chemo-
metric tool, PLSR model, for the diagnosis and quantitative
analysis of the troponin-I levels in the acute myocardial
infarction-positive patients.

3.2.2. Regression coefficients. PLSR analysis provided
regression coefficients, which are displayed in Fig. 5. The
features seen here in the positive axis of the Y-axis, which
include 534, 744, 835, 927, 1095, and 1541 cm ™%, are linked to
low and high levels of cardiac troponin-I (cTnl). These features

400
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Regression Coefficients
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1359 1483
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Wavenumbers (cm'l)
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Fig. 5 Regression coefficients of the PLSR model as compared SERS
spectral data of myocardial infarction serum samples with healthy
individuals samples.
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are only seen in the SERS spectra of the low and high levels of
cTnl, which are shown in Fig. 1, and have previously been
covered in detail. However, there are features found in the
negative axis of the Y-axis such as 591, 629, 814, 1131, 1203,
1359, and 1453 cm™'. These features are linked to the SERS
features of the healthy/control serum of acute myocardial
infarction (AMI), as their intensities gradually increase or
decrease from low to high levels of cardiac troponin-I (cTnlI) of
AMI. PLSR analysis provided the regression coefficients, as
shown in Fig. 5. These characteristics, which are found on the
positive axis of the Y-axis and include 534, 744, 835, 927, 1095
and 1541 cm ™, are associated with both high and low cardiac
troponin-I (cTnI) levels. These characteristics are limited to the
low and high levels of cTnl, which are depicted in Fig. 1, and
have been thoroughly discussed before in their SERS spectra.

4 Conclusions

The blood serum samples of acute myocardial infarction-
positive patients having different levels of cardiac troponin-I
(cTnI) and those of healthy serum samples are differentiated
by applying the SERS technique with silver nanoparticles as
the SERS substrate. By analyzing the differences between the
mean spectra of the acute myocardial infarction-positive and
healthy blood serum samples, it is found that the composition
of the blood serum samples is changed owing to the devel-
opment of disease. Differences in their biochemical contents
are seen in the form of the SERS spectral features, including
697 (C-S stretch), 744 (ring breathing mode of thymine in
DNA/RNA), 988 (C-C stretching of protein), 1075 (stretching
vibration (C-N), collagen), 1095 (stretching vibration (C-N), -
mannose), 1303 (tryptophan), 1403 (N=N aromatic stretch-
ing), 1481 (amide-II), 1541 (amide carbonyl group), 1588 (C=
O stretch) and 1694 cm™ " (amide-I). These SERS features
clearly differentiate the SERS spectral groups of the acute
myocardial infarction-positive patients from healthy ones.
PCA and PLSR are statistical tools, which were applied to
diagnose and differentiate the SERS spectra of the acute
myocardial infarction-positive patients having different levels
of cardiac troponin-I from those of the healthy serum
samples. Using SERS spectral data from acute myocardial
infarction-positive patients having different levels of cardiac
troponin-I samples, a PLSR model was established to predict
the troponin-I level of unknown/blind samples. The effec-
tiveness of the PLSR model was determined by its goodness of
fit (R*) value of 0.87 and root mean square error of cross
validation (RMSECV) value of 3.9771. Thus, when combined
with PCA and PLSR, the SERS technique offers great potential
as a diagnostic and screening tool for acute myocardial
infarction-positive patients having different levels of cardiac
troponin-I.
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