
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 272 (2022) 120980
Contents lists available at ScienceDirect

Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy

journal homepage: www.elsevier .com/locate /saa
Impact of silver nanoparticles size on SERS for detection and
identification of filamentous fungi
https://doi.org/10.1016/j.saa.2022.120980
1386-1425/� 2022 Published by Elsevier B.V.

⇑ Institute of Physics, University of Sao Paulo, Rua do Matào 1371, Sao Paulo,05508-090, Brazil
E-mail address: jperez@if.usp.br (J.C. Ramirez-Perez).
Javier Christian Ramirez-Perez a,⇑, Tatiana A. Reis b, Cristiano L.P. Olivera c, Marcia A. Rizzutto a

a Institute of Physics, Laboratory of Archaeometry and Science Applied to Cultural Heritage, University of Sao Paulo, Sao Paulo, Brazil
b Institute of Biosciences, Laboratory of Mycology of University of Sao Paulo, Sao Paulo, Brazil
c Institute of Physics, Complex Fluids Group of University of Sao Paulo, Sao Paulo, Brazil
h i g h l i g h t s

� AgNPs with sizes of 10, 30, and 60 nm
were synthesized using wet-chemical
reduction.

� The yield, shape, size, and
homogeneity of AgNPs were
evaluated using SAXS.

� The SERS intensity increases as the
size of AgNPs increases from 10 to
60 nm.

� The SERS enhancement reached a
maximum of 2.4x105.

� SERS reproducibility was less than
20% for the four fungal strains
studied.
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Using the proper size of nanoparticles as an active substrate, Surface-enhanced Raman scattering (SERS)
can provide a reliable technique for detecting and identifying fungi, including Alternaria alternata,
Aspergillus flavus, Fusarium verticilliodes, and Aspergillus parasiticus that have been associated to biodete-
rioration and biodegradation of cultural heritage materials. In this research spherical silver nanoparticles
(AgNPs) of average size of 10, 30 and 60 nm were synthesized using the wet chemical method with good
yield and their size and shape distributions were examined using small-angle X-ray scattering (SAXS).
The protocol for fungi sample preparation proved to be critical for producing high-quality and repro-
ducible SERS spectra. We found that the effect of AgNPs on SERS signal enhancement is size dependent
under the same experimental conditions; the SERS intensity of fungal strains using 60 nm achieved up to
2.3x105 enhancement, about twice as intense as those produced with 30 nm, and 10 nm produced a
minor broad weak peak barely discernible around 1400 cm�1, similar to the NR spectra profile in the
550–1700 cm�1 spectral region, and the SERS signals using 60 nm showed high reproducibility, with less
than 20% variance. Furthermore, we used principal component analysis (PCA) to statistically classify the
SERS spectrum into four separate clusters with 99 percent variability so that the four fungal strains could
be clearly detected and identified. The SERS technique, in combination with the PCA developed in this
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study, provides a simple, rapid, accurate, and cost-effective analytical tool for detecting and identifying
filamentous fungal strains.

� 2022 Published by Elsevier B.V.
1. Introduction

Filamentous fungi are widespread environmental microorgan-
isms. They are used to make pharmaceuticals, enzymes, organic
acids and food, and some of them can become pathogenic and
cause diseases like mycoses, which affect humans and other ani-
mals due to their tendency for producing mycotoxins [1–3]. Only
a few strains are common pathogens, accounting for the majority
of human infections as well as morbidity and mortality in
immunocompromised peoples [3–5]. The majority of filamentous
fungi strains are known to cause harm to organic materials used
in cultural heritage objects, including cellulose fibers, paper-
based books, documents, canvases, clothing, textiles, ceramic,
leather, straw, natural hair or feathers, oil, casein, glue, and others
[6,7]. These materials are suitable for filamentous fungi at various
stages of development, including germination, hyphae, conidia,
and mycelia, and they have a remarkable ability to grow in low
temperatures and humidity [7,8]. Fungal spores can survive for a
long time in these circumstances [9–11]. Fungal colonization of
support materials (natural binders, oil seeds, casein, starch, etc.)
is common because they excrete a battery of extracellular hydroly-
tic enzymes such as cellulases, pectinases, pectolytic enzymes,
chitinases, glycosyl hydrolases, and proteases, which digest
organic matter and alter and weaken those materials through
enzymatic activities. [2,9,12]. Molds produce colored compounds
that stain and discolor textiles, whereas fungi penetrate paint lay-
ers and migrate beneath them, resulting in paint layer disintegra-
tion, exfoliation, and detachment, as well as paint layer loss.
Cellulases are excreted by fungi in paper, and cellulose degraders
can cause substantial biodeterioration and biodegradation, affect-
ing collections in museums, archives, and libraries around the
world [5,9,13,14]. Some fungal strains hydrolyze long chain poly-
mers to change their structure and use the resultant products as
carbon and energy sources during biodegradation [10,11]. Tradi-
tional fungal identification relied on morphological characteristics,
particularly those of reproductive structures. However, there are
significant drawbacks to this method of identification, such as
sterility of fungal cultures that have not established reproductive
structures or morphological similarities between individuals of dif-
ferent strains [9,13]. Incorporation of molecular techniques into
fungal taxonomy such as DNA/RNA extraction procedures, poly-
merase chain reaction (PCR) amplification, DNA-denaturing gradi-
ent gel electrophoresis (DGGE) has helped to solve such problems,
at least in certain situations [13–15]. These methods, however, are
not bias-free, and each step might have an impact on the final
results. They contain problems as well, like polymerase mistakes,
size limitations and/or non-specific priming and profiles parameter
settings of bioinformatic analysis. Differences in DNA extraction
methods, sequencing technology and platform usage result in data
sets with nothing in common for a statistical comparison [16,17].
As a result, only a small number of taxa have sequence data acces-
sible. Furthermore, molecular techniques are frequently costly,
labor-intensive, time-consuming, and damaging, needing signifi-
cant sample preparation and analysis by highly trained and expe-
rienced personnel. Minimum sample preparation, direct sample
analyses, rapid automation, and low cost would be suitable meth-
ods for replacing these labor-intensive operations. Spectroscopic
techniques provide a variety of qualitative and quantitative infor-
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mation about a particular sample, thanks to recent advances in
analytical instrumentation. Normal Raman (NR) spectroscopy is a
type of spectroscopy that uses molecular vibrational transitions
to study biological systems [17,18]. Due to its intrinsic weak inten-
sity in biological systems, where many of the target biomolecules
are present at low concentrations, NR spectroscopy is relatively
unselective with respect to the different compounds present in
the biological milleu. Furthermore, in NR, there is typically a strong
fluorescence background (intrinsic or impurity-derived), which
degrades the spectral quality and reduces the signal-to-noise ratio
[18]. Surface-enhanced Raman spectroscopy (SERS) is a contempo-
rary spectroscopic technique in which the Raman signal of a
Raman-active molecule’s functional group is considerably
enhanced when the molecule is adsorbed on the surface of spe-
cially noble metals like Ag and Au nanoparticles (NPs). In addition,
the ability of SERS-active substrates to quench fluorescence
improves the signal to noise ratio. Because of the substantial
enhancement it gives with visible excitation wavelengths, AgNPs
are the most commonly utilized metal, and aggregates are the pre-
ferred substrates for analytical applications, each compound’s SERS
spectrum is known to have a distinct ‘‘fingerprint.” [1,19,20]. When
light strikes metallic NPs, they generate extremely high local elec-
tric fields known as surface plasmon resonance (SPR), which pro-
vide an enhancement up to several orders of magnitude (1014)
higher than NR scattering [21,22]. So far, it was commonly
accepted that two enhancing processes, one long-range electro-
magnetic (EM) effect and the other short-range chemical (CHEM)
effect, were both active at the same time [21]. This can be attribu-
ted to the highly localized field of SPR, as well as the amplification
of the electric field of both incident and scattered electromagnetic
radiation, in resonance with adsorption on metal NPs. The chemi-
cal effect and the classical near-field electromagnetic effect are
both responsible for SERS enhancement [23]. Changing the dimen-
sions of nanostructures, their size, shape, spacing, and orientation,
as well as the dielectric medium around them on which the mole-
cules are adsorbed, can change the electric field intensity [23–26].
As a result, the ability of SERS-based metallic NPs to detect and
identify a wide range of microorganisms, including filamentous
fungus, is largely dependent on the size and shape of the NPs on
which the biomolecules are adsorbed, in order to obtain high and
reproducible SERS signals. A thorough NPs and fungi sample prepa-
ration protocol must be preceded before the sample is subjected to
SERS measurement (Fig. 1).. Because the application of SERS to
microorganisms is hindered by low signal reproducibility due to
non-uniform distribution of NPs and analytes on the substrate sur-
face, some investigations have coupled Raman with chemometric
approaches to provide quantitative analysis and reproducible
detection. Using the SERS technique, we investigate how the size
of AgNPs impacts the detection and identification of filamentous
fungi from four different strains: Aspergillus flavus, Aspergillus par-
asiticus; Fusarium verticilliodes and Alternaria alternata. Develop an
experimental protocol that includes filamentous fungi cultivation,
sample preparation for SERS analysis, and the synthesis and char-
acterization of three AgNP sizes; validate the SERS technique for
accuracy and reproducibility; demonstrate the significant SERS
spectrum features and extract biochemical information generated
among different fungi strains; and, finally, perform their identifica-
tion using principal component analysis (PCA). .



Fig. 1. Description of the experimental protocol: strains of fungal cultivation in NA, A) A. alternata; B) A.flavus; C) A.parasiticus; D) F. verticilliodes; E) cultivation in NB; F)
Extraction with deionized water; G) Sample vortexed, washed and centrifugation; H) AgNPs of various sizes synthesized; I) Control samples; J) Clean fungal cells are mixed
with AgNPs of various sizes and dropped on a CaF2 glass slide.; K) Fungi-AgNPs SERS active substrate cast as dried thin film; L) Raman spectroscopy analysis: 1% (500 mW)
785 nm excitation, 10 s exposure time.
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2. Materials and methods

2.1. Preparation of the fungal samples for SERS measurements

Four strains of different fungal strains namely: A. flavus (ATCC
204304), F. verticilliodes (ATCC 1442), A. alternata (ATCC 8739),
and A. parasiticus (IMI 24264544) were included in the research.
The strains, housed by the Department of Microbiology, Institute
of Biomedical Sciences, Laboratory of Mycology, University of Sao
Paulo, Brazil. First of all fungi strains were cultured in nutrient agar
(NA), potato dextrose agar (PDA; Merck KGaA, Germany) and then
cultivated in nutrient broth (NB), yeast extract sucrose broth (YES,
Merck KGaA, Germany).

The experiments described here involved pure cultures of four
fungi strains were stored at – 80 �C stocked, dissolved and inocu-
lated in sterile slant test tubes (100 mL) containing PDA and incu-
bated at 25 �C for 5 to 7 days in the dark, and after that held for 4–
5 weeks at 4 �C. The filamentous fungi selected were cultured in
90 mm diameter Petri dished containing PDA, each plate was incu-
bated at 25 �C for 5 days in the dark. A homogenous sample (coni-
dia and hyphae) from a colony was collected by scraping with a
sterile scalpel and suspending in 500 mL distilled water (DI) in a
1.5 mL microtube, avoiding contamination by nutrients from cul-
ture media. The suspension was vortexed, rinsed, and centrifuged
(12000 rpm/5 min); following centrifugation, the pellet was
washed and re-suspended in a new 500 mL DI water, and the pro-
cess was repeated three times. The suspension (10 mL) was then
transferred to a 2 mL glass tube containing NB, Yeast extract
sucrose (YES) and incubated in the dark for 5 days at 25 �C, using
a sterile plastic loop, a sample of fungi growing on the surface of
the NB was taken from the broth and suspended in 500 mL DI water
of 1 mL eppendorf tube. After vortexed and washed three times by
centrifugation at 12000 rpm for 5 min, clean cells of fungi were
suspended and kept in a 100 in mL eppendorf tube at 4 �C. In this
method, the sample, extraction, collection and preparation of clean
fungal cells in form of aqueous solution from the NB was straight-
forward and quick. Each strain studied had an average fungal con-
centration of 1.0 � 105 cfu/mL. For SERS testing a 5 mL aliquot of
AgNPs of different sizes was spotted onto a CaF2 glass slide, fol-
lowed by a 5 mL solution of clean fungal cells deposited onto each
substrate, and the mixture was homogenized with a 10 mL pipette.
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to serve as control, a 5 mL of clean fungal cells was spotted in the
same CaF2 glass slide. After forming a dried thin film, the samples
were dried for about 10 min at room temperature before NR and
SERS analysis. The experimental approach for the four fungi strains
investigated is depicted in Fig. 1.
2.2. Preparation of silver nanoparticles

Wet chemical method was used to synthesize silver nanoparti-
cles (AgNP) with glucose as a reducing agent and poly(N-
vinylpyrrolidone) (PVP) as a capping agent. [23,28]. The method
is described elsewhere [24]. Briefly, in 320 mL, 16 g of glucose
and 8 g PVP were dissolved in water and heated to 90 �C. Then
immediately dissolve 4 g AgNO3 in 8 mL of the mixture. The tem-
perature of dispersion was maintained at 90 �C. At different inter-
vals during the process, aliquots were collected and chilled to room
temperature. Fig. 1S (SM) displays the 3 aliquots collected under
reaction times of 10 min (10 nm), 30 min (30 nm) and 120 min
(60 nm) minutes, respectively. Our research group recently pub-
lished a comprehensive structural characterization of AgNPs using
the theoretical Small-angle X-ray scattering (SAXS) model, which
assumes a system of polydisperse spheres, which is a good approx-
imation for the shape of the formed nanoparticles as confirmed by
transmission electron microscopy (TEM) images. [25], To obtain
the particle size distribution of spheres that provided the best fit
of the experimental data, The main equation of the Monte Carlo
(MC) model is:
3. :I qð Þ ¼ Sc
R‘

0
V2 Rð ÞD R; rð ÞPsph q;Rð ÞdR

( )
SG q;RGð Þ þ B

where: R is sphere radius, r is the standard deviation of the
radius distribution (polydispersity), Sc is the scale factor, V(R) is
the sphere volume, D(R,r) is the radius distribution function
(Schulz Zimm), Psph (q, R) is the sphere form factor, q scattering

vector of the reciprocal space, SG (q,RG) is the Guinier structure
factor, RG is the gyration radius of aggregates and B is the back-
ground. The Guinier factor describes the scattering of clusters with
gyration radius equal to RG [26]. Fig. 2 (SM) shows SAXS intensity
curves and the radius distributions determined for each aliquot.



Fig. 2. Impact of AgNPs size (10, 30 and 60 nm) on SERS of: a) A.alternata, b) A. flavus, c) F. verticilloides, d) A. parasiticus. All spectra have been rubber baseline correction and
shifted horizontally for improved visualization.

Table 1
Average diameter U (nm) of Silver
nanoparticles.

Sample U (nm)

AgNP1 10.4 +/- 2.0
AgNP2 30.4 +/- 3.3
AgNP3 58.8 +/- 7.0
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Table 1 shows average radius and polydispersity determined for
each sample.
3.1. Raman spectroscopy

The SERS measurements were performed using a Renishaw
Raman microscope inVia Reflex Raman Microscopy System Leica
DM2500 M (Ranishaw PlC., New Mills, Wotton-under-Edge
Gloucestershire, UK) equipped with 500 mW (maximum high
power) diode laser emitting a 785 nm line which was used as an
excitation source. The laser light was passed through a line filter
and focused on a sample mounted on a tridimensional stage with
50x objective lens (numerical aperture 0.75) that focused the laser
to a spot size around 2.5 um. The Raman scattering signals were
recorded by using a 1040x256 pixel RenCam CCD array detector
with thermoelectrically cooling, 1200 lines network of diffraction
was employed. The instrument was calibrated using a silicon wafer
with the band center at 520 cm�1. During the measurement, just
1% of the nominal maximum high power light from the 785 nm
diode laser was employed focused onto the sample at a microscope
stage through a 50x objective with 10 s exposure time, and 10
accumulations.
4

3.2. Data processing

The OriginPro 2018.64 bit software was used to treat the NR
and SERS spectra in this investigation. The AgNPs SERS active sub-
strate was calibrated using pMBA typically standard SERS analyte,
because it tends to adsorb efficiently on AgNPs surface [27]. The
SERS active-substrate exhibits high sensitivity, an enhancement
factor approximately 4.4x107, reproducibility (RSD = 4%) and sta-
bility of near 2 months of the recorded SERS spectra Fig. 3S and
4S (SM). The detection and identification samples of four filamen-
tous fungi strains namely A. Alternata, A. flavus, F. verticilloides, and
A. parasiticus on three different substrates AgNPs of different sizes
(10, 30 and 60 nm) onto CaF2 glass slide samples were prepared by
applying the same experimental protocol (Fig. 1). The NR and SERS
spectra were tested 12 times on different spots within the same
sample for each filamentous fungi and AgNPs substrate studied.
The experiments were repeated three times over the course of
the experimental investigation, which took place between April
30, June 05, August 06, and December 15, 2020.
4. Results and discussions

4.1. Impact of AgNPs sizes on the SERS method for detection and
identification of fungi

The impact of AgNPs size on the SERS method for detecting and
identifying four fungal strains including A. Alternata, A. flavus, F.
verticilloides, and A. parasiticus was identical. Fig. 2 shows that
the SERS intensity incrases with the size of silver nanoparticles
from 30 and 60 nm, with the exception of silver nanoparticles of
10 nm, produce over a detection wavenumber range of 550 to



Fig. 3. The effect of AgNP size on the reproducibility at the selected band intensity in the SERS spectra of: a) A.alternata, b) A. flavus, c) F. verticilloides, d) A. parasiticus.
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1700 cm�1. However, 60 nm AgNPs had nearly twice the influence
of 30 nm AgNPs on the SERS spectra of each fungus strain. There
are no Raman signals in the NR spectra of each fungal strain with-
out AgNPs as a control, save for a weak band intensity of approxi-
mately 1400 cm�1, which could be due to background
fluorescence, other researchers have reported same observations
[40]. The SERS spectra of the four fungus strains using 10 nm
AgNPs show very low SERS intensity in the 550–1100 cm�1 range,
with only a weak broad peak about 1400 cm�1, which is compara-
ble to the NR spectra profile.

The SERS spectra of A. alternata using 60 nm AgNPs (Fig. 2a)
shows strong peaks intensity at 1131, 1210, 1334, 1440, and
1575 cm�1 which almost doble the peak intensity using 30 nm
AgNPs, and the SERS activity of 10 nm AgNPs is very weak across
the whole wavenumber range of 1100 to 1650 cm�1. When using
10 nm AgNPs the SERS spectra of A. flavus (Fig. 2b) displays minor
weak peak intensities in the 550–1200 cm�1 area that are scarcely
discernible except for a weak broad peak about 1400 cm�1 similar
to NR spectra profile. The SERS spectra of A. flavus obtained with
60 nm AgNPs are about twice as intense as those produced with
30 nm AgNPs. In the

wavenumber range of 1100 to 1650 cm�1, the SERS intensity
displays strong bands at 1186, 1300, 1321, 1440, and 1577 cm�1.

With an increase in the size of AgNPs from 10 to 60 nm, the
SERS spectra of F. verticilloides show very high SERS intensity activ-
ity (Fig. 2.c). The SERS intensity of F. verticilloides shows strong
peaks at 1250, 1330, 1458, and 1575 cm�1 in the wavenumber
range of 1100 to 1650 cm�1. It’s worth noting that the peak inten-
sity of the 60 nm AgNPs SERS spectra is nearly double that of the
30 nm one, and the SERS and NR spectra signals are barely dis-
cernible, with the exception of a weak band intensity about
1400 cm�1.

A. paraciticus appears to have the lowest SERS intensity, 60 nm
AgNPs yield large enhancement up to 6.0 � 104 across the whole
5

wavenumber range of 550 to 1700 cm�1 when compared to the
SERS intensities other three fungal strains, which yield enhance-
ments up to 2.4 � 105, for the same size of AgNPs. Furthermore,
when utilizing 30 nm AgNPs, the SERS intensity of A parasiticus
increases approximately half as much as when using 60 nm AgNPs,
and when using 10 nm AgNPs, no SERS activity is detected. The
SERS intensity of A. parasiticus shows strong peaks at 612, 845,
937, 1176, 1288, 1370, 1512, and 1555 cm�1.

The impact of AgNPs size on SERS enhancement in the four fun-
gal strains investigated can be described in three approaches,
which can occur separately or simultaneously. The first is electro-
magnetic enhancement, which involves the excitation of surface
plasmons on silver nanostructures; the second is chemical
enhancement, which involves the formation of a charge-transfer
complex between AgNPs and fungi cell biomolecules; and the third
is the quadruple effect, which involves the presence of fungi bio-
molecules in the vecinity of AgNPs. [21,22,29]. When spherical
AgNPs are used for SERS, they need to be in groups and from the
so-called ¨hot spots¨, which have higher free energies and are bet-
ter for interacting with fungal molecules to improve SERS signifi-
cantly. This would also imply that the active substrate fungi
strain-AgNPs with smaller intraparticle gaps between neighboring
AgNPs improves the active surface and facilitates contact with as
many as biomolecules as feasible. As a result, it relates to the sen-
sitivity of the substrate’s limit of detection, which could suggest
increased adsorption of biomolecules from fungal cell components
onto the AgNPs surface; similar behavior has also been found in the
SERS spectrum of bacteria and many other biomolecules [21,22].
This also implies that decreasing the inter-particle gap size of AgNP
spheres increases the SERS signal intensity. That is, active substrate
fungi-AgNPs with a smaller inter-particle gap between nearby
aggregates have a stronger SERS signal. Furthermore, this could
be due to the fact that as the gap size reduces, the density of the
electromagnetic field between AgNPs increases, resulting in a



Fig. 4. The average SERS spectra of (a) A.alternata,(b) A. Flavus, (c) F. verticilloides, (d)
A.paraciticus using AgNPs size with a size of 60 nm deposited onto CaF2 cast as dried
thin film. The following were the experimental conditions: 1% (500 mW), 785 nm
excitation, 10 s exposure time. Each SERS spectrum was averaged from 15 tests
recorded on random location on the same sample. All SERS spectra were baseline
corrected, normalized and shifted vertically for improved visualization. Each SERS
spectrum was averaged from 15 tests.
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higher SERS signal. [22]. The average diameter of AgNPs increased
from 10 to 60 nm, and the SERS intensity increased as the inter-
particle gap size of the aggregates narrowed. Furthermore, accord-
ing to the quadruple effect, biomolecules of fungi in the vicinity of
AgNPs’tips and wedges show increased polarization, the biomole-
cules are then attracted to these locations of minimal potential
energy, resulting in significant enhancements. In this scenario, as
the biomolecules get closer to the AgNPs, the SERS intensity
increases due to the stronger electric field.

4.2. SERS reproducibility of filamentous fungi

The reproducibility of the recorded SERS signals from fungi is a
critical parameter for future analytical applications of this
approach in the detection and identification of filamentous fungi.
The SERS spectra of each fungal strain studied were used to
demonstrate the reproducibility of SERS signals, with a concentra-
tion of roughly 105 cfu/mL and 10, 30, and 60 nm AgNPs, with the
most prominent peak intensity chosen due to the highest enhance-
ment at this band as follows: I1210cm�1 for A. alternata), I1440 cm

�1 for A.
flavus), I1330 cm

�1 for F. Verticilloides), and I937�1 for A. parasiticus. Fig. 5S
(SM) shows a total of 15 SERS spectra from each of the fungus
investigated, taken from different places within the same active
substrate and from three different AgNP sizes. The full width at half
maximum (FWHM), mean intensity (M), standard deviation (SD),
and relative standard deviation (RSD) for each strain were calcu-
lated using the specified band (RSD%) (Table 1S, SM). Fig. 3 shows
that when the AgNPs size increased, the Raman intensity
increased. For example, compared to the size of 30 nm
(1.1� 105) for each fungus strain, the size of 60 nm (2.3� 105) pro-
vided higher SERS intensity and sensitivity of the selected peak.
The SERS signal reproducibilities for each AgNPs size of each exam-
ined fungus strain at their chosen peak intensity (RSD %) ranges
from: 8.5–14% (A. alternata) at 1250 cm�1; 1.9–18% (A. flavus) at
1440 cm�1, 8–12% (F. verticilloides) at 1330 cm�1; and 7–21% (A.
parasiticus) at 937 cm�1 (Fig. 3a–c). For SERS quantitative studies,
less than 20% variance in SERS intensity between different loca-
tions of the active substrate is acceptable, according to Wang
et al. [30]. Except for A. parasiticus (RSD = 20.6%), all fungal strains
had RSDs of less than 20% for 60 nm AgNPs. The maximum SERS
intensity was found for 60 nm AgNPs, which could be attributed
to an increase in the AgNPs’ ability to bind to fungal biomolecules.
60 nm was chosen as the

best size in the current investigation based on both the SERS
enhancement and the reproducibility of the peak selected in the
SERS spectra; this result was consistent with the previous studies
[22,32].

4.3. Evaluation of the SERS spectra

To evaluate the SERS spectra of A. alternata, A. flavus, F. verticil-
loides, and A. parasiticus, the most suitable AgNPs size (60 nm) was
chosen. Fig. 4 exhibits the average SERS spectra observed from the
four fungi studied, in the shape of dried thin film active substrate
cast onto CaF2 glass slide, and are exhibited in the wavenumber
ranging between 550 and 1700 cm�1. Table 2 show the complete
lists of identified SERS bands with tentative peak assignments.
The functional groups of aminoacids, nucleic acids, lipids, and car-
bohydrates are dominant in the SERS spectra of the four filamen-
tous fungi investigated. The observed bands were assigned with
reference to literature values for some fungi strains, common bio-
chemical fungi cell wall components, and reference databases.
Each filamentous fungi spectrum has distinct spectral features over
the region of 550 to 1700 cm�1. Two spectral windows, one
between 550 and 1000 cm�1 are characterized by weak band
intensities, position, and peak sharpness. The second spectral
6

region between 1000 and 1700 cm�1 (fingerprint area) is charac-
terized by strong broad and sharp intensities (Fig. 4a–c), with
exception of the SERS of A. paraciticus (Fig. 4d), which shows con-
siderable variety in shapes and low intensity bands..In the SERS
spectra of A. flavusa weak band at 552 cm�1 was indentified, which
was attributed to DNA/RNA bases such as thymine (T), cytosine (C)
or guanine (G) with Phe twisting C-C. We observed weak low
intensity bands at 575 cm�1 (F.verticilloides), 577 cm�1 (A. paraciti-
cus) and 591 cm�1 (A. alternata), in the same spectral region, all of



Table 2
Positions in wavenumbers of the Raman Shift bands observed in the fungi spectra of A. Alternata, F. Verticilloides, A. Flavus, A. Paraciticus.

Tentative band assignmentϮ A. Alternata A. Flavus F. Verticillioides A. Parasiticus Referencesϯ

DNA and RNA bases e.g. T/C, G; twist Phe, e.g. 552 (w) 575 (w) 577 (mw) a, b, c
CAC twisitng mode of Phe 591 (mw) c,d
CAC twisitng mode of Phe 612 (ms) b,c
Aromatic bending, adenine, cytosine 631 (w) a, e
Guanine 664 (ms) 644 (w) a, c
Tyrosine 678 (w) 672 (m) a, b
D-(+)-Trehalose 702 (w) c, e
CAH rocking of > CH2, FDA, adenine, glycoside 721 (w) 720 (w) 710 (br) 747 (w) a,b,c
v (OAPAO) RNA, Riboflavin, cytosine, uracil 794 (w) 771 (w) a, b
t(OPO)symmetric, t(OPO)antisymmetric, phosphodiester 823 (ms) 828 (w) c,d,e
e.g. lecithin,trilinolein, trilinolenin 851 (w) 847 (s) a, f
v(CC), v(COC), carbohydrates 880 (m) c, d
e.g. a or b-glucan, amilose, galactomannnan 920 (mw) 929 (w) 917 (m) 937 (vs) c, e
v (CAC) proteins, C@C) def, v (CAN), e.g. chitin 971 (w) 970 (w) 970 (w) f, g
Phe (skeletal), d (CH), e.g. protein assignment 1023 (mw) 1003 (w) 1020 (w) 998 (m) b, e
def (CAH), CAN stretching, proteins, e.g. phenylalanine 1030 (w) a, f
OAPAO (DNA), CAC or v CAOAC stretching, 1078 (mw) 1082 (vs) 1078 (m) c, f
Carbohyddrates, e.g. 1,3-b glucan, chitin
d(CAH), Phe (protein assignment) 1131 (ms) 1108 (s) b, d
d(CAH), CAO ring, aromatic aminoacids in proteins 1186 (vs) 1173 (vs) 1176 (s) a, c
e.g. tyrosine, hysitidine, proline
Amide III , tantisymmetric PO2- str. 1210 (vs) 1250 (vs) 1221 (w) a, b
Amide III (random), C, e.g. L-proline, triptophan 1288 (sh) 1300 (ms) 1288 (s) b, g
Adenine, guanine, CH deformation 1334 (s) 1321 (sh) 1330 (vs) b, e
(Table 2. (continued)
Tentative band assignmentϮ A. Alternata A. Flavus F. Verticillioides A. Parasiticus Referencesϯ

T,A,G (ring breathing modes of purines and pyrimides) 1370 (s) a,b,g
CH2 bending, e.g. galactomannan b, e
t CH2, t s CH3, e.g.lipids, trinolein, trilinolein 1440 (vs) 1440 (vs) 1412 (w) c, f
Nucleic acid modes, CH2 def, CH3 def, eg. L-phe 1458 (vs) 1447 (sh) d, g
CH2 def, e.g. L-proline 1477 (w) a, b
Aminde II, C@C stretching in benzenoid ring, carotenoids 1500 (sh) 1512 (ms) c, d
C@C bending mode of phenylalanine, e.g. hisitidine 1574 (s) 1577 (vs) 1575 (vs) 1555 (ms) f, g

1613 (w) a, d
Amide I, C@O, plane NAH bending and CAN stretching 1634 (ms) 1639 (sh) 1638 (vw) 1640 (w) a, g

Abreviations: (w), weak; (m), medium; (s), strong, (mw), medium weak; (ms) medium strong; (vs), very strong (vs); (sh), shoulder
ϯ All the assignments are from references: (a) [31]; (b) [36]; (c) [37]; (d) [38]; (e) [33]; (f) [39]; (g) [35].
Ϯ t, stretching; d, bending; q, rocking; def, deformation; as, asymmetric; s,symmetric; C, cytosine; A,adenine; G,guanine; Phe, phenylalanine; Tyr, tyrosine.
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which are associated with nucleic acids. The broad band at ca.
664 cm�1 in the SERS spectra of A. alternata (Fig. 4a) could be
assigned to the ring breathing nucleic acids such as guanine, which
also appears to have slightly shifted to a broad band between
644 cm�1 and 678 cm�1 in (A. flavus), which is assigned to the ring
breathing of tyrosine. Another broad band at ca. 672 cm�1 (A .
paraciticus) and moderately shifted to 631 cm�1 (F. verticilloides)
is probably ascribed to cytosine. The following low intense band
at 721 cm�1 (A. alternata) is assigned to FAD, riboflavin. This band
fluctuates in intensity and shift to a low intensity band at 720 cm�1

(A. flavus), a broad band at 710 cm�1 (F.verticilloides), and two small
bands at 747 cm�1 and 702 cm�1 in the SERS spectrum of A. para-
siticus. Flavins are essential coenzymes that are found on the inside
of bacterial and fungal cell walls and play a role in their formation.
FDA and RF have been found to be effective AgNPs aggregates
nucleation centers in or out the cell wall, ensuring their proximity
to the AgNPs active site or hot spot [14]. Furthermore, the next
weak band at 794 cm�1 in the SERS spectrum of A. flavus, drops
and changes to 771 cm�1 in F. verticilloides, these bands can be
assignable to cytosine and uracil. The broad band at 823 cm�1 (A.
Alternata) can be ascribed to unsaturated OAPAO stretching, which
can be symmetric or asymmetric such as phosphodiester. This
band however is weakening in intensity and shifts to 828 cm�1

(F. verticilloides), 851 cm�1 (A.flavus) and 847 cm�1 (A.paraciticus).
The Raman spectra of bases found in RNA e.g. thymine [31]. In
addition, a weak band at ca. 880 cm�1 (F. verticilloides) can be seen
in the Raman spectra of 1, 3-b-glucan. The prominent sharp intense
band centered at 937 cm�1 in the spectral section of A.prarsiticus
(Fig. 4d) is attributed to carbohydrates such as a or b-glucans,
which are typical components comprising the fungal cell wall. This
7

band (937 cm�1) drops in intensity from 917 cm�1 (F.verticiloides)
to 920 cm�1 (A.alternata) and 929 cm�1 (A.flavus). The following
weak band at 971 cm�1 in the SERS of A. alternata can be assignable
to C@C deformation of carbohydrates with some CAN stretching.
In the SERS spectra of F. verticilloides this band increases slightly
in intensity and shifts to 970 cm�1, but in A.flavus, it decreases sig-
nificantly in intensity; this variability suggests the possibility of
overlapping peak in this region with a complex shape and low
intensities bands. However, in the A.parasiticus sample, this shifts
to a medium peak intensity of 998 cm�1, which can be seen in
the Raman spectrum of aminoacids such as tryptophan. We found
progressive increases in band intensities from very low to extre-
mely high in the spectral region between 1000 and 1700 cm�1 (fin-
gerprint area). In the case of A. flavus we observed the very weak
band at 1003 cm�1 assignable to CAC skeletal of phenylalanine.
Besides, from the weak intensity band observed at 1023 cm�1 (A.
alternata) and, two very weak peaks in F.verticilloides at 1020 and
1030 cm�1 that can be attributed to aminoacids or proteins
(Fig. 4a–c, Table 2). This could be owing to a mismatch between
the relative concentration of aminoacids found in the cell wall of
different fungal strains and the SERS spectra, which have narrow
band positions and low intensities. Moreover, the complex sym-
metrical mode of PO2

- is composed of DNA and CAC, CAOAC,
stretching, with a low intensity band at 1078 cm�1 in A. alternata,
same value at mid intensity in A. Parasiticus, and a higher intensity
band at 1082 cm�1 in F. verticilloides. These bands were found in
the Raman spectrum of carbohydrate including 1, 3-b-glucan and
chitin, both of which are common components of fungal spores.
Chitin makes about 10–20% of the cell wall in Aspergillus strains
[41,42]. The chitin material appears to be a fibrillar layer adjacent
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to the plasma membrane, and is assumed to play a primarily struc-
tural role in the basal layer of the cell wall [32]. Similarly, at
1176 cm�1 (A. parasiticus), a broad and sharp band was seen, pos-
sibly due to CAO ring of aromatics aminoacids in proteins, such as
tyrosyne. Two strong bands were also found in two fungi strains in
the same spectral range, the first sharp at 1173 cm�1 (F.verticil-
loides) and the other broad at 1186 cm�1 (A.flavus). The adsorption
behavior on AgNPs may be influenced by the relative abundance of
protein component within their own structural morphological fea-
tures. The A. Alternata SERS spectrum revealed a strong intense
band at 1210 cm�1 (Fig. 4a), which was attributed to amide III
asymmetric stretching of PO2

- , probably from one phenylalanine
or tyrosine. In F. verticilloides, this band (1210 cm�1) shifts to a
strong band at 1250 cm�1, whereas in A. parasiticus it becomes less
intense and shifts to 1221 cm�1. The strong signal in the SERS spec-
tra of A. flavus appears at 1440 cm�1 (Fig. 4b), at the same
wavenumber, another peak this peak was also identified in the
SERS spectra of A. flavus These signals have been found in the
Raman spectra various fatty acids, such as trilinolenin, into the
chemical composition of spores, which consist with the spore’s
fundamental biological function as an energy reserve for dispersal
and reproduction [33,41]. Because of the relative abundance of
each component present in each strains, a spectral relationship like
this might exist in the SERS spectra of F. verticilloides, this band is
declining and appears to have shifted to an extremely weak peak
at 1412 cm�1. The following band at 1131 cm�1 (A.Alternata) is
most likely to d(CAH) phenylalanine, and a medium strong broad
band at 1108 cm�1 (A.flavus), which can be attributed to proteins.
The strong band at 1330 cm�1 in the SERS spectra of F. verticilloides
(Fig. 4c) can be assigned to CH bending with relative purine (ade-
nine, guanine), and the peak at 1334 cm�1 (A.Alternata) includes a
weak shoulder peak at 1288 cm�1, both assigned to amide III.,. As
described by Premasiri et al. [34], those signals are associated with
degradation of nucleic acids and nucleotides due to cell starvation,
which results in the release of adenine and guanine outside the
cells. In addition, one strong band at 1288 cm�1 in the SERS spec-
trum of A. paraciticus can be attributed to amino acids. We found a
broad band at 1300 cm�1, with a shoulder peak at 1321 cm�1, in
the SERS spectra of A. flavus, which can also be assigned to amino
acids such as L-proline and triptophan. Assigning the Raman band
to specific groups is difficult due to the amide III vibrational
mode’sensitivity and extremely complicated properties such as
interaction with other vibrational bands. The strongwide band at

1458 cm�1 and its shoulder at 1500 cm�1 (F.verticilloides) can be
assigned to amide II and possibly nucleic acids. The relatively high
concentration of nucleic acids (purines) could be released from
cells broken during the sample preparation, or some of the
nanoparticles may have penetrated the cell wall and produced
SERS signal from the purines inside the cell [35]. The broad band
(1458 cm�1) in the SERS spectra of A. parasiticus, appears to have
dropped in intensity and shifted to a broad band 1477 cm�1, which
includes a shoulder peak probably attributable to L-phenylalanine
and L-proline, respectively. Moreover, two bands, one sharp and
low intensity at 1512 and the other broad and medium intensity
at 1555 cm�1 in the SERS spectrum of A. parasiticus, were ascribed
to amide II. The amide group involves primarily C@O stretching, in-
plane modes of NAH bending, and t (CAC) vibrational modes. The
C@C bending of phenylalanine can be attributed to the strong band
at 1574 cm�1 (A. alternata), which can also be observed in the SERS
spectra of A. flavus at 1577 cm�1 and F. verticilloides at 1575 cm�1,
with slightly shifted to very intense bands. Furthermore, the weak
band at 1634 cm�1 (A. alternata), could be ascribed to amide I. In
the SERS spectra of A.flavus, a broad intense band at 1577 cm�1

with strong shoulder peak at 1639 cm�1, in the same spectral
range, we observed two low intense bands at ca. 1640 cm�1 and
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1613 cm�1 in A. parasiticus, but none in F. verticilloides. The
observed wavenumber range 1630–1695 cm�1 has been associated
to the dominant secondary structure and the presence of b- plated
sheet configuration in these strains [40]. Thus, these bands could
be ascribed to C@O stretching coupled with the in plane NAH
bending and CAN stretching bands.

A multivariate statistical analysis was also applied to better
understand the discriminating between the four filamentous fungi
studied, which is explored in more detail in the next section.

4.4. Statistical analysis of classification

Principal component analysis (PCA) in the spectrum range
1000–1700 was performed on all of the fungus studied, using
AgNPs with a diameter of 60 nm: A.alternata, A.flavus, F. verticil-
loides, and A.paraciticus, and all of them have been connected to
biodeterioration and biodegradation of cultural heritage objects.
The three main components (PCs) (PC-1, PC-2, and PC-3) were
found to be the most diagnostically significant, accounting for 56
%, 25%, and 18 % of the variation in the data set, respectively
(Fig. 5a). The differences between the four fungi strains were
examined base on their bands produced by the corresponding
spectra in the previous section 3.3, and are clearly exhibited by
loading plots in n Fig. 5b. The loading supplies information about
the variables (spectrum wavenumbers) that are critical for group
separation. The PC-1 loading plot indicated the most relevant diag-
nostic criteria in the analyzed data set, with high loading values
indicating the most important variables for diagnostic purposes.
Unlike the SERS spectrum, the loading spectrum has positive and
negative bands, and the frequencies correspond to some of the sig-
nificant fluctuation in the molecular composition of each fungi
examined Fig. 6S (SM).

The most significant differences between the the four fungi
were found to be associated with the main bands on the possitive
side at ca. 1108, 1186, 1330 and 1440 cm�1 and the bands on the
negative side at ca. 1131, 1250, 1334, and 1512 cm�1, the band
at 937 cm�1 correspeonding to A. parasiticus was not in the
selected wavenumber of the spectrum. These vibrational modes
corresponding particularly to cell wall composition of fungi such
as aminoacids, nucleic acids, nucleotides, polysacharides and
lipids, according to the SERS spectra analysis and loading plots
from PC-1 (Fig. 4 and Table 2).

These macromolecules that come into direct contact with the
AgNPs hot spots, where the scattering is enhanced [40]. Thus, the
PCA analysis resolved for these four fungi in the fingerprint SERS
spectral region (1000–1700 cm�1) accounted for about 99% of the
data variation (Fig. 5a–b). The above results indicate that the SERS
spectra using AgNPs of 60 nm in combination with PCA had a high
potential for identifying and detecting between four separated
clusters corresponding to the A.alternata, A.flavus, F. verticilloides
and A.paraciticus fungi strains, all of which are linked to biodeteri-
oration and biodegradation cultural heritage materials.

5. Conclusions

AgNPs were synthesized by wet-chemical reduction, and SAXS
was utilized to monitor and evaluate their shape and size to
explore how the size of AgNPs impact the SERS performance of four
filamentous fungi linked to biodeterioration and biodegradation of
cultural heritage materials. With exception of A. parasiticus, which
only achieved 6.0 � 104, the SERS spectrum increases in band
intensities as AgNPs size increases from 10 to 60 nm, with the SERS
enhancement up to 2.4 � 105 in comparison to NR, particularly in
the 1000–1700 cm�1 spectral region (fingerprint area). In the
recorded SERS spectra of each fungus studied, the RSD repro-



Fig. 5. Three PCs (PC-1, PC-2, and PC-3) a) scores plot 3D-PCA for the SERS spectra
of four fungi investigated in the region (1000–1700 cm�1b) Loding plot for the PC-1
showing the most significant bands in the spectral window.
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ducibility of the selected peak intensities was less than 20%. As a
consequence, 60 nm was considered as the most suitable size
based on both SERS enhancement and reproducibility. The finger-
print area in the SERS spectra of each fungal strain using 60 nm
AgNPs was investigated in detail, for example, the prominent band
at 1440 cm�1 in the SERS spectra of A.alternata and A.flavus;
1412 cm�1F.verticilloides, and 1447 cm�1 suggesting the presence
of fatty acids from fungal spores, whose fundamental biological
role is energy reserve for survival. PCA scores resolved by PC-1,
PC-2, and PC-3 values accounted for roughly 99 percent of total
variation in the fingerprint spectral region, confirming the cluster-
ing into four different clusters. The SERS approach, which employs
60 nm AgNPs in conjunction with PCA, offers a lot of potential for
detecting and identifying different filamentous fungal strains.The
SERS approach, which employs 60 nm AgNPs in conjunction with
PCA, offers a lot of potential for detecting and identifying different
filamentous fungal strains.
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