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Abstract
Background
Mushrooms have always been considered an important source of food and biologically active compounds with several medicinal properties. In recent years, different methods were used to study the quality and chemical composition of mushrooms. Among these, Fourier transform infrared (FT-IR) and FT-Raman spectroscopy techniques have been successfully applied to identify different mushroom species. However, the structural biomolecule components existing in the mycelium or in the fruiting bodies may produce strong fluorescence emission that overlaps the Raman radiation, thus avoiding their analyses by Raman. SERS spectroscopy is a powerful technique which uses metal nanoparticles (NPs) to enhance the Raman signal of molecules adsorbed on the NPs surface. In addition, SERS is able to quench the macromolecule florescence. In this work, we have employed silver nanoparticles in order to get mushroom fingerprints based on SERS as quick procedure to analyze and identify different chemical compounds from the fruiting bodies of six edible and/or medicinal mushrooms: Lentinula edodes, Ganoderma lucidum, Pleurotus cornucopiae, Pleurotus ostreatus, Tuber aestivum and Tuber magnatum.

Results
SERS analyses performed directly on fruiting body fragments produced characteristic spectra for each species. One group of mushrooms (L. edodes, G. lucidum, T. aestivum and T. magnatum) was dominated by the bands of nucleic acids; and the other one (P. cornucopiae and P. ostreatus), by the bands of pigments such as melanins; carotenoids; azafilones; polyketides; and flavonoids located in the cell wall. Additionally, bands corresponding to cell wall polysaccharides, particularly chitosan and 1,3-β D-glucan, were identified in the extracts of P. cornucopiae, P. ostreatus and L. edodes. No signal of cell wall polysaccharides was found in G. lucidum extract. Raman mapping of the analyzed samples was useful in tracking the spatial distribution of the marker bands. Moreover, the principal component analysis (PCA) carried out on the acquired SERS spectra, allows to discriminate the analyzed mushroom species.

Conclusions
The SERS technique has the ability to generate a strong Raman signal from mushroom fruiting bodies using Ag-NPs deposited directly on intact, untreated mushroom tissues. Using this methodology, commonly applied laboratory time-consuming methods can be avoided or bypassed as well as analysis time can be reduced.
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Introduction
Fungi are a kingdom of unicellular or multicellular eukaryotic organisms which has recently been estimated to include up 12 millions of species [1]. Most of them are free-living in soil or water as saprotroph; others establish parasitic or symbiotic relationships with plants or animals. Depending on their aspects, they can be empirically divided in yeasts, filamentous molds, and mushrooms. In particular, mushrooms are defined as the fungi that form a distinctive fruiting body which can be either hypogeous or epigeous, large enough to be seen with the naked eye and to be picked by hand [2, 3]. Mushrooms have always been considered an important source of food and biologically active compounds with several medicinal properties [4]. Traditionally, characterization of fungi has been based on phenotypic characteristics or molecular analysis. However, most of the described fungal species (about 70%) have not yet been sequenced [5]. All these issues reduce the authenticity of the data and the reliability of the analysis. In addition, another concern relates to the time required for analysis, which is both time-consuming and often very expensive.
In recent years, vibrational spectroscopy techniques allow a range of qualitative or quantitative information to be obtained, representing a new frontier for fungal identification [6], as well as Fourier transform infrared spectroscopy (FT-IR) and FT-Raman techniques have been successfully applied to identify different fungal species (Boletus spp., Ganoderma spp., Agaricus bisporus (J.E. Lange) Imbach, Mucor rouxii (Calmette) Wehmer and Mortierella sp.) [7–9]. However, FT-Raman analysis of biological materials can produce a weak signal, which is often covered by the large fluorescence emitted by the sample after excitation [10]. Likewise, FT-IR analysis of biological materials can produce low-quality spectra due to different tissue hydration. As a result, this may lead to an information loss in the amide region caused by the broad adsorption of water molecules at around 1640 cm−1 [11].
Surface-enhanced Raman scattering (SERS), thanks to the use of nanostructured metals (Au and Ag), allows to overcome the intrinsic weakness of Raman spectroscopy combining high molecular specificity with a high sensitivity [12, 13]. The signal enhancement strongly depends on the nanoparticles (NPs) optical properties (i.e., composition, size, and shape), the laser excitation characteristics, the nature of the molecule and its Raman cross-sections [14, 15]. When incident light interacts with the NPs, a localized electric field is generated producing a localized surface plasmonic resonance (LSPR) that allows a strong increase in the Raman scattering up to 1014 orders of magnitude compared to the normal Raman technique [16, 17]. Thus, only molecules adsorbed or located near the plasmonic substrate produce noticeable amplification of the Raman signal [18, 19]. Moreover, the maximum intensification of the signal occurs at the tips of protruding elements and, even more, in the interparticle nanoscale spaces called “hot spots” [20]. These “hot spots” result from plasmonic coupling between NPs and increase rapidly as the interparticle distance becomes shorter [21]. As a result of their efficacy the SERS-based metallic NPs have been used to characterize complex biological samples such as nucleic acids [22–24] and proteins [25–27] as well as for the study of different microorganisms, including fungi [28–32], yeasts [33], and plant pathogens [34, 35]. Moreover, SERS spectroscopy coupled with the PCA has been employed by several authors to discriminate different fungal species on the basis of their spectra [30, 31, 34].
In the present work we have analyzed six different mushroom species having a high economical interest: Lentinula edodes (Berk.) Pegler, Ganoderma lucidum (Curtis) P. Karst., Pleurotus cornucopiae (Paulet) Rolland, Pleurotus ostreatus (Jacq.) P. Kumm, Tuber magnatum Picco and Tuber aestivum Vittad. The basidiomycetes L. edodes, G. lucidum, P. cornucopiae and P. ostreatus are between the most popular and cultivated mushrooms in the world [36, 37]. On the other hand, T. magnatum and T. aestivum are two truffles (hypogeous ascomycetes into the genus Tuber) which are ones of the most highly prized food [38]. Accordingly, the main objective of this work was to develop a fast and simple method for identifying mushrooms with no chemical processing. In addition, in situ analysis of tiny mushroom parts is likely to be a low-cost winning procedure for the characterization of different edible and medicinal mushrooms by SERS spectroscopy combined with chemometric analysis.
Materials and methods
Mushroom samples and conservation
The fruiting bodies of G. lucidum (Glu), L. edodes (Led), P. cornucopiae (Pco), P. ostreatus (Pos), T. aestivum (Tae) and T. magnatum (Tmg) were analyzed. The fruiting bodies of G. lucidum, L. edodes, P. cornucopiae and P. ostreatus were obtained through cultivation on sterilized substrates as described in previous works [39, 40]. Samples of T. aestivum (herbarium No. 5259) and T. magnatum (herbarium No. 3956) were collected in the wild in the provinces of Bologna and Ferrara, Italy, respectively, and stored in the CMI-Unibo Herbarium at the University of Bologna. All samples were dried at 40 °C for 24 h and stored in a desiccator until used.
Raw polysaccharide extraction
Polysaccharide extraction was carried out on 1 g of dried and powdered Glu, Led, Pco and Pos fruiting bodies, following the protocols described by Ma et al. (2014) [41]. The powder was initially treated overnight by immersing it in an 85% ethanol solution. Samples were then centrifuged at 4500 × g for 15 min and the precipitate was extracted in distilled water (25 mL for each g of precipitate) at 70 °C for 140 min. The solution obtained was filtered and centrifuged for 10 min at 4500 × g. The supernatant was deproteinized with Sevag reagent (butanol:chloroform, 1:4 v/v) and centrifuged at 4500 × g for 10 min. The upper layer was removed and mixed with four-fold volume of absolute ethanol in order to precipitate the crude polysaccharides for 12 h at 4 °C. Crude polysaccharides were centrifuged at 4500 × g for 15 min and the precipitate was washed with ethanol and acetone and lyophilized.
Chemical reagents
Silver nitrate, trisodium citrate dihydrate, hydroxylamine hydrochloride and other reagents were of analytical grade and purchased from Sigma-Aldrich. All solutions were freshly prepared with Milli-Q® ultrapure distilled water before experiments and used immediately.
Silver NPs preparation
Before silver NPs preparation all glassware was cleaned with aqua regia and rinsed with Milli-Q® ultrapure distilled water to remove any impurities present on glass surface. Solutions of silver nitrate (10–2 M) and of hydroxylamine hydrochloride (1.67 × 10–3 M) containing 3.33 × 10–3 M sodium hydroxide were used for silver colloid preparation as described by Leopold and Lendl (2003) [42]. Briefly, 10 mL of silver nitrate solution was added dropwise while stirring to 90 mL the hydroxylamine hydrochloride/sodium hydroxide solution. After preparation the colloidal solution was stored at 4 °C in darkness.
Sampling for SERS spectroscopy and mapping
For SERS analyses, small fragments (3 × 3 mm) from the cap and pileus of dry fruiting bodies of Led, Glu, Pco and Pos and fragments from the sterile tissue of the gleba of the two Tuber species, were placed for 24 h into a 1.5-mL microcentrifuge tube containing 1 mL of Milli-Q® ultrapure distilled water. After 24 h the tubes were centrifuged at 11,000 × G for 10 min and all the water was removed. The small wet fragments of each mushroom species were placed on a microscope slide glass and covered with 5 µL of a concentrated Ag-NPs suspension obtained by centrifugation of 500 µL and successive redispersion to 10% of the original volume. Samples were dried at room temperature before SERS analyses. For each mushroom species three biological replicates were made.
Instrumentation
The silver NPs were characterized by using an UV–VIS spectrophotometer (UV-3600, Shimadzu, Japan). Raman, SERS, and mapping were performed by using the portable spectrometer Renishaw Raman Virsa™ with a 785 and 532 nm lasers. Before measurements a calibration was performed by using a Si reference sample. Mushroom fragments were analyzed under a 50 × objective long focal lens and the laser power was set at 2 mW with an integration time of 1 s. Samples were mapped by recording the spectra of an area of around 40 × 40 µm for a total of 800 spectra for each sample. The spectra were acquired using the Renishaw WiRE 5.5 program and processed by the OriginPro 2019 software (OriginLabs). The SEM picture was obtained in an environmental scanning electron microscope, Philips XL30 (Philips, the Netherlands), with a tungsten filament operating in high vacuum mode. The acceleration voltage was 25 kV.
Statistical analysis
Principal component analysis (PCA) was applied to evaluate variations in the data matrix between the analyzed mushrooms in order to identify the single species. Spectra were previously normalized as reported by Dina et al. [30] on the basis of the νAgX band which represents the most intense peak. Processed spectral data were used because of providing much more accurate information on the sample by solving the bands that were previously overlapped in the raw spectra. The PCA was performed by using the OriginPro software with a matrix having a dimension of 18 samples×2303 variables (wavenumbers units, covering the range 100–1800 cm–1). PCA is performed on the variance–covariance matrix band.
Results and discussion
Ag-NPs characterization
The successful Ag-NPs formation strictly depends on the preparation parameters that can be easily handled to produce Ag-NPs of well-defined shape, structure, and size distribution. Based on previous studies [32, 33, 43] the Ag-NPs formation was confirmed by the presence of a narrow band with an absorption maximum at 400 nm in UV–Vis spectroscopy (Fig. 1a). The higher absorption intensity indicates that the number of Ag-NPs formed in the solution rise with increasing reaction time (Fig. 1a). The nanoparticles produced had an average radius of 40 nm. SEM imaging (Fig. 1b) of Ag-NPs confirmed the particle diameter and spherical shape.[image: ]
Fig.1a UV–Vis extinction spectrum of the Ag-NPs and b SEM image showing Ag-NPs


Normal Raman and SERS spectroscopy
One of the main objectives of the present work was to characterize the different molecular species present in mushrooms by using the Raman spectroscopy under the specific excitation at 785 nm. The latter excitation wavelength is usually employed in the analysis of biological materials because it leads to a reduced fluorescence. However, the Raman spectra registered at 785 nm produced no vibrational signals (Fig. 2b). Likewise, a broad background fluorescence at 532 nm was detected as a result of pigment molecules excitation within the mushroom cell wall (data not shown). Therefore, normal Raman spectra collected with two different excitation wavelengths were unable to generate spectra from the mushroom samples. By contrast, the direct deposition of a concentrated drop of Ag-NPs on the mushroom surface was sufficient to generate an enhancement of the SERS signal with 785 nm radiation (Fig. 2a). The spectra registered on different points of the analyzed surface revealed few spectral changes between spectra, thus indicating the reproducibility of the analysis (data not shown).[image: ]
Fig. 2a SERS and b normal Raman spectra of small fragments of Pco fruiting body


The SERS analyses performed on the six different fungal species (Fig. 3) rendered different spectral responses that can be roughly classified into two main groups. The first one is dominated by nucleic acid signals (adenine (A), guanine (G), thymine (T) and phosphate groups (P)). The second one is characterized by other set of bands that we have assigned to fungal pigments localized in the mushroom cell wall: melanins (M); carotenoids; azaphilones; polyketides, flavonoids, etc. [44]. However, we cannot exclude that these bands are related to the polysaccharides existing in the fungal cell wall as reported by Gieroba et al. (2022) [45]. These two different groups will henceforth be referred to as A-group and B-group, respectively.[image: ]
Fig. 3SERS spectra of Glu (blue line), Tae (green line), Tmg (orange line), Led (purple line), Pco (red line) and Pos (yellow line). A adenine, G guanine, M melanins, P phosphate groups and T thymine


In particular, in A-group, the bands of adenine at 735 and 1335 cm−1, and guanine at 660 and 1568 cm−1 were clearly visible [46]. The band at 796 cm−1 can be assigned to the ring breathing band of cytosine and thymine coupled with phosphate vibrations [46]. Other less intense bands in the 960–1100 cm−1 region corresponded to the A-group DNA phosphate and to some ring bands of the purine and pyrimidine bases [22, 46].
The presence of nucleic acid bands in the SERS spectra of fungi was detected in the extracted DNA of Phytophthora ramorum Werres, De Cock & Man in ‘t Veld, and in the analysis of micro-fungi cells [32, 35]. The detection of nucleic material by SERS in the intact non-treated mushroom fragments is an interesting result, because we expected to detect biomolecules localized in the outer part of fungal cell walls. The fact that the fungal genetic material can be put in evidence under the presence of the Ag-NPs implies two possible effects: (a) diffusion of the nanoparticles inside the fungal cells through the wall, and (b) the disruption of the fungal cell wall and the direct interaction of silver with the intracellular material. Both effects are possible and also they were previously described in the literature [47–49].
On the other hand, Ag-NPs have been reported to interact with the fungal membranes through electrostatic interactions [50] or through specific covalent interactions with SH-containing groups leading to the protein denaturation [51]. The latter effect could increase the permeability of the fungal membrane resulting in disruption of the cell membrane [52]. Based on previous studies [50, 52], the appearance of intense bands of nucleic acids (DNA and RNA) in SERS spectra might be due to the disruption of the fungal membrane through the formation of holes in the fungal cell wall and the formation of pores in the plasma membrane through which the cell material can flow outward.
The strong effect of Ag-NPs on DNA and RNA was likely induced by the high affinity of silver for purine and pyrimidine bases. In particular, the interaction of Ag with adenine and guanine has been widely demonstrated in previous SERS analyses of nucleic acids [46, 53]. Our outcomes exhibited changes that may be related to different interaction of DNA and/or possibly RNA with Ag-NPs, as shown in Fig. 3 (Glu, Led, Tae and Tmg). Specifically, the ratio between the ring breathing bands corresponding to adenine (735 cm−1) and guanine (656 cm−1) changed from Glu, where it was maximum and it was dominated by the adenine bands, to Tmg, where the guanine bands were more enhanced in the SERS spectrum. On the other hand, the A/G ratio can be related in SERS with the different hybridization degree of the double-stranded DNA chain [23]. Therefore, in terms of the SERS spectra of mushrooms, this ratio could be related to an effect of silver on the DNA structure.
In the case of B-group (Pos and Pco, Fig. 3), no band corresponding to nucleic acids were observed. Conversely, broad and weak bands were observed at 483, 1223, 1312, 1445 and 1585 cm−1. Similar bands were observed in the case of some pathogenic fungi (Scopulariopsis brumptii Salv.-Duval, Candida krusei (Castell.) Berkhout, Trichophyton rubrum (Castell.) Sabour., Alternaria alternata (Fr.) Keissl., Aspergillus flavus Link, Fusarium verticillioides (Sacc.) Nirenberg, Aspergillus parasiticus Speare) previously analyzed by SERS [31, 34]. In addition, these Raman spectra showed a high similarity with the SERS of some of the pigments existing in the fungal cell wall, such as flavonoid pigments [54]. More specifically, bands at 1223, 1312 or 1445 cm−1 are visible in fungal melanins that were identified in the fungus Ochroconis sp. by SERS [55, 56]. The prevalence of bands corresponding to pigments presumably embedded in the fungal wall indicated that the cell wall of Pos and Pco remained intact in the presence of Ag-NPs. Therefore, the absence of cell wall rupture resulting in the opening of the plasma membrane could be related to its organization. In fact, it is structured in several layers, with the innermost layer consisting of a covalently bound β-(1,3) glucan core and branched chitin [57, 58]. The outer layers, in contrast, are more heterogeneous and adapted to the physiology of particular fungi and generally composed of polysaccharides such as β-(1,6) glucan, mannan, galactomannan, and also highly mannosylated glycoproteins [59]. In addition, pigments such as melanin are found in this outer layer, as was detected in the SERS of Pco. This peculiar organization of the cell wall provides greater resistance to Ag-NPs.
In addition, another important difference between the mushrooms of the A and B-group is the position of the stretching Ag–X band (νAgX), where X can designate the atom (normally O, S or N) of the fungal biomolecule directly interacting with the metal. This band appeared at 237 cm−1 in the case of the A-group mushrooms, while it is shifted to 220 cm−1 in the mushrooms of the B-group.
For assessing the origin of the SERS Pco and Pos spectra shown in Fig. 3, polysaccharides from fungi of A-group (Glu and Led) and B-group (Pco and Pos) were investigated.
The SERS spectra of polysaccharides are displayed in Fig. 4. The bands corresponding to the cell wall from 1100 to 1600 cm−1 were evident in the Glu, Pos and Pco. However, in the case of Glu (A-group), these bands were not detected in the SERS of intact fruiting body fragments demonstrating the disruption of the cell wall of this mushroom at the presence of Ag-NPs. In the specific case of Led, the adenine bands are still strong in the SERS spectrum of the extracted polysaccharides. This is likely due to the adsorption of Led A-rich DNA sequences to the wall fragments.[image: ]
Fig. 4SERS spectra of the raw polysaccharides from Pco (red line), Pos (yellow line), Led (purple line) and Glu (blue line)


Polysaccharides, mainly β-glucans, are particularly important as they are linked to the medicinal properties of mushrooms (e.g., immunomodulatory, anticancer, and antioxidant). In particular, Glu and Led mushrooms are among of the most important medicinal mushrooms cultivated in the world [60].
Raman mapping and PCA analysis
SERS mapping of Glu and Pco (Fig. 5) was carried out in order to investigate the spatial distribution of bands corresponding to nucleic acids and the fungal cell wall pigments. Figure 5b shows the optical direct image of Glu where the hyphae of the fungus are clearly observed. Figure 5c displays the intensity (purple) of the adenine marker band (735 cm−1). An individual spectrum of a certain point is shown for comparison in Fig. 5a. From this mapping it is possible to corroborate that the signal is located in the hyphae. In the case of Pco, the spectrum corresponds to the fungal cell wall (Fig. 5d), as well as the direct image (Fig. 5e) and the mapping of the marker band distribution at 1218 cm−1 (Fig. 5f). The distribution maps were also recorded to demonstrate the method reproducibility, since the areas with the most intense spectra exhibited no significant variation in the SERS spectral pattern.[image: ]
Fig. 5SERS mapping of Glu and Pco mushrooms: a Glu spectrum; b direct image of Glu hyphae; c adenine mapping intensity (purple); d Pco cell wall spectrum; e direct image of Pco; f mapping of the marker band distribution at 1218 cm−1 (yellow)


The PCA analysis of the Raman-SERS spectra (100–1800 cm–1) allows to discriminate different mushroom species. PC-1 scores accounted for 71% of the total variance of the analyzed dataset, thereby demonstrating separation of the studied mushrooms into three separate clusters (Fig. 6). The first cluster comprises Led, Pco and Pos which belongs to Agaricales order; the second one is represented by Glu species which belong to the Polyporales order. The latter group include Tae and Tmg belonging to Tuberales order.[image: ]
Fig. 6PCA analysis of the Raman-SERS spectra of the six mushroom species used in this work. The PCA scores of the first two principal components PC-1 (71.40% of total variance) and PC-2 (15.20% of total variance) indicate the formation of three distinct clusters


Conclusions
In conclusion, only the SERS technique can afford significant Raman signals from the analyzed mushrooms by the use of Ag-NPs directly dropped onto the intact non-treated biological tissue of the fruiting bodies. The normal Raman spectroscopy is not able to provide vibrational signals due to the high fluorescence emission. SERS provides a very simple and rapid protocol to identify marker biomolecules of cell wall or the nucleic acid components, that can serve to univocally identify the species. Accordingly, two main groups of mushrooms can be recognized from the SERS data based on different spectral patterns: (a) those dominated by nucleic acid signals; and (b) those dominated to other set of bands that we have assigned to fungal pigments localized in the mushroom cell wall. The pigments identified in the fungal cell wall are of polyphenolic nature and could be related to melanins and flavonoids present in this wall. The polysaccharide bands of the cell walls, particularly chitosan and 1,3-D glucan, were exclusively visible in the Pco and Pos spectra and extremely weak in Led, although these bands are also mixed with those of fungal pigments. Raman mapping of fungi was useful for tracing the spatial distribution of marker bands and getting a large number of spectra from a given area, confirming a high repeatability of the analysis. Additionally, the SERS spectra were processed with the PCA algorithm, and the outcomes revealed that they explained 86.6% of the variance among the data. Based on above, the PCA clearly exhibits its applicability with a limited number of fungal species as well. Thus, by using this methodology, more time-consuming methods commonly applied in the laboratory can be avoided or bypassed as well as analysis time can be reduced.
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