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ABSTRACT: In the present research work, a selenium N-
heterocyclic carbene (Se−NHC) complex/adduct was synthesized
and characterized by using different analytical methods including FT-
IR, 1HNMR, and 13CNMR. The antifungal activity of the Se−NHC
complex against Aspergillus flavus (A. flavus) fungus was investigated
with disc diffusion assay. Moreover, the biochemical changes
occurring in this fungus due to exposure of different concentrations
of the in-house synthesized compound are characterized by surface-
enhanced Raman spectroscopy (SERS) and are illustrated in the form
of SERS spectral peaks. SERS analysis yields valuable information
about the probable mechanisms responsible for the antifungal effects
of the Se−NHC complex. As demonstrated by the SERS spectra, this
Se−NHC complex caused denaturation and conformational changes
in the proteins as well as decomposition of the fungal cell membrane. The SERS spectra were analyzed using two chemometric tools
such as principal component analysis (PCA) and partial least-squares discriminant analysis (PLS-DA). The fungal samples’ SERS
spectra were differentiated using PCA, while various groups of spectra were discriminated with ultrahigh sensitivity (98%), high
specificity (99.7%), accuracy (100%), and area under the receiver operating characteristic curve (87%) using PLS-DA.

1. INTRODUCTION
Invasive fungal infections potentially cause 1.7 million deaths
every year.1 The mortality rate caused by fungal infections is
greater than that of other diseases such as tuberculosis and
malaria.2 About 300 species out of 5 million known fungal
species are reported to cause illness, allergy, and toxicity in
humans. These fungal species belong to one of the five major
genera which include Candida (Candida albicans, Candida
glabrata, Candida krusei, Candida parapsilosis, Candida
tropicalis, Candida kefyr, and Candida guilliermondii), Aspergil-
lus (Aspergillus flavus, Aspergillus niger, and Aspergillus
fumigatus), Cryptococcus (Cryptococcus neoformans), Fusarium
(Fusarium oxysporum, Fusarium moniliforme, and Fusarium
solani) and Pneumocystis.3

Fungal infections can be extensively treated by antifungal
drugs that cause very low or no toxicity to the host organisms.
For the treatment of fungal infections in humans, five major
antifungal classes have been used such as azoles, polyenes,
allylamines, pyrimidines, and echinocandins.4,5 Overuse of
these valuable substances results into enhanced antimicrobial
resistance, leaving some infections untreated.6 Organometallic-
based antibacterial and antifungal drugs have been developed

as some of the organometallic compounds when coordinated
with metal ions have great antibacterial and antifungal
activities.7

Selenium-based N-heterocyclic carbene complexes have
been used as suitable drug candidates for the cancer, bacterial,
and fungal infections.8 Selenium, an antioxidant, can be used
for the treatment of chronic metabolic diseases, such as
dyslipidemia, hyperglycemia, hyperphenylalaninemia, diabetes,
arteriosclerosis, and phenylketonuria.9 Selenium compounds
can also be used as chemotherapeutic agents because of their
high anticancer activity and low toxicity.10 Selenium, in trace
amount, can be used as an antibacterial agent and antifungal
agent, making it suitable for medicinal purpose.11

Many methods including disk and well diffusion methods,
growth inhibition by broth dilution tests, bioautography, and

Received: July 26, 2023
Accepted: September 8, 2023
Published: September 21, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

36460
https://doi.org/10.1021/acsomega.3c05436

ACS Omega 2023, 8, 36460−36470

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noor+ul+Huda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Wasim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haq+Nawaz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Irfan+Majeed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Rizwan+Javed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Rizwan+Javed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nosheen+Rashid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Adnan+Iqbal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anam+Tariq"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahmad+Hassan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Waseem+Akram"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Waseem+Akram"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Faisal+Jamil"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Imran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c05436&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05436?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05436?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05436?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05436?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05436?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/39?ref=pdf
https://pubs.acs.org/toc/acsodf/8/39?ref=pdf
https://pubs.acs.org/toc/acsodf/8/39?ref=pdf
https://pubs.acs.org/toc/acsodf/8/39?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c05436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


radial growth inhibition methods are available that allow the
analysis of the antifungal activity of any antifungal drug. These
methods are used to measure the minimum fungicidal
concentration value that corresponds to the minimum
concentration of an antifungal agent that avoids further growth
of the microorganism. Nevertheless, it is important to note that
these methods have their own limitations, including their high
cost, labor-intensive nature, and time-consuming process.12−14

In order to overcome these limitations, the development of
fast, cost-effective, and noninvasive methods is mandatory.

However, Raman spectroscopy (RS) is proficient in
overcoming the abovementioned limitations. It is based on
the idea of inelastic scattering which is widely used for the
characterization of pharmaceutical formulations, analysis of the
interaction of drug candidates with various microorganisms,15

elaboration of kinetic processes in delivery of therapeutic
agents, as well as for disease diagnosis.16 RS can be employed
on biological systems to obtain spectra that act as fingerprint
even for the smallest species.17

Surface-enhanced Raman scattering (SERS) is the modified
form of RS by employing nanoparticles (NPs) that significantly
results into the improved signal-to-noise ratio up to 108 in
Raman measurements.18 “Raman indicator” is the recent
development in the SERS domains for the ultrasensitive
detection of protein and molecular imprinting.19,20

Metallic nanoparticles, such as silver nanoparticles (Ag-
NPs), have been widely used as the SERS substrate because
they exhibit strong surface plasmon resonance (SPR) effect
that ultimately leads to the strong SERS enhancement factor
almost 1010−1011.21,22 In the current study, Ag-NPs are
preferred as the SERS substrate to improve the Raman signal
because these nanoparticles show the stronger SPR effect due
to the presence of greater number of active sites that would
lead to create more “hot spots”, resulting in the SERS
enhancement factor even greater than that of the Au-NPs.23,24

Ag-NPs are convenient to prepare, inexpensive, exhibit greater
extinction coefficients, and possess more ratio of scattering to
extinction.25

In the current study, SERS analysis along with chemometric
analytical techniques, principal component analysis (PCA),
and partial least-squares discriminant analysis (PLS-DA) is
carried out to compare the SERS spectral features of A. flavus,
exposed to the selenium-based organometallic compound with
that of unexposed A. flavus. The differentiation between SERS
features of these two classes are analyzed by comparing their
mean plots and scatter score plots. These differentiating
spectral features help us understand the occurrence of
biochemical variations in the fungal strain due to the exposure
of selenium N-heterocyclic carbene (Se−NHC) complex and
the mode of action of this antifungal agent. A thorough
investigation of the literature demonstrated that this work has
not yet been published.

2. RESULTS AND DISCUSSION
2.1. FT-IR Spectral Analysis. Synthesis of the Se−NHC

adduct was accomplished in three independent steps by
following the procedure published recently.26 Very short-
ranged peaks (3500−500 cm−1) are observed in the
experimental FT-IR spectra, as demonstrated in Figure 1.
Below 3000 cm−1, a peak of C−H stretching is observed.
Higher and lower frequency peaks are due to symmetric and
antisymmetric C−H stretching. Stretching vibrations of C−C
are observed between 1200 and 1750 cm−1, and C−C bending

vibration is found below 500 cm−1. Bending vibrations of CH3
and CH2 are observed at 1131 and 1375 cm−1, respectively.26

A particular pattern in the FT-IR spectra was observed
between 1460 and 1100 cm−1 that might be due to
fundamental vibrational frequency of the carbon selenium
(C�Se) bond. The similar behavior was confirmed by
literature reflecting the vibrational frequency for the carbon
selenium bond of imidiazolium adducts at 1222 cm−1.27 This
specific peak is also evident in Figure 1, showing the FT-IR
spectra of the Se−NHC-based product.

2.2. NMR Spectral Analysis. The main feature in 1H
NMR spectra during analysis of NHC salt was a peculiar peak
observed at 8−10 ppm, which corresponds to the resonance
frequency of the acidic proton of carbene carbon. This
resonance frequency is characteristic of carbene proton. As
NHC salt had been successfully converted into the selenium
adduct, the acidic proton peak was absent in Se−NHC adduct
proton NMR spectra. A similar pattern is also reported in the
literature which showed disappearance of the resonance
frequency of the carbene proton peak as an indication of
successful conversion of NHC salt into the selenium
adduct.28,29 Similar substantial evidence was also observed
through 13C NMR spectroscopy for successful synthesis of the
designed NHC salt. Prominent feature of resonance frequency
of carbene carbon was observed for the synthesized selenium
adduct at 154.8 ppm.

Figure 2a,b shows 1H NMR spectra and 13C NMR spectra of
Se−NHC complex/adduct, respectively. 1H NMR spectra and
13C NMR spectra of Se−NHC ligand/salt have been added in
the Supporting Information as Figure S1a,b. Proton NMR
spectra of the NHC ligand/salt (Figure S1a) reflect that a peak
of acidic proton is prominent at 9.20 ppm, and this peak
disappears in the Se−NHC adduct in Figure 2a. Similarly, in
13C NMR spectra of the NHC salt, the NCN peak appears at
135.9 (Figure S1b), and this peak shifted toward downfield
region 154.8 ppm, as shown in Figure 2b, which is an
indication of successful incorporation of selenium and
formation of the complex.

2.3. Chemical Structure of 1-Butyl-3-hexyl-1H-imida-
zol-2(3H)-selenone. Selenium, an antioxidant, can be used
for the treatment of chronic metabolic problems, such as
dyslipidemia, hyperglycemia, hyperphenylalaninemia, diabetes,
arteriosclerosis, and phenylketonuria.9 Selenium compounds

Figure 1. FT-IR spectra of the Se−NHC adduct.
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can also be used as chemotherapeutic agents because of their
high anticancer activity and low toxicity.10 Selenium, in trace
amount, can be used as an antibacterial agent and antifungal
agent, making it suitable for medicinal purpose.11 The above
NMR and FT-IR spectra confirm the 2D chemical structure of
1-butyl-3-hexyl-1H-imidazol-2(3H)-selenone having chemical
formula C13H24N2Se which is presented in Figure 3.

2.4. Inhibition Zone Analysis. The bioassay of lab-
synthesized organometallic compound against A. flavus fungus
by the disk diffusion method is indicated in Figure 4 with five
zones of inhibition. It can be seen that as the concentration of
organometallic compound increases, the size of the zone of
inhibition increases. It is found that 300 μM concentration of

the Se−NHC complex showed greater inhibition against A.
flavus as compared to other concentrations (Figure 5).

Figure 2. (a) 1H NMR spectra of the Se−NHC adduct (the peak at 9.20 ppm disappears). (b) 13C NMR spectra of the Se−NHC adduct (peak
shifted toward the downfield region 154.8 ppm).

Figure 3. Chemical structure of 1-butyl-3-hexyl-1H-imidazol-2(3H)-
selenone.
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2.5. Characterization of Ag-NPs. The characterization of
the lab-synthesized Ag-NPs was carried out using transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM). These NPs have gained extraordinary attention due to
their unique chemical and physical properties. By controlling
their refractive index, size, and shape, their scattering and
absorption properties can be varied. Commonly, the NPs with
small size give small enhancement as compared to the NPs
with large size.30,31 NPs with rough surface give greater
contribution toward SERS enhancement as compared to the
NPs with smooth surface. The characterized NPs were found
round with size 65 × 45 nm. The NPs of round geometry and
average size were used in various SERS studies, and these NPs
give great enhancement for the SERS.32

2.6. Mean SERS Spectra. Figure 6a shows the mean SERS
spectra of all spectral measurements of A. flavus exposed to the
Se−NHC complex, N2−N6 (different pellets having different
concentrations of organometallic compound), and the
unexposed A. flavus, N1. Different SERS spectral features
distinguishing between exposed and unexposed fungi are
identified. The SERS spectral data, which include features that
may potentially differentiate the samples, are indicated by solid
and dashed lines, and peak assignments of these features has
been provided in Table 1. The solid lines are used to label the
differentiating SERS bands, while the dashed lines are used to
label the intensity-based variations present among the SERS
bands. The SERS spectral features that are associated with the
biochemical changes related with carbohydrates, proteins,
nucleic acids, and lipids produced in the fungal strains due to
the exposure of the Se−NHC complex as compared to the
unexposed fungal strain of A. flavus include 532 cm−1 [guanine

(G) (nucleic acids)], 653 cm−1 [C−S stretching and C−C
twisting (proteins)], 675 cm−1 [a ring breathing mode of
tyrosine (protein)], 713 cm−1 [adenine (nucleic acid)], 722
cm−1 [adenine (nucleic acid)], 748 cm−1 [adenine (nucleic
acid)], 798 cm−1 [uracil (RNA)], 818 cm−1 [phosphodiester
band in DNA and RNA (nucleic acid)], 863 cm−1

(carbohydrate), 888 cm−1 [C−O−C stretching (carbohy-
drate)], 949 cm−1 [C�C deformation, C−N stretching
(protein)], 1000 cm−1 [phenylalanine (protein)], 1111 cm−1

[bending (C−H) (protein)], 1133 cm−1 [�C−O−C�
(unsaturated fatty acids in lipids)], 1143 cm−1 [C−C and
C−O stretching groups for polysaccharides (carbohydrates)],
1170 cm−1 [C−O ring, aromatic amino acids (proteins)], 1251
cm−1 [amide III (protein)], 1393 cm−1 [saccharide (carbohy-
drate)], 1629 cm−1 [amide I (protein)], and 1692 cm−1

[COO− asymmetric stretching (protein)], as mentioned in
Table 1.

Figure 6b displays the SERS spectral features that are
directly associated with the Se−NHC complex itself including
1325 cm−1 [CH2 deformation (Se−NHC complex)], 1408
cm−1 [C�C stretching (Se−NHC complex)], 1563 cm−1

[CH3 deformation (Se−NHC complex)], and 1591 cm−1

[CH3 deformation (Se−NHC complex)].
SERS spectral features that are specifically related to the

fungal protein components include 653 cm−1 [C−S stretching
and C−C twisting (proteins)], 675 cm−1 [a ring breathing
mode of tyrosine (protein)], 949 cm−1 [C�C deformation,
C−N stretching (protein)], 1000 cm−1 [phenylalanine
(protein)], 1111 cm−1 [bending (C−H) (protein)], 1170
cm−1 [C−O ring, aromatic amino acids (proteins)], 1251 cm−1

[amide III (protein)], 1629 cm−1 [amide I (protein)], and
1692 cm−1 [COO− asymmetric stretching (protein)]. The
decrease in the intensities of the peaks at 653, 1170, 1251, and
1629 cm−1 is observed in the Se−NHC complex-exposed
fungal samples as compared to unexposed fungal samples. This
suggests the formation of protein aggregates within the fungal
hyphae which can be an indication of cellular damage which
can affect the overall structure and function of the fungal
cells.43 The increase in the intensities of the protein bands at
675, 949, 1000, 1111, and 1692 cm−1 is possibly the result of
the changes in the protein expression in response to the stress
caused by exposure to the Se−NHC complex. This type of
compensatory response by the fungal species can be an
adaptation mechanism aimed at protecting the cells from
further damage. The increase in the amount of several cell wall
proteins can help in strengthening the cell wall and providing
additional protection to the cells, potentially preventing further
damage from the Se−NHC complex. This type of response is a
common mechanism observed in cells under stress and can
help maintain cellular homeostasis.44

In addition to phospholipids, fungal cell membranes also
contain other lipids, such as ergosterol, which is unique to
fungal cells and plays a key role in maintaining the fluidity and
integrity of the cell membrane. The SERS spectral feature that
is directly associated with the lipid contents of fungus is
observed at 1133 cm−1 [�C−O−C� (unsaturated fatty acids
in lipids)] having decrease in its intensity. This could indicate a
decrease in cell fluidity because of the effect of the antifungal
drug on the components of the cell membrane. This, combined
with homeostatic pressure, could result in disruptions in the
cell membrane.43

SERS spectral features observed at 532 cm−1 [guanine (G)
(nucleic acids)], 713 cm−1 [adenine (A) (nucleic acids)], 722

Figure 4. Zone of inhibition analysis to evaluate the antifungal activity
of lab-synthesized 1-butyl-3-hexyl-1H-imidazol-2(3H)-selenone, Se−
NHC complex against A. flavus.

Figure 5. Trend among the two variables, concentration (μM) of the
Se−NHC complex, and their zones of inhibition.
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cm−1 [adenine (A) (nucleic acids)], 748 cm−1 [adenine
(nucleic acids)], 798 cm−1 [uracil (U) (RNA)], and 818 cm−1

[phosphodiester band in DNA and RNA (nucleic acids)] are
related with the DNA/RNA fungal content. The bands at 722
and 798 cm−1 are related to the PO2− symmetrical stretching
and PO2− asymmetrical stretching vibrations of nucleic acids,
respectively. These bands provide information about the
structure and conformation of the nucleic acids. The decrease
in intensity of these bands suggests a change in the structure or
conformation of nucleic acids, which could be due to a variety
of factors, including changes in gene transcription and/or
changes in the interactions between nucleic acids and other
cellular components, such as amino acids, which could have
significant consequences for cell viability.43 The bands at 532,
713, 748, and 818 cm−1 are related to the stretching vibrations
of nucleic acids, including the ribose and phosphate groups.
Enhancement in the intensities of these bands would indicate a
stress response of the fungal hyphae, which is a response to
environmental changes or the presence of an antifungal drug.
In response to stress, cells can undergo a variety of changes,
including changes in gene expression, metabolism, and
structural organization, leading to an increase in the synthesis
of DNA and RNA contents.36

The SERS peaks at 863 cm−1 (carbohydrates), 888 cm−1

[C−O−C stretching (carbohydrates)], 1143 cm−1 [C−C and

C−O stretching groups for polysaccharides (carbohydrates)],
and 1393 cm−1 [Saccharide (carbohydrates)] are directly
related with the carbohydrate contents of fungus. The
intensities of the SERS bands, positioned at 888 and 1143
cm−1 related to carbohydrates, are increased. It is possible that
the increase in carbohydrates is a response to the inhibitory
effect of the antifungal drug as cells may attempt to
compensate for the disruptions caused by the drug. This
compensatory response would also be due to an increase in the
biosynthesis of cellular components, such as cell wall
polysaccharides, in an attempt to maintain the structural
integrity of the fungal cells.36

2.7. Principal Component Analysis. Figure 7 shows the
spectral data obtained through SERS of unexposed and
complex exposed A. flavus fungi that have been distinguished
using PCA. These SERS spectral data sets are clearly
differentiated by the PCA scatter plot.

Figure 7a shows a PCA scatter plot generated by PCA,
which compares the SERS spectral data sets obtained from
different concentrations (N2−N6) of the Se−NHC complex-
exposed A. flavus fungus samples with the unexposed A. flavus
fungus sample (N1). The PC-1 in the scatter plot effectively
differentiates these groups of spectra, accounting for a
significant proportion of the explained variance (52.17%),
while PC-2 explains 29.55% from the remaining variability.

Figure 6. (a) Mean SERS spectra of A. flavus samples that were exposed to the Se−NHC complex (N2−N6) and unexposed/control A. flavus (N1)
and (b) mean SRES spectra of complex exposed fungal strain and Se−NHC complex.
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The loadings of PC-1, which are presented in Figure 7b,
provide information based on discriminating biochemical
changes in the form of PCA loadings (SERS features) which
are responsible for the differentiation of SERS spectra seen in
the scatter plot.

The loadings on the positive side of the SERS spectral
features in Figure 7b are associated with the Se−NHC
complex-exposed fungal samples, while the loadings on the
negative side correspond to the unexposed/control A. flavus
fungus samples. It indicates that the SERS spectral data sets
from these groups of samples have distinctive features that can
be effectively differentiated using PCA. The positive loadings
in SERS spectral features include 532 cm−1 [guanine (G)
(nucleic acids)], 675 cm−1 [a ring breathing mode of tyrosine
(protein)], 713 cm−1 [adenine (nucleic acids)], 748 cm−1

[adenine (nucleic acid)], 818 cm−1 [phosphodiester band in
DNA and RNA (nucleic acids)], 863 cm−1 (carbohydrate),
888 cm−1 [C−O−C stretching (carbohydrate)], 1000 cm−1

[phenylalanine (protein)], 1111 cm−1 [bending (C−H)
(protein)], 1408 [CH2, CH3 deformation (lipid)], 1563
cm−1 [C−N, C−C stretching and N−H deformation groups
of amide II (protein)], and 1591 cm−1 [C�C (lipid)]. These
SERS spectral features are consistent with the mean plot SERS
spectral features, which are presented in Figure 6.

The negative loadings in SERS spectral features include 653
cm−1 [C−S stretching and C−C twisting (proteins)], 722
cm−1 [adenine (nucleic acid)], 798 cm−1 [uracil (RNA)], 949
cm−1 [C�C deformation, C−N stretching (protein)], 1133

cm−1 [�C−O−C� (unsaturated fatty acids in lipids)], 1143
cm−1 [C−C and C−O stretching groups for polysaccharides
(carbohydrates)], 1170 cm−1 [C−O ring, aromatic amino acids
(proteins)], 1251 cm−1 [amide III (protein)], 1325 cm−1

[amino acids such as L-proline and tryptophan (protein), C−
H deformation], 1393 cm−1 [saccharide (carbohydrate)], 1629
cm−1 [amide I (protein)], and 1692 cm−1 [COO− asymmetric
stretching (protein)]. The SERS spectral features mentioned
above correspond to the SERS spectral features of the mean
plots, which can be visualized in Figure 6.

2.8. Partial Least-Squares Discriminant Analysis (PLS-
DA). PCA has been found very effective in achieving
differentiation among the SERS spectral data set, as shown
in Figure 7. PCA is an unsupervised tool in which group labels
are not considered during analysis. As a result, it focuses on the
overall variance without necessarily emphasizing the variations
related to the treatment groups. However, PLS-DA is a
supervised tool in which both the spectral data and the group
labels are taken into account, allowing for more precise
discrimination between groups. By focusing on the grouping
information on the spectra, PLS-DA incorporates class
information such as “exposed” and “unexposed” fungal strains
to find number of latent variables that maximize the separation
between these two classes. Even though PCA visually
differentiates the spectral groups in Figure 7, the additional
step of PLS-DA allows for a more rigorous statistical analysis,
resulting into better accuracy and reliability of the results. PLS-
DA focuses on grouping information and incorporation of class
information that leads to enhanced differentiation, rigorous
statistical analysis, and improved accuracy in classifying distinct
groups. PLS-DA, a chemometric method, was also used to
analyze these SERS spectra. To perform the differentiation of
SERS spectral data sets, the data set was randomly split into a
60% training data set (63 spectra) and a 40% test data set (27
spectra). The Monte Carlo cross-validation (CV) based on the
Bayes theorem was used for PLS-DA. To achieve high
accuracy, the optimum latent variables (OptLVs) were selected
by identifying the variables with the smallest error. 12 optimal
latent variables were identified by performing CV, and these
were used to train the PLS-DA model with the calibration data
set. Since the validation data set was distinct from the trained
data set, the trained model was used to check its performance.
Figure 8a displays the PLS-DA scores. The PLS-DA model
demonstrated a distinct separation between the untreated and
treated A. flavus, with a sensitivity of 98%, a specificity of
99.7%, and an accuracy of 100%. In-house MATLAB codes
were utilized to calculate the precision, sensitivity, specificity,
and accuracy of the classification of the SERS spectra for the
PLS-DA model. These results suggest that the model is well-
suited for this differentiation. The receiver operating character-
istic (ROC) curve, which was used to evaluate the perform-
ance and effectiveness of the PLS-DA classification model as
well as to check the diagnostic ability of SERS, is shown in
Figure 8b. The ROC curve was generated by plotting the false
positive rate (specificity) against the true positive rate
(sensitivity). The AUROC score of 0.87 showed the
effectiveness of this model. The PLS-DA classification method
was found to be superior to the PCA in terms of its
performance in differentiating between treated and untreated
A. flavus samples. The PLS-DA model classifies the SERS
spectra based on biochemical changes in fungi, which result in
spectral variations (Table 2).

Table 1. SERS Peak Assignments for SERS Spectra of
Fungal Pellets Exposed to the Se−NHC Complex

wavenumber
(cm−1) SERS peak assignment components refs

532 guanine (G) nucleic acids 33
653 C−S stretching and C−C

twisting
proteins 34

675 the ring breathing of tyrosine proteins 33
713 adenine (A) nucleic acids 35
722 adenine (A) nucleic acids 35
748 adenine (A) nucleic acids 36
798 uracil (U) RNA 33
818 phosphodiester band in DNA

and RNA
nucleic acids 37

863 carbohydrates 36
888 C−O−C stretching carbohydrates 36
949 C�C deformation, C−N

stretching
proteins 35

1000 phenylalanine proteins 36
1111 bending (C−H) proteins 33
1133 �C−O−C� lipids 35
1143 C−C and C−O stretching

groups for polysaccharides
carbohydrates 37

1170 C−O ring, aromatic amino acids proteins 35
1251 amide III proteins 36
1325 CH2 deformation Se−NHC

complex
38

1393 saccharide carbohydrates 39
1408 C�C stretching Se−NHC

complex
40,41

1563 CH3 deformation Se−NHC
complex

41

1591 CH3 deformation Se−NHC
complex

40

1629 amide I proteins 42
1692 COO− asymmetric stretching proteins 39
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3. CONCLUSIONS

A Se−NHC complex was synthesized with a high yield, and
then, the synthesized Se−NHC complex was characterized
using spectroscopic techniques such as FT-IR, 1H NMR, and
13C NMR. The Se−NHC complex demonstrated stability at
room temperature both in air and moisture. In vitro disc
diffusion assay showed a potential complex as an antifungal
agent against A. flavus. Surface-enhanced Raman spectroscopy
(SERS) can be used as a nondestructive and rapid analytical
technique to distinguish between spectral data sets of A. flavus
fungal samples that have been exposed to Se−NHC complex
based on the biochemical changes in their cell walls. This
method has the ability to understand the mode of action of the
Se−NHC complex against A. flavus fungus. The SERS spectra
obtained after exposing the fungus to the complex revealed the
biochemical changes that occur in the protein and cell
membrane components due to growth inhibition. To assess
the variability in the SERS spectral data sets, PCA was
employed. Additionally, classification of the various spectral
data sets was achieved using PLS-DA, resulting in a sensitivity
of 98%, specificity of 99.7%, and an accuracy of 100%.

4. MATERIALS AND METHODS
4.1. Synthesis of the Se−NHC Complex. For the process

of synthesis, imidazole (1.0 g, 14.7 mmol), dimethyl sulfoxide
(20 mL), and KOH (1.23 g, 22.1 mmol) were placed in a
round-bottom flask and stirred for 30 min. 1-Bromohexane
(0.24 g, 14.7 mmol) was added dropwise, and the temperature
of the reaction media was maintained by adding cold water in
the reaction mixture. This reaction continued for 4.0 h, and a
liquid product 1-hexyl-1H-imidazole (N-alkylated compound)
having yield 91.5% was obtained. In step-II, N-alkylated
compound was dissolved in 1,4-dioxane (25 mL), and 1-
bromobutane (0.20 g, 14.7 mmol) was added dropwise in the
solution with continuous stirring. The reaction mixture was
refluxed for 24 h at 100 °C. The eminent product in from of
oily brownish layer obtained which was settled at the bottom
of the round-bottom flask. In step-III, 1-butyl-3-hexyl-2,3-
dihydro-1H-imidazole bromide salt was dissolved in hot
distilled water (30 mL), then selenium powder (0.18 g, 2.3
mmol) was blended with K2CO3 (0.30 g, 2.2 mmol) and
poured into reaction media. The whole reaction mixture was
refluxed for 7.5 h, and the product was obtained adhered to the
magnetic bar which was separated having yield: 86.8% Scheme
1.

4.2. Antifungal Screening. The disk diffusion method
was used to determine the antifungal activity of different

Figure 7. PCA (a) scatter score of SERS spectral data sets of unexposed A. flavus (N1) and A. flavus fungal strains exposed to various
concentrations of the Se−NHC complex (b) loadings of Se−NHC complex exposed A. flavus fungal strains versus unexposed A. flavus fungus
samples.
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concentrations of the Se−NHC complex against the fungal
pathogen A. flavus. In this method, paper disks impregnated

with 100 μL of each concentration of the antifungal drug were
placed on a culture plate containing the test fungus and then
incubated at 37 °C for 48 h. As the antifungal agent diffused
into the agar medium surrounding the disk, a zone of
inhibition (area where no growth has occurred) around each
disk was produced. These inhibition zones were measured
which help observe the antifungal activity of different
concentrations of drug. In order to do significant, efficient,
and more sensitive detection and differentiation analysis of the
effect of the antifungal compound on the fungal strain, SERS

Figure 8. (a) PLS-DA score plot for the test data sets of six samples. (b) ROC curve to evaluate the effectiveness of the PLS-DA model for the
various concentrations of the Se−NHC complex.

Table 2. Parameters Evaluated for the PLS-DA
Classification Model

parameters values (%)

sensitivity 98
specificity 99.7
accuracy 100
AUC 87

Scheme 1. Synthesis of the Se−NHC Complexa

aStep-I: synthesis of N-alkylated compound, step-II: synthesis of salt, and tep-III: synthesis of Se-NHC adducts
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was employed. SERS significantly detects and differentiates the
fungal strain samples that were exposed to the antifungal
compound from the other unexposed fungal strain sample.

4.3. Synthesis of Nanoparticles. To synthesize the SERS
substrates Ag-NPs, the chemical reduction method was
employed using silver nitrate (AgNO3) and trisodium citrate
(Na3C6H5O7). Briefly, 17 mg of AgNO3 (precursor) was
dissolved in 100 mL of deionized water at 100 °C. Then, 25
mg of Na3C6H5O7 was added as a reducing agent, and the
solution was stirred constantly using a magnetic stirrer on a hot
plate for approximately an hour. This resulted in gray-colored
Ag-NPs. The NPs were further characterized using TEM,
SEM, and UV−vis spectrometry.18,23,34

4.4. Acquisition of the SERS Spectra. The SERS spectra
for each sample were acquired using a pro-785 peak seeker
Raman spectrometer (Agiltron, USA). To develop the
interaction between the NPs and the sample, 30 μL of fungal
pellets suspended in deionized water was incubated with 30 μL
of Ag-NPs for 30 min. Then, 30 μL of each incubation mixture
was loaded onto an aluminum slide (substrate), and 15 SERS
spectra were acquired within the range of 500−1800 cm−1

using a 785 nm diode laser. The laser was focused on the
sample surface, delivering a laser intensity of 50 mW for 20 s
using a 40× objective lens.

4.5. Preprocessing of Raw Spectral Data. The
preprocessing of the raw spectral data is mandatory for the
purpose of eliminating the noise, correcting the baseline, and
smoothing the SERS spectra. All such preprocessing of the raw
data was carried out by using house-built codes in MATLAB
7.8.0. version.45 All raw spectral data were smoothed by
employing the Savitzky−Golay (S−G) filter with polynomial
order 3 and frame length 13. Rubber band and polynomial
methods were used to correct the baseline of the SERS
spectra.46

4.6. SERS Data Analysis. After preprocessing, all SERS
spectral data were further analyzed by using PCA and PLS-DA,
chemometric analytical techniques. In exposed and unexposed
fungal samples, distinctive SERS characteristic peaks associated
with biochemical variations were observed. PCA was applied
on the spectral data of pellets of fungal samples to find
distinction and variability among these data sets, which are
obtained in the form of PCA scatter scores. By transforming
correlated variables into a set of linearly uncorrelated variables
known as principal components (PCs), PCA helps minimize
the dimensionality while maintaining the variance among the
data set. The first principal component (PC-1) represents the
highest degree of variation in data sets, whereas the second
highest degree of variation is explained by second principal
component (PC-2).

To simplify the spectral data, the matrix (X) containing the
set of spectra was divided into two smaller matrices, including
scores (T) and loadings (P). This can be represented by the
equation

X TP ET= +
where E represents the residual information. Similarities
among the SERS spectra of different samples based on their
identical molecular properties were revealed by plotting the PC
scores.47 PC loadings are orthogonal variability dimensions
that separate different groups of the spectral data across their
coefficients.

PLS-DA, a flexible and supervised model, was used to
calibrate and validate multivariate differential models by

applying them to the spectral data sets for identifying and
classifying exposed and unexposed fungal strains. It builds a
classification model by using available information on x-
variables and y-variables. The command of randomization was
used to mix up the data to avoid bias after combining all of the
spectral data into a matrix. The data set was divided into two
independent sets including a calibration data set comprising
60% of the data and a validation data set comprising the
remaining 40% data. The Monte Carlo CV method was used
to determine the optimal number of latent variables (OptLVs)
in the data set. Leaving one sample (15 spectra) out, CV was
used to develop the PLS-DA model.

Most often, binary classification algorithms are analyzed by
using the ROC curve. Binary classification gives four different
types of results including true positives (TP), true negatives
(TN), false positives (FP), and false negatives (FN).48 The
plot between sensitivity (TP rate) and specificity (FP rate) is
known as the ROC curve.49

The true positive rate (sensitivity) also known as hit rate and
recall can be estimated by50

sensitivity TPR
true positive (TP)

true positive (TP) false negative (FN)

=

=
+

While the false positive rate (specificity) also known as false
alarm rate and inverse recall can be estimated by50

specificity FPR
false positive (FP)

false positive (FP) true negative (TN)

=

=
+

or50

specificity FPR 1 sensitivity= =
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