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ABSTRACT: In this study, surface-enhanced Raman spectroscopy
(SERS) technique, along with principal component analysis (PCA)
and partial least-squares discriminant analysis (PLS-DA), is used as
a simple, quick, and cost-effective analysis method for identifying
biochemical changes occurring due to induced mutations in the
Aspergillus niger fungus strain. The goal of this study is to identify
the biochemical changes in the mutated fungal cells (cell mass) as
compared to the control/nonmutated cells. Furthermore, multi-
variate data analysis tools, including PCA and PLS-DA, are used to
further confirm the differentiating SERS spectral features among
fungal samples. The mutations are caused in A. niger by the
clustered regularly interspaced palindromic repeat CRISPR-Cas9 genomic editing method to improve their biotechnological
potential for the production of cellulase enzyme. SERS was employed to detect the changes in the cells of mutated A. niger fungal
strains, including one mutant producing low levels of an enzyme and another mutant producing high levels of the enzyme as a result
of mutation as compared with an unmutated fungal strain as a control sample. The distinctive features of SERS corresponding to
nucleic acids and proteins appear at 546, 622, 655, 738, 802, 835, 959, 1025, 1157, 1245, 1331, 1398, and 1469 cm−1. Furthermore,
PLS-DA is used to confirm the 89% accuracy, 87.7% precision, 87% sensitivity, and 88.9% specificity of this method, and the value of
the area under the curve (AUROC) is 0.67. It has been shown that surface-enhanced Raman spectroscopy is an effective method for
identifying and differentiating biochemical changes in genome-modified fungal samples.

1. INTRODUCTION
A fungus is one of the most diverse families of heterotrophic
organisms on this planet. There are an estimated 1.5 million
species, of which 70,000 have been described.1 Aspergillus niger
is a thermotolerant, saprophytic,2 and incredibly common
filamentous ascomycete fungus associated with human para-
sitic infections.3 Numerous fungi have been used for various
purposes, including in industrial and medicinal applications,
biotechnology, experimental model systems, and maintaining
ecosystem stability. The recycling of organic plant components
by fungi is vital for the environment and is important in the
production of food, pharmaceuticals, and industry. Fungi are
also essential living organisms that can break down lignin and
cellulose, which is vital for the ecosystem.4 Some species may
have negative impacts on humans by spreading dangerous
diseases or spoiling food.
Filamentous fungi play a significant role in biotechnology as

sources of enzymes and various other natural compounds used
in the production of medicines, pigments, and biofuel. The

extraction or production of cellulase enzyme using A. niger is
the most economical route. As A. niger is ubiquitous in the
atmosphere, it is easy to operate for cellulase production.5 As
cellulase eliminates the antinutritional components of the feed,
they are utilized in feed manufacturing for animals.6 The cost
of cellulase enzyme is increasing continuously, and its efficient
production at a higher scale is required.7 Therefore, it is
necessary to improve the activity and production of the
cellulase enzyme. For this purpose, mutation can be caused in a
desired species such as A. niger, as this fungus has long been
the target of genetic selection and genome editing to improve
its biotechnological potential.
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The CRISPR-Cas9 genome editing method has been
recognized in A. niger species due to its significance in
biotechnology, food and nutrition security, and human health
impact.8 In order to initiate Cas9-mediated genome editing,
the nucleus of the target organism must comprise both the
endonuclease and the single guide RNA (sgRNA). Trans-
formation strategies have been successfully used for the
introduction of Cas9 and sgRNA in filamentous fungi. There
are three main methods of delivering Cas9 and sgRNA,
including alteration of the DNA encoding Cas9, alteration of in
vitro-transcribed sgRNAs, and modification of a preassembled
CRISPR-Cas9/sgRNA ribonucleoprotein (RNPs) complex.
After conversion, the Cas9 gene can either be directed to
specific sites in the genome or integrated at random positions.8

Given its versatile nature, understanding the genetic makeup of
A. niger has become crucial for enhancing its utility in
biotechnological processes.
The characterization of the fungal morphology and cell

structures has been performed using microscopy techniques
(fluorescence microscopy, confocal laser scanning microscopy,
atomic force microscopy, and ultraviolet (UV), light, and
electron microscopy).2 These techniques are employed to gain
insights related to the physiology and structure of fungi.9

However, the results obtained by the optical microscopy
technique are not clear enough to classify the various species of
Aspergillus having minute differences. In addition to micros-
copy, various spectroscopic techniques, including ultraviolet−
visible (UV−vis) spectroscopy,10 one-dimensional nuclear
magnetic resonance (1D-NMR) spectroscopy,11 and infrared
(IR) spectroscopy,12 are more widely used to speed up the
analysis process. NMR technique can indeed provide valuable
information about cellular transformations, but it is labor-
intensive, expensive, and requires careful preparation of
samples. Infrared (IR) spectroscopy has some limitations,
such as in the case of biological samples, it strongly absorbs
water, which can lead to significant interference.13 To address
these constraints, it is essential to develop efficient, affordable,
and noninvasive methods.
Raman spectroscopy is a quick and low-cost analytical

method that does not require extensive sample preparation. It
offers molecular fingerprints, which can be used to determine
the structure and molecular composition of the fungi.4,14,15

This technique is accurate, reliable, and rapid for the
identification and discrimination of various species, but it
cannot be used in microbiological detection due to the weak

signal, fluorescent background, and low sensitivity.16 To
overcome these limitations, surface-enhanced Raman spectros-
copy (SERS) is performed, which amplifies the Raman signal
through SERS-active substrates, such as roughened coinage
metal surfaces, enabling fungal identification and detec-
tion.15,17,18 SERS provides single-molecule structural details
by strong electromagnetic field amplification through localized
surface plasmon (LSP) excitation. Some obvious advantages of
SERS compared with traditional Raman spectroscopy are
signal enhancement by several orders, quenching of the
fluorescence background, and improvement of the signal-to-
noise ratio.19

In this study, the CRISPR-Cas9 technique was employed on
A. niger. The SERS technique was employed for the rapid
detection and identification of A. niger fungal DNA in a quick
and effective manner by using silver nanoparticles as a SERS
substrate. The SERS technique enables the detection of subtle
biochemical changes between the nonmutated and two
different mutated strains with varying cellulase enzyme
production levels. PCA and PLS-DA are also used for rapid
discrimination among SERS spectral data sets of mutated and
nonmutated A. niger strains. A comprehensive literature review
reveals that no previous studies have explored this specific area
of research.

2. RESULTS AND DISCUSSION
2.1. Characterization of Ag NPs. Lab-synthesized silver

nanoparticles were characterized through scanning electron
microscopy (SEM)20 and transmission electron microscopy
(TEM) techniques. By controlling their refractive index, size,
and shape, their scattering and absorption properties can be
varied.21Nanoparticles (NPs) with a rough surface make a
greater contribution toward SERS enhancement as compared
to NPs with a smooth surface. The characterized silver
nanoparticles have an oval-shaped geometry, with a size of 65
nm × 45 nm, as shown in the Supporting Information.22,23

2.2. Mean SERS Spectra. SERS is employed to analyze the
spectral characteristics of the A. niger cell mass under different
conditions, with SERS spectra recorded for three samples in
the range of 500−1800 cm−1, as presented in Figure 1. It
depicts a comparison between the mean SERS spectra of
control A. niger (black spectra), mutated A. niger with low
cellulase enzyme production (green spectra), and mutated A.
niger with more cellulase enzyme production (red spectra).
More prominent SERS features are marked as solid and dotted

Figure 1. Comparison of the mean SERS spectra of unmutated A. niger with the two mutated variants, one exhibiting less cellulase enzyme
production and the other with increased cellulase production.
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lines. Solid lines denote features that represent intensity
differences, while dotted lines denote features that appear in
the mutated A. niger but are absent in the nonmutated A. niger.
Interpreting alterations in cellular components, specifically
nucleic acids and proteins, provides insights into the
biochemical changes occurring in A. niger.
The SERS bands reported in the literature are used for the

peak assignment of the spectral features for the interpretation
of results as described in Table 1 with related references.

Distinctive SERS bands associated with nucleic acids were
observed across the spectrum. Notable bands at 622 cm−1

(cytosine), 655 cm−1 (guanine), 738 cm−1 (glycosidic ring
breathing), 802 cm−1 (uracil), 835 cm−1 (thymine), 1245 cm−1

(thymine), 1331 cm−1 (guanine deformation), and 1469 cm−1

(adenine) were detected.
The SERS band exhibiting a reduced intensity at 622 cm−1 is

linked to cytosine, the band at 1245 cm−1 is attributed to
thymine, and the band at 1469 cm−1 is attributed to adenine.
Conversely, the significantly increased intensity at 1331 cm−1

(guanine deformation) suggests a potential association with
nucleic acid degradation and nucleotide release due to cellular
starvation, leading to the extracellular release of adenine and
guanine.24

The SERS peaks exhibiting significantly increased intensities
in mutated A. niger at 655 cm−1 (guanine ring breathing), 738
cm−1 (glycosidic ring breathing), 802 cm−1 (uracil ring
breathing), and 835 cm−1 (thymine) indicated the destruction
of certain DNA content in the fungal mycelia after the
mutation, which leads to higher enzyme production. Moreover,
adenine acts as the basis for the production of adenosine
triphosphate in the cells and supplies the energy needed for
cellular growth. After exposure, the intensity decreased, which
meant that the energy sources for cell growth were
destroyed.25

SERS bands related to proteins exhibited noticeable changes
in the mutated A. niger strains. Increased intensity at 546 cm−1

(S−S stretching), 959 cm−1 (C−C−N stretching), and 1025
cm−1 (C−O vibration) indicated alterations in the protein
structure. The CH2 deformation of proteins, observed at 1398
cm−1, further highlighted variations in the protein composi-
tion.26 The decrease in intensity at 1157 cm−1 (C−N
stretching in aromatic amino acids) suggests structural changes
in proteins, possibly due to oxidative stress or the degradation
of protein backbones. The weakened SERS response to cell
wall carbohydrates implies a stronger interaction between the
cell wall and proteins, emphasizing the significance of
phenylalanine in the fungal outer layers and inner walls.27

The observed alterations in the SERS bands suggest significant
biological implications.
The identified SERS bands associated with nucleic acids and

proteins serve as indicators of cellular processes including
DNA degradation, protein modification, and potential cellular
starvation, providing a deeper understanding of the molecular
dynamics within the fungal cells under varying cellulase
enzyme production levels.
2.3. Principal Component Analysis (PCA). Multivariate

statistical approaches are required to reveal hidden relation-
ships between biochemical parameters and establish relevant
characteristics for classification and grouping.15 Therefore,
principal component analysis (PCA) was applied to SERS
spectral data in order to further explore the variability of SERS
spectra to differentiate between the nonmutated and mutated
A. niger samples. The scatter plot makes it evident that
different variants of fungal cell strains are clustered in distinct
locations. Although there is variability among samples, data
related to a specific fungal strain remain clustered separate
from other variants. The preprocessed spectral data (back-

Table 1. Peak Assignments for the SERS Spectral Data Sets
of the Nonmutated and Mutated A. niger Samples with Low
and High Cellulase Production Levels

wavenumbers
(cm−1) SERS peak assignment components refs

546 S−S stretching protein 26
622 cytosine nucleic acid 4
655 guanine (ring breathing) nucleic acid 24
738 a glycosidic ring breathing nucleic acid 24
802 uracil ring breathing mode of

DNA
nucleic acid 26

835 thymine nucleic acid 28
959 C�C deformation protein 29
1025 C−O vibration protein 26
1157 −C−N− aromatic amino acid protein 24
1245 thymine nucleic acid 28
1331 guanine deformation nucleic acid 24
1398 CH2 distortion protein 30
1469 adenine nucleic acid 27

Figure 2. PCA scatter plot of SERS spectral data sets of the nonmutated and mutated A. niger samples with low and high cellulase production
levels.
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grounded, smoothed, baseline-corrected, and normalized) in
the whole spectral region of 400−1800 cm−1 were used.
Figure 2 shows the PCA scatter plot with three distinct

clusters of SERS data sets of the nonmutated A. niger and
mutated A. niger samples with low and high cellulase enzyme
production. The spectral data of nonmutated A. niger samples
are clustered on the negative x-axis, as presented by black dots,
and mutated A. niger samples are clustered on the positive side,
as indicated by red and blue dots. A clear differentiation of
these mutated and nonmutated A. niger species is indicated by
PC-1, explaining the 97.5% variance in the SERS data.
2.4. Pairwise PCA Analysis. Pairwise PCA is performed to

further investigate the differentiation potential of SERS and
identify the biochemical characteristics that allow for the
differentiation between the spectral data sets of nonmutated
and mutated fungal strains.
The PCA score plot displayed in Figure 3a compares

nonmutated A. niger and mutated A. niger with low enzyme
production by two distinct clusters. Blue clusters on the
positive side of the x-axis are associated with mutated A. niger
producing low enzyme, while black dots on the negative side of
the x-axis can be related to unmutated A. niger. PC-1 explains
the 99.47% variability, while PC-2 explains the 0.53%
variability in the SERS spectral data sets of fungal strains.
Figure 3b illustrates the PCA loadings of SERS spectral data
sets of nonmutated A. niger and mutated A. niger with low
enzyme production. The PCA loading refers to the coefficients
of the linear combinations that constitute the principal
components in PCA and are essential for understanding the
contribution of each original variable to the principal

components. The SERS bands at 546 cm−1 (S−S stretching),
655 cm−1 (guanine ring breathing), 802 cm−1 (uracil ring
breathing mode of DNA/RNA), 835 cm−1 (thymine), 959
cm−1 (C�C deformation), and 1025 cm−1 (C−O vibration)
are associated with positive loadings of mutated A. niger
producing low levels of the cellulase enzyme. Thus, these
characteristic features are SERS biomarkers of the mutated A.
niger (with low cellulase enzyme production level) having data
clustered on the positive side of PC-1 in the scatter plot. The
mean plot also indicates that the mutated A. niger variant (with
low cellulase enzyme production levels) exhibits a higher
content of these biomolecules as compared to the nonmutated
fungal strain. The SERS spectral features at 622 cm−1

(cytosine), 738 cm−1 (glycosidic ring breathing), 1157 cm−1

(C−N str. in amino acids), 1245 cm−1 (thymine), and 1331
cm−1 (A&G, deformation) correspond to negative loading of
the nonmutated fungal variant, and they correspond to the
SERS spectral features of the mean plot, as displayed in Figure
1.
A comparison between the spectral data of nonmutated A.

niger and mutated A. niger producing more cellulase enzyme is
shown in Figure 4a. For the differentiation by using these two
SERS data sets, PCA offers a 99.4% explanation of the
variability as the red clusters on the positive side of the x-axis
are related to mutated A. niger with more enzyme production
and the black dots on the negative side of the x-axis are
associated with nonmutated A. niger. Figure 4b displays the
PCA loadings of SERS data sets of nonmutated A. niger and
mutated A. niger with high cellulase enzyme production. PC-1
is used to determine the variability of SERS spectral features of

Figure 3. (a) PCA scatter plot and (b) PCA loadings of SERS spectral data sets of the nonmutated and mutated A. niger with low cellulase enzyme
production.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09563
ACS Omega 2024, 9, 15202−15209

15205

https://pubs.acs.org/doi/10.1021/acsomega.3c09563?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09563?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09563?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09563?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nonmutated A. niger and mutated A. niger with high enzyme
production. The positive loadings comprise 546 cm−1(S−S
stretching), 655 cm−1 (guanine ring breathing), 802 cm−1

(uracil ring breathing), 835 cm−1 (thymine), 959 cm−1 (C�C
deformation), 1025 cm−1 (C−O vibration), 1398 cm−1 (CH2
stretching), and the C−N stretching of phospholipids,
observed in the mean spectra of mutated strains with high
enzyme production. Thus, these characteristic features are
SERS biomarkers of the mutated A. niger (with high cellulase
enzyme production levels) having data clustered on the
positive side of PC-1 in the scatter plot. However, peaks
observed on the negative side at 622 cm−1 (cytosine), 738
cm−1 (glycosidic ring breathing), 1157 cm−1 (C−N stretch-
ing), 1331 cm−1 (A&G deformation), and 1469 cm−1

(adenine) belong to the nonmutated A. niger sample. These
results are in accordance with the mean spectra and indicate
the potential of PCA as a tool for differentiation among
spectral data of different mutated and nonmutated A. niger
fungal strains.
2.5. Partial Least-Squares Discriminant Analysis (PLS-

DA). PLS-DA is a multivariate statistical tool that is employed
with the SERS spectral data for predictive and descriptive
modeling along with the data classification into different sets to
classify various levels of mutations. PLS-DA has been used for
the differentiation of both types of mutated samples. Moreover,
this method can distinguish variations and classify various
groups. PLS-DA allows the selection of the most prominent
features in the spectral data, which is useful in the classification
of samples.

In order to develop the PLS-DA model, the whole data was
split into 60% calibration and 40% validation data sets. In order
to obtain good accuracy, the MONTE-CARLO validation was
performed, and the optimal number of latent variables
(OptLVs) was found to be 7. Nonmutated A. niger and
mutated A. niger were discriminated by using PLS-DA with
87% sensitivity, 89% accuracy, 87.7% precision, and 88.9%
specificity, as shown in Table 2. Figure 5b depicts the area

under the receiver operating characteristic curve (AUROC),
which has a value close to 1, indicating the excellent
performance of the model for the discrimination of the
SERS spectral data sets. The curve is plotted between the false-
positive and true-positive rates. Therefore, this model was used
for the discrimination between nonmutated and mutated A.
niger fungi by an AUROC score of 0.67.

3. CONCLUSIONS
Surface-enhanced Raman spectroscopy (SERS) with PCA and
PLS-DA was employed to compare the nonmutated A. niger

Figure 4. (a) PCA scatter plot and (b) PCA loadings of SERS spectral data sets of nonmutated A. niger and mutated A. niger with high cellulase
enzyme production.

Table 2. Parameters for the A. niger Data Sets Employed in
the PLS-DA Classification Model

parameters values

sensitivity 87%
specificity 88.9%
AUC 0.67
accuracy 89%
precision 87.7%

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09563
ACS Omega 2024, 9, 15202−15209

15206

https://pubs.acs.org/doi/10.1021/acsomega.3c09563?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09563?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09563?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09563?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and the two types of mutated A. niger including the ones with
low and high production of the cellulase enzyme. Different
SERS spectral features associated with the biochemical changes
taking place due to the mutation in the DNA of fungal mycelial
cells are identified, including 622, 655, 738, 802, and 1331
cm−1. This method could also discriminate the SERS data sets
of nonmutated and mutated A. niger. A comparison of SERS
data sets also provided unique features associated with the
mutation. The PCA scores reported by the PC-1 value in the
SERS spectral region of 500−1800 cm−1 accounted for nearly
99% of the variance, validating the categorization of three
distinct data sets, each of which corresponds to a distinct class
of the fungus A. niger. PLS-DA was employed for the successful
discrimination with 89% accuracy, 87.7% precision, 88.9%
specificity, 87% sensitivity, and an area under the receptive
operating curve (AUROC) of 0.67.

4. MATERIALS AND METHODS
4.1. Sample Preparation. For the purpose of using

CRISPR-Cas9-based genome editing, the endogenously
isolated A. niger strain BNB01 was employed. Using the
Internet web browser CHOPCHOP (http://chopchop.cbu.
uib.no/), the 20 bp protospacer sequence-specific gRNA
against the creA gene was developed.31 In order to create the
CRISPR-Cas9 gRNA expression vector, the plasmids pFC332
and pFC334 were employed by using USER cloning as
previously described.32

For optimum growth, the parent and genetically modified A.
niger strains were grown in Vogel’s media with an initial pH of
5.033 for 48 h at 30 ± 1 °C in an orbital shaking incubator (at
120 rpm). Cell mass (mycelia) from the fungal growth culture
was collected into 2 mL sterile microcentrifuge tubes, and the
supernatant was separated by centrifugation at 6000 rpm
(4430g) for 10 min at 4 °C.

4.2. Synthesis of Silver Nanoparticles (Ag NPs). The
silver nanoparticles (Ag NPs) were prepared by a chemical
reduction method. In this method, silver nitrate (AgNO3) was
used as the precursor. Trisodium citrate (Na3C6H5O7) was
used as a capping ligand and reducing agent. For this, 100 mL
of distilled water was taken in a beaker and 0.025 g of AgNO3
was added to it. Then, this solution was heated on a hot plate
at 90 °C temperature with continuous stirring until it started to
boil. Then, 0.017 g of trisodium citrate was added to the
boiling solution of silver nitrate. Boiling on the hot plate was
continued until the volume of the solution was reduced up to
20 mL. Then, the beaker was removed from the hot plate and
the solution of Ag NPs was transferred to another beaker and
kept in the dark to cool down to room temperature.
Centrifugation was performed at 6000 rpm for 10 min for
the removal of the supernatant. Now, the synthesized Ag NPs
were characterized through SEM and TEM,21,34 and the results
are provided in the Supporting Information.
4.3. SERS Acquisition. For SERS spectral acquisition of A.

niger samples, a Raman spectrometer (Peak Seeker pro-785
Agiltron) was used. For this, 15 μL of the sample and 15 μL of
Ag NPs were taken in an Eppendorf tube and incubated for 30
min. Then, the sample was placed on an aluminum slide. A 785
nm diode laser with a laser power of 50 mW was used, along
with a 40× objective and an acquisition time of 15 s. As a
result, 15 Raman spectra were collected from each sample.
4.4. SERS Data Preprocessing. MATLAB 7.8.0.

R2009a21 was used for the preprocessing of SERS spectral
data of all of the isolated DNA samples from A. niger fungus.
The SERS spectra were confined to the wavelength range of
400−1800 cm−1. SERS data were taken in a matrix and
preprocessed. The steps involved in the preprocessing include
substrate removal, baseline correction, smoothing, and vector
normalization. The Savitzky−Golay method35 (order 7, 13

Figure 5. (a) PLS-DA score plot for SERS spectral data sets of unmutated A. niger, mutated A. niger with low enzyme production, and mutated A.
niger with high enzyme production. (b) Area under the curve value for the PLS-DA model.
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point window) was used for smoothening the spectra, and the
substrate background was removed by the subtraction method.
The baseline was corrected by a rubber band correction
method.36

4.5. SERS Data Analysis. SERS spectral data sets were
analyzed by means of principal component analysis (PCA) and
partial least-squares discriminant analysis (PLS-DA). PCA is a
model that can be created without any prior knowledge of the
classes. It is a strategy for converting correlated variables into
uncorrelated variables in a qualitative approach. This approach
reduces the dimensionality of spectral data sets, while their
variability remains the same. PC-1 is used to explain the
dominant source of variability and PC-2 to explain the
succeeding source of variability. The SERS spectra are
interpreted using spectral feature assignments from the
literature and mentioned in the peak assignment in Table 1.
Principal component analysis was employed to elucidate the
biochemical changes occurring in the nonmutated A. niger
samples as compared with mutated samples. The PCA loadings
can be considered as the orthogonal dimensions of
biochemical differences that make it easier to distinguish
various groups of SERS spectral data along their variability.
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