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Abstract
Background
Plastic is one of the most widely used materials worldwide in various fields, including packaging and agriculture. Its large quantities require proper disposal and for this reason more and more attention is paid to the issue of degrading plastic. Thanks to the production of non-specific enzymes, fungi are able to attack complex and recalcitrant xenobiotics such as plastics. In recent years, several spectroscopic methods were used to study the plastic degradation ability of different fungal species. Among these, Fourier transform infrared (FT-IR) and FT-Raman spectroscopy techniques are the most used. Surface-enhanced Raman scattering (SERS) spectroscopy is a powerful technique which uses metal nanoparticles (NPs) to enhance the Raman signal of molecules adsorbed on the NPs surface. In this work, the isolation of different fungi from field-collected plastic debris and the ability of these isolates to growth and colonizing the low-density polyethylene (LDPE) were explored by using scanning electron microscope (SEM), attenuated total reflectance-Fourier transform infrared (ATR-FTIR) and SERS spectroscopies.

Results
Forty-seven fungal isolates belonging to 10 genera were obtained; among them only 11 were able to grow and colonize the LDPE film. However, after 90 days trial, only one isolate of Cladosporium cladosporioides (Clc/1) was able to carry out the initial degradation of the LDPE film. In particular, based on SEM observations, small cavities and depressed areas of circular shape were visible in the treated samples. Additionally, ATR-FTIR, normal Raman and SERS analyses supported the structural changes observed via SEM. Notably, ATR-FTIR and normal Raman spectra showed a significant decrease in the relative intensity of the methylene group bands. Similarly, the SERS spectra of LDPE after the fungal attack, confirmed the decrease of methylene groups bands and the appearance of other bands referring to LDPE polyphenolic admixtures.

Conclusions
These results suggest that Cladosporium cladosporioides Clc/1 is able to carry out an initial degradation of LDPE. Moreover, combining ATR-FTIR, Raman and SERS spectroscopies with SEM observations, the early stages of LDPE degradation can be explored without any sample pretreatment.
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	Surface-enhanced Raman scattering

	FT-IR
	Fourier transform infrared

	NPs
	Nanoparticles

	LDPE
	Low density polyethylene

	SEM
	Scanning electron microscope

	ATR-FTIR
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Introduction
Plastics are represented by a wide range of synthetic or semi-synthetic materials, obtained from oil and natural gas, which under certain conditions of temperature and pressure, undergo permanent variations in shape [1]. Owing to their physico-chemical characteristics, these materials tend to be exceptionally stable and durable. However, these qualities make them very persistent in the environment and hard to be degraded [2].
World plastic production is estimated to be around 400 million tons per year and of these, approximately 90% are plastic produced from fossil sources [3]. Far from declining, the annual growth rate of the plastics market production is estimated to be 4% at least until 2025 [3]. In 2021, 57.2 million tons of plastic were produced in Europe. Of these, 86.6% were fossil-based, 10.1% were post-consumer recycled plastics, and only 2.3% were represented by bio-based plastics [4]. Regarding post-consumer plastic waste management in 2020 in Europe, data shows that a consistent part of it was used to produce energy (42%) or recycled (35%) and only 23% was accumulated in landfills [4]. Although the fraction of plastics destined for energy recovery through waste-to-energy plants and recycling has increased significantly, the accumulation of plastics still affects many habitats: oceans, seas, rivers, lakes, soil, air, ice [5] and living organisms [6], and in human placenta as well [7].
Among plastic, polyethylene (PE) is one of the most widespread and widely used synthetic material in the world [8]; it is mainly used to produce plastic films, shopping bags and food packaging, and account for up to 64% of single-use plastics that is discarded and accumulated in the environment after a short period of usage [9, 10].
Nowadays, low-density polyethylene (LDPE) mulch films account for more than 40% of the total plastic material used in agriculture [11]. These materials help to enhance the water use efficiency of the crop [12], reduce weeds growth [13, 14] and the use of herbicides [15]. In addition, they increase soil temperature and humidity [16] so that preventing the soil erosion, and consequently improving the crop yield and quality [17]. Extensive use of LDPE films and mismanagement in disposal has generated a high amount of residues in soil, amounting to about 72–259 kg/ha [18]. The natural degradation rate of these residues is extremely slow; consequently, they accumulate in all environmental compartments. Specifically, plastic residues through mechanical abrasion, mechanical friction, thermal and ultraviolet decomposition, photooxidation, and biodegradation [19–21] are degraded into microplastics with sizes larger than 1 μm and smaller than 5 mm and nanoplastics with dimensions smaller than 100 nm [22–25]. The presence of micro and nanoplastics raises particular concerns about their still poorly understood impact on the soil–plant system and agroecosystems. A great deal of knowledge is required to understand the possible physical, chemical, and biological changes of plastic residues in order to assess their effects on living organisms. Therefore, developing effective processes to accelerate the degradation rate of plastics is critical to avoid accumulation phenomena. However, all methods involving the chemical–physical approaches [19] imply high costs and energy consumption for their implementation. Accordingly, several studies are attempting to investigate biodegradation methods, representing an eco-friendly approach for plastic waste processing [26, 27].
Several microbial species capable of degrading plastics have been identified [26]. Frequently, microbiomes operate in conjunction with abiotic agents (i.e., heat and light) to influence the structural integrity of polymers and to make them more accessible to enzymatic attack [26]. Therefore, the identification of microorganisms capable of breaking down plastic residues is an eco-sustainable strategy.
Several studies have emphasized the contribution of fungi in plastic degradation under laboratory conditions due to their ability to produce a large number of enzymes [28, 29]. In particular, several Ascomycota, such as Aspergillus spp. [30–45], Cladosporium cladosporioides (Fresen.) G.A. de Vries [38], Fusarium spp. [33, 36, 37, 39, 46, 47] and Penicillium spp. [32, 33, 38, 48–50] as well as different Basidiomycota [51, 52] and Zygomycota [33, 36] have shown to be capable of degrading different petroleum-based plastics. Concerning the activity of fungal enzymes involved in PE degradation, peroxidase, oxidase, cutinase and lipase seem to play a crucial role in this process [53, 54]. The initial degradation process of PE chains could be mediated by both enzymatic and abiotic factors; moreover, once PE has reached a chain length of 10 to 50 carbon atoms, it may be degraded enzymatically through the hydrocarbon metabolic pathway [55]. The long-chain polymer structure and hydrophobicity might prevent the hyphae adhesion on the surface of the polymer. Fungi, however, have developed adaptation strategies through the production of hydrophobins, small wall proteins responsible for the adhesion of hypha to the plastic material [54].
Fourier transform infrared (FT-IR) and Raman spectroscopies are the most widely used analytical techniques to identify plastics in the environment [56], due to the advantage of requiring no sample pretreatment, as well as high sensitivity and reproducibility [57]. These spectroscopic techniques can be combined with scanning electron microscopy (SEM), which can provide details on the structure and surface morphology of plastic residues, such as the degradation of PE by ascomycetes [54], and thus producing high-resolution images of the analyzed surface [57].
Surface-enhanced Raman scattering (SERS) is a technique widely applied to detect low concentrations of chemical substances such as pollutants, or plastic microparticles [58–60]. With the discovery of SERS in 1974, considerable interest was attracted due to the strong enhancement of the weak Raman signal thanks to the use of nanostructured metals (Au and Ag) [61]. The interaction of radiation with nanostructured metals induces localized surface plasmon resonance, which provides a strong increase in Raman scattering of up to 1014 orders of magnitude with respect to the normal Raman technique [62]. Additionally, the enhancement of the signal depends on the optical properties of the nanoparticles (NPs) (composition, size, and shape), the laser excitation characteristics, as well as the molecular characteristics and its Raman cross sections [63, 64]. In spite of the widely recognized advantages of the SERS technique, no reference has been found on the SERS analysis of plastic degradation by fungi.
The aim of this work was to test the ability of different fungal isolates from plastic debris collected in two different agricultural fields to grow and degrade LDPE on a laboratory scale. LDPE degradation was assessed by using SEM combined with ATR-FTIR, Raman and SERS spectroscopic techniques.

Materials and methods
Sampling, mycelial isolation and molecular analyses
Samplings were carried out during June and August 2020, in two agricultural fields located in the province of Rimini and Bologna (Emilia-Romagna, Italy). Plastic debris of around 2–5 cm2, soft and thin (less than 0.3 mm) were collected from the soil and stored in sterile plastic containers, in the dark at room temperature. The fragments were thereafter characterized by using ATR-FTIR spectroscopy in order to identify and select LDPE plastic.
Mycelial isolations were carried out from 30 LDPE plastic debris (15 for each field) the same day of sampling by placing a cut of each plastic fragment (5 [image: $$\times$$] 5 mm) on Petri dishes previously filled with potato dextrose agar (PDA, 20 g/L) medium supplemented with chloramphenicol and streptomycin. For each plastic sample five Petri dishes were made.
After 24 h, under a stereomicroscope, the single small colonies originated on the surface of the plastic fragments were transplanted into new Petri dishes.
Mycelial pure cultures were morphologically assigned to a fungal genus by using taxonomic keys [65].
Molecular analyses were carried out by amplification of the internal transcribed spacer (ITS) region of the rDNA using primer pairs ITS1F/ITS4 [66, 67] in a direct approach which avoid DNA extraction [68]. Direct polymerase chain reactions (PCRs) were carried out in 50 μL reaction volumes using 2 × BiomixTM (Bioline) and amplifications were run in a SimpliAmp thermal cycler (ThermoFisher) as follows: 95 ℃ for 6 min, followed by 30 cycles of 94 ℃ for 30 s, 56 ℃ for 30 s. PCR products were purified using NucleoSpin® Gel and PCR Clean-up kit (Macherey–Nagel, Düren, Germany) and sequencing was performed with both ITS forward and reverse. Sequences generated in this work were compared with existing sequences in the GenBank using BLASTn considering for species identification an identity greater than or equal to 98% and deposited in GenBank.

Plastic degradation assay
For the 90 days plastic degradation assay, an LDPE film (6 µm thick, 6 g/m2) was cut into discs about 5.5 cm in diameter and sterilized at 121 ℃ for 20 min. After sterilization, the LDPE discs were inserted inside sterile Petri dishes 6 cm in diameter. Each disc was wetted with 300 µL of a liquid mineral salts media devoid of any carbon source as reported by Das and Kumar [39]. The prepared Petri dishes were than inoculated with a 0.6-cm-diameter plug of 15 days old colony and five replicates were made for each isolated species. One week after inoculation, the agar plug from each plate was removed and every 10 days 50 µL of mineral salt medium were administered to the colonies. At the end of the trials, the plates were open, and the LDPE disks were freeze-dried in a Virtis Benchtop 2K lyophilizer (SP Industries, Warminster, Pennsylvania) for further investigations.

SEM analyses
SEM microscopy was carried out in order to verify the adhesion and growth of the fungal hyphae and the degradation of the plastic substrate in comparison to an untreated (autoclaved but not inoculated) one. A small piece of LDPE disk of 1 cm2 of each species was washed and firstly fixed in 5% glutaraldehyde solution for 24 h at 4 ℃. Subsequently, 2 washes of 7 min each in 0.1 M phosphate buffer and a series of washes in ethanol at different percentage (2 washes of 7 min each at 20%, 30%, 50%, 75%, 90% and 100%) were done. All washes were made at 4 ℃ and under stirring. The prepared samples were stored in absolute ethanol (99.9%) and subsequently using liquid CO2 the supercritical dehydration of the samples was conducted.
Afterwards, the samples were placed on an aluminum stub (26 mm) and coated with gold in real time for 100 s using an ionic sputter (E-1010; Hitachi, Tokyo, Japan). Images analyses of coated samples were acquired by using a SEM (Philips 515; Philips, Amsterdam, The Netherlands), with an acceleration voltage of 20.0 kV.

ATR-FTIR spectroscopy
The spectra were acquired using a TENSOR 27 FTIR Bruker spectrophotometer (Bruker, Ettlingen, Germany), equipped with an ATR module provided with a micro-diamond crystal (Specac Quest ATR, Specac Ltd., Orpington, Kent, UK). Each spectrum was the result of an average of 32 scans from 4000 to 400 cm−1 with a resolution of 4 cm−1. Background spectra were also taken against air under the same conditions before each sample. In addition, all spectra were preprocessed with Grams/386 software (version 6.00, Galactic Industries Corporation, Salem, NH, USA) for baseline correction and subsequently normalized to set the baseline and shift the intensities of the spectra so that the minimum absorbance value was 0.

Raman and SERS spectroscopy
For normal Raman analyses, small fragments (3 × 3 mm) of treated and untreated LDPE films were washed with absolute ethanol and vortexed in order to remove the majority of the fungal mycelium present on the surface of the treated LDPE film and any other impurity present on the untreated film. After washing and drying, the samples were placed on a microscope slide glass and subsequently analyzed.
For SERS analyses, hydroxylamine silver NPs were prepared as described by Leopold and Lendl [69] by adding 10 mL of silver nitrate solution (10–2 M) to 90 mL of a hydroxylamine hydrochloride solution (1.67 × 10–3 M) containing 3.33 × 10–3 M sodium hydroxide. SERS samples were prepared by adding 5 µL of a concentrated silver NPs suspension (10% of the original volume) on the surface of the LDPE-washed films before analyses as previously reported by Puliga et al. [70].
All samples were analyzed under a 50 × objective long focal lens. The SERS spectra were obtained by using the portable Renishaw Raman Virsa™ spectrophotometer (Renishaw, Wotton-under-Edge, UK). The excitation laser at 532 nm was employed in all cases, and the laser power was set at 0.5 mW on the samples. All the spectra were obtained with an integration time of 10 s. The spectra were acquired using the Renishaw WiRE 5.5 program and processed with the SpectraGryph software. For each sample, three replicates were made.


Results
Fungal identification and plastic degradation assays
A total of 47 isolates divided into 10 genera belonging to Ascomycota and Mucoromycota were obtained from the field-collected plastic debris (Fig. 1). Of these, only 11 isolates were capable of growing on the LDPE substrate and therefore selected for further analyses. Molecular analyses showed that these isolates belonged to 9 species as reported in Table 1. These isolates were deposited in the CMI-Unibo culture collection at the University of Bologna and their ITS sequences were deposited in GenBank (Table 1).[image: ]
Fig.1Fungal genera identified in this work

Table 1Species and their accession number molecularly identified


	Species
	Isolate (CMI-Unibo)
	GenBank accession n°

	Cladosporium cladosporioides (Fresen.) G.A. de Vries
	Clc/1
	OP729904

	Clonostachys rosea (Link) Schroers, Samuels, Seifert & W. Gams
	Clr/1
	OP729905

	Clonostachys rosea (Link) Schroers, Samuels, Seifert & W. Gams
	Clr/2
	OP729906

	Fusarium sp.
	Fus/1
	OP729903

	Fusarium equiseti (Corda) Sacc.
	Fue/1
	OP729900

	Fusarium equiseti (Corda) Sacc.
	Fue/2
	OP729907

	Fusarium oxysporum Schltdl.
	Fuo/1
	OP729901

	Fusarium sp.
	Fus/2
	OP729910

	Linnemannia elongata (Linnem.) Vandepol & Bonito
	Moe/1
	OP729902

	Mucor fragilis Bainier
	Muf/1
	OP729908

	Purpureocillium lilacinum (Thom) Luangsa-ard, Houbraken, Hywel-Jones & Samson
	Pul/1
	OP729909





SEM and ATR-FTIR analyses
SEM observations were carried out on the 11 fungal isolates capable of growing on the LDPE film. All tested fungi were capable to adhere to the LDPE film but only C. cladosporioides (Clc/1) isolate was able to carry out an early degradation. SEM images of the LDPE film before and after Clc/1 growth are shown in Fig. 2. In particular, small cavities and depressed areas of circular shape are visible in the sample treated with the Clc/1 (Fig. 2b, c) with respect to the untreated LDPE film which is characterized by a smooth surface (Fig. 2a).[image: ]
Fig. 2SEM images of the LDPE film: a untreated and b, c treated with C. cladosporioides Clc/1 after 90 days mycelia growth


ATR-FTIR spectra shown in Fig. 3 were recorded on samples treated with Clc/1, the only isolate that produced clear evidence of plastic surface degradation after SEM observations.[image: ]
Fig. 3ATR-FTIR spectra of LPDE film (green line), LPDE treated (red line) and untreated (black line) with C. cladosporioides Clc/1 after 90 days of fungal growth


The characteristic absorption bands of the main functional groups were assigned on the basis of those reported by other authors [71–74].
Untreated LDPE film spectrum (Fig. 3, black line) showed two strong bands at around 2915 cm−1 and 2852 cm−1 due to the -CH2 asymmetric and symmetric stretching vibrations, respectively. The bands at 1471 cm−1 and 714 cm−1 corresponded to the − CH2 scissoring and rocking motions, respectively. Finally, the peak at around 1380 cm−1 is used to distinguish LDPE from HDPE [71].
In the spectrum of the treated LDPE (Fig. 3, red line), a significant decrease in the relative intensity of the bands at 2915, 2845, 1471, and 720 cm−1 can be seen, indicating an initial degradation of the methylene groups. The appearance of other bands in the spectrum, particularly that at 3263 cm−1, corresponding to the stretching of − OH groups, as well as the one at 1644 cm−1 due to amide I and H2O. Furthermore, the region between 1100 and 1030 cm−1 assigned to C–O–C, C–C, C–OH stretching groups of the pyranose ring might be related to the mycelium adhering to the LDPE film surface.
The Raman spectrum of samples treated with Clc/1 together with the untreated LDPE plastic sample is shown in Fig. 4a. These spectra are the average of different spectra registered on a surface of 20 × 20 microns.[image: ]
Fig. 4a Normal Raman with the difference spectrum (blue line) and b SERS spectra of the untreated LDPE film (control, black line) and treated LDPE film (red line) with C. cladosporioides Clc/1 after 90 days of fungal growth


Characteristic bands corresponding to the untreated LDPE film spectrum (Fig. 4a, black line) appear at 2878 cm−1 and 2844 cm−1 attributed to the -CH2 asymmetric and symmetric stretching vibrations [νas(CH2) and νs(CH2)], respectively. In addition, the intense band at 1430 cm−1 is assigned to the − CH2 scissoring [δs(CH2)], while that at 1286 cm−1 is associated with twisting CH2 vibrations [τ(CH2)]. Finally, the bands at 1124 and 1054 cm−1 are mainly attributed to C–C stretching vibrations [ν(C–C)], and are associated with ordered and disordered polymers chains, respectively [75]. The broad band appearing at 3395 cm−1 may indicate the presence of –OH groups derived from a possible spontaneous oxidation of PE chains.
The Raman spectrum of the treated sample (Fig. 4a, red line) displays a similar spectrum but with a slight change in the relative intensity of bands. The difference spectrum (untreated spectrum minus treated one) shown in Fig. 4a (blue line) reveals increasing intensities for the νs(CH2) at 2878 and the ν(C–C) at 1124 cm−1 in favor of the untreated sample. Moreover, the positive band at 1415 cm−1, attributed to crystalline PE [76], also suggests the existence of a more ordered structure in the untreated sample. The relative intensification of these two bands can be associated with a higher structural order in the untreated sample [77, 78].
Since the normal Raman spectra only shows slight changes in the LDPE sample upon the action of Clc/1, we have analyzed the same samples by SERS spectroscopy. Figure 4b shows the SERS spectra of the untreated (black line) and treated sample (red line).
The SERS spectrum of the untreated sample reveals interesting changes in relation with the normal spectrum (Fig. 4b). Although some weak features attributed to the LDPE can be still seen (1283, 1432, 2848 and 2878 cm−1), other bands appear at 990, 1050, 1602, 1632 and 2925 cm−1.
It is noticeable that the SERS effect enhances the oxidized species and other admixtures existing in LDPE. The concentration of these compounds is too low to be actually seen in normal Raman or ATR-FTIR; conversely, as a result of the SERS effect, their intensity is raised. Specifically, these bands reveal the presence of oxygenated compounds that include polyphenols, quinones, and other ones.
The SERS spectrum of the treated LDPE displayed a further enhancement of the bands. In particular, the intense band at 1345 and 1602 cm−1 are associated with polyphenol compounds, while the intense band at 2925 can be attributed to –OCH3 moieties.


Discussion
In this work, the isolation of different fungi from plastic residues collected in the fields and their ability to grow and colonize the LDPE were explored. Recently, several studies have been carried out highlighting the ability of different microorganisms to degrade some plastic polymers [26, 27]. Among these fungi are ubiquitous organisms that play a fundamental role in the decomposition of organic matter.
The structural modifications of the LDPE, as a consequence of their growth, were monitored by using conventional techniques such as SEM, ATR-FTIR and normal Raman as well as with an unconventional one which is SERS.
Isolation trials allow to obtain 47 isolates belonging to 10 genera, among which the most abundant were Penicillium (25%) and Fusarium (22%) followed by Mucor (10%) and Trichoderma (10%). These results are in line with those previously obtained by Spina et al. [79], where a small number of genera were found associated with plastic residues.
As reported by Lear et al. [26], the presence of PE in the soil leads to a shaping of a peculiar microbiome. In plastic-polluted soils, this implies a reduction in the fungal community with a dominance of a small number of species, mainly ascomycetes, as already observed by Raghavendra et al. [32].
Among all the 47 fungal isolates, 11 were able to grow and colonize the LDPE film, but only Clc/1 seems to be able to carry out an initial degradation of the LDPE substrate. Brunner et al. [38] showed that a strain of this species, isolated from plastic debris floating in the shoreline of a lake, was able to degrade polyurethane but not PE. Since our results are in contrast with those reported by Brunner and collaborators [38], we could hypothesize that the ability of C. cladosporioides to degrade LDPE is strain specific.
The degradative signs observed with the SEM are similar to those reported in the literature by Austin et al. [80]. Thanks to the production of non-specific enzymes, fungi are able to attack complex and recalcitrant xenobiotics such as plastics [51, 54]. Laccases, peroxidases, lipases, esterases and cutinases enzymes are involved in the depolymerization of the long carbon chains of plastic polymer into simpler and more degradable oligomers, dimers, and monomers [81]. Regarding the PE degradation, the main fungal enzymes involved in the degradation seem to be the ligninolytic laccases and peroxidases [82]. The ability of C. cladosporioides to produce laccases and peroxidase was previously investigated by other authors [83–86].
ATR-FTIR analysis carried out after 90 days of fungal growth supports the observed structural changes. The most significant modifications were observed in the methylene chains, as already found by other authors [39, 43, 79]. The decrease in the relative amount of these functional groups suggests that Clc/1 is capable of breaking the C–H bonds of the polymer chain.
Normal Raman spectra, in agreement with FT-IR, showed the alkyl chain modifications and, more specifically, exhibited a partial disorder of the polymer structure as a result of Clc/1 activity, probably due to the enzymatic action on the alkylic chains. SERS spectroscopy displayed more sensitivity in the analysis by detecting oxygenated compounds, including polyphenols, quinones and admixtures that are also present in the LDPE structure.

Conclusions
Plastic pollution is becoming one of the biggest and global problems which is far to be solved. Biodegradation of plastic polymers by microorganisms has been considered one of the most promising approaches for solving plastic pollution. The application of SEM, ATR-FTIR, normal Raman and SERS spectroscopies has shown different detection level of an early LDPE film degradation process by Clc/1 strain. Our study highlighted that normal Raman combined with SERS are promising spectroscopic techniques for a rapid screening and selection of the microorganisms for plastic biodegradation in the environment. The early plastic degradation of the isolated strain of C. cladosporioides (Clc/1) showed that it can contribute to plastic degradation if introduced in natural environment. Further study involving genome sequencing and transcriptome analyses of this strain will be necessary to better understand the Clc/1 enzymatic pathways. In particular, the identification of the enzymatic pattern responsible for plastic degradation can lead to their biosynthesis for future biotechnological application.

Acknowledgements
Not applicable.

Author contributions
Conceptualization, FP; methodology, FP, VZ, DB, DC and SSC; formal analysis, FP, VZ and SSC; investigation, FP, VZ, DC and DB; resources, AZ, OF and SSC; data curation, FP and VZ; writing—original draft preparation, FP; writing—review and editing, FP, VZ, AZ, OF and SSC; visualization, FP and DB; supervision, AZ, OF and SSC; funding acquisition, AZ, OF and SSC. All authors read and approved the final manuscript.

Funding
This work has been supported by funded by the European Union—NextGenerationEU. Project code CN_00000033, Concession Decree No. 1034 of 17 June 2022 adopted by the Italian Ministry of University and Research, CUP J33C22001190001, Project title “National Biodiversity Future Center—NBFC”; the Spanish Ministerio de Ciencia e Innovación, the European Union FEDER funds under PID2020-113900RB-I00/AEI/10.13039/501100011033 project and the Grant PON “Ricerca e Innovazione” 2014–2020, Ministero dell'Università e della Ricerca.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Gourmelon G. Global plastic production rises, recycling lags. Vital Signs. 2015;22:91.

	2.
Rhodes CJ. Plastic pollution and potential solutions. Sci Prog. 2018. https://​doi.​org/​10.​3184/​003685018X152948​76706211.CrossrefPubMed

	3.
Carus M, Dammer L, Raschka A, Skoczinski P. Renewable carbon: key to a sustainable and future-oriented chemical and plastic industry: definition, strategy, measures and potential. Greenh Gases Sci Technol. 2020. https://​doi.​org/​10.​1002/​ghg.​1992.Crossref

	4.
Plastics Europe AISBL. Plastics—the facts 2022. Brussel: 2022.

	5.
Windsor FM, Durance I, Horton AA, Thompson RC, Tyler CR, Ormerod SJ. A catchment-scale perspective of plastic pollution. Glob Chang Biol. 2019. https://​doi.​org/​10.​1111/​gcb.​14572.CrossrefPubMedPubMedCentral

	6.
Wang F, Gao J, Zhai W, Liu D, Zhou Z, Wang P. The influence of polyethylene microplastics on pesticide residue and degradation in the aquatic environment. J Hazard Mater. 2020. https://​doi.​org/​10.​1016/​j.​jhazmat.​2020.​122517.CrossrefPubMedPubMedCentral

	7.
Ragusa A, Svelato A, Santacroce C, Catalano P, Notarstefano V, Carnevali O, et al. Plasticenta: first evidence of microplastics in human placenta. Environ Int. 2021. https://​doi.​org/​10.​1016/​j.​envint.​2020.​106274.CrossrefPubMed

	8.
Yin CF, Xu Y, Zhou NY. Biodegradation of polyethylene mulching films by a co-culture of Acinetobacter sp. strain NyZ450 and Bacillus sp. strain NyZ451 isolated from Tenebrio molitor larvae. Int Biodeterior Biodegrad. 2020. https://​doi.​org/​10.​1016/​j.​ibiod.​2020.​105089.Crossref

	9.
Harshvardhan K, Jha B. Biodegradation of low-density polyethylene by marine bacteria from pelagic waters, Arabian Sea. India Mar Pollut Bull. 2013. https://​doi.​org/​10.​1016/​j.​marpolbul.​2013.​10.​025.CrossrefPubMed

	10.
Ragaert K, Delva L, Van Geem K. Mechanical and chemical recycling of solid plastic waste. Waste Manag. 2017. https://​doi.​org/​10.​1016/​j.​wasman.​2017.​07.​044.CrossrefPubMed

	11.
Jiang XJ, Liu W, Wang E, Zhou T, Xin P. Residual plastic mulch fragments effects on soil physical properties and water flow behavior in the Minqin Oasis, northwestern China. Soil Tillage Res. 2017. https://​doi.​org/​10.​1016/​j.​still.​2016.​10.​011.Crossref

	12.
Zhou LM, Li FM, Jin SL, Song Y. How two ridges and the furrow mulched with plastic film affect soil water, soil temperature and yield of maize on the semiarid loess plateau of China. F Crop Res. 2009. https://​doi.​org/​10.​1016/​j.​fcr.​2009.​04.​005.Crossref

	13.
Ashworth S, Harrison H. Evaluation of mulches for use in the home garden. HortScience. 1983;18:180.Crossref

	14.
Qin X, Li Y, Han Y, Hu Y, Li Y, Wen X, et al. Ridge-furrow mulching with black plastic film improves maize yield more than white plastic film in dry areas with adequate accumulated temperature. Agric For Meteorol. 2018. https://​doi.​org/​10.​1016/​j.​agrformet.​2018.​07.​018.Crossref

	15.
Martín-Closas L, Costa J, Pelacho AM. Agronomic effects of biodegradable films on crop and field environment. In: Malinconico M, editor. Soil Degrad Bioplastics a Sustain Mod Agric. Berlin: Springer, Berlin Heidelberg; 2017.

	16.
Ding F, Li S, Lü XT, Dijkstra FA, Schaeffer S, An T, et al. Opposite effects of nitrogen fertilization and plastic film mulching on crop N and P stoichiometry in a temperate agroecosystem. J Plant Ecol. 2019. https://​doi.​org/​10.​1093/​jpe/​rtz006.Crossref

	17.
Greer L, Dole JM. Aluminum foil, aluminium-painted, plastic, and degradable mulches increase yields and decrease insect-vectored viral diseases of vegetables. HortTechnology. 2003. https://​doi.​org/​10.​21273/​horttech.​13.​2.​0276.Crossref

	18.
Scalenghe R. Resource or waste? a perspective of plastics degradation in soil with a focus on end-of-life options. Heliyon. 2018. https://​doi.​org/​10.​1016/​j.​heliyon.​2018.​e00941.CrossrefPubMedPubMedCentral

	19.
Kumar R, Sharma P, Verma A, Jha PK, Singh P, Gupta PK, et al. Effect of physical characteristics and hydrodynamic conditions on transport and deposition of microplastics in riverine ecosystem. Water. 2021. https://​doi.​org/​10.​3390/​w13192710.Crossref

	20.
Roy PK, Hakkarainen M, Varma IK, Albertsson AC. Degradable polyethylene: fantasy or reality. Environ Sci Technol. 2011. https://​doi.​org/​10.​1021/​es104042f.CrossrefPubMed

	21.
Steinmetz Z, Wollmann C, Schaefer M, Buchmann C, David J, Tröger J, et al. Plastic mulching in agriculture trading short-term agronomic benefits for long-term soil degradation? Sci Total Environ. 2016. https://​doi.​org/​10.​1016/​j.​scitotenv.​2016.​01.​153.CrossrefPubMed

	22.
Law KL, Thompson RC. Microplastics in the seas. Science. 2014. https://​doi.​org/​10.​1002/​2014EF000240/​polymer.CrossrefPubMed

	23.
Liu M, Lu S, Song Y, Lei L, Hu J, Lv W, et al. Microplastic and mesoplastic pollution in farmland soils in suburbs of Shanghai. China Environ Pollut. 2018. https://​doi.​org/​10.​1016/​j.​envpol.​2018.​07.​051.CrossrefPubMed

	24.
Thompson RC, Olson Y, Mitchell RP, Davis A, Rowland SJ, John AWG, et al. Lost at sea: where Is all the plastic? Science. 2004. https://​doi.​org/​10.​1126/​science.​1094559.CrossrefPubMed

	25.
Zhang GS, Liu YF. The distribution of microplastics in soil aggregate fractions in southwestern China. Sci Total Environ. 2018. https://​doi.​org/​10.​1016/​j.​scitotenv.​2018.​06.​004.CrossrefPubMedPubMedCentral

	26.
Lear G, Kingsbury JM, Franchini S, Gambarini V, Maday SDM, Wallbank JA, et al. Plastics and the microbiome: impacts and solutions. Environ Microbiomes. 2021. https://​doi.​org/​10.​1186/​s40793-020-00371-w.Crossref

	27.
Shah AA, Hasan F, Hameed A, Ahmed S. Biological degradation of plastics: a comprehensive review. Biotechnol Adv. 2008. https://​doi.​org/​10.​1016/​j.​biotechadv.​2007.​12.​005.CrossrefPubMed

	28.
Sumathi T, Viswanath B, Sri Lakshmi A, Saigopal DVR. Production of laccase by Cochliobolus sp. isolated from plastic dumped soils and their ability to degrade low molecular weight PVC. Biochem Res Int. 2016. https://​doi.​org/​10.​1155/​2016/​9519527.CrossrefPubMedPubMedCentral

	29.
Rhodes CJ. Mycoremediation (bioremediation with fungi) - growing mushrooms to clean the earth. Chem Speciat Bioavailab. 2014. https://​doi.​org/​10.​3184/​095422914X140474​07349335.Crossref

	30.
Ameen F, Moslem M, Hadi S, Al-Sabri AE. Biodegradation of low density polyethylene (LDPE) by mangrove fungi from the red sea coast. Prog Rubber, Plast Recycl Technol. 2015. https://​doi.​org/​10.​1177/​1477760615031002​04.Crossref

	31.
Balasubramanian V, Natarajan K, Rajeshkannan V, Perumal P. Enhancement of in vitro high-density polyethylene (HDPE) degradation by physical, chemical, and biological treatments. Environ Sci Pollut Res. 2014. https://​doi.​org/​10.​1007/​s11356-014-3191-2.Crossref

	32.
Raghavendra VB, Uzma M, Govindappa M, Vasantha RA, Lokesh S. Screening and identification of polyurethane (PU) and low density polyethylene (LDPE) degrading soil fungi isolated from municipal solid waste. Int J Curr Res. 2016;8:34753.

	33.
Sakhalkar S, Mishra RL (2013) Screening and identification of soil fungi with potential of plastic degrading ability. Indian J Appl Res 3:62–64.

	34.
Sangale MK, Shahnawaz M, Ade AB. Potential of fungi isolated from the dumping sites mangrove rhizosphere soil to degrade polythene. Sci Rep. 2019. https://​doi.​org/​10.​1038/​s41598-019-41448-y.CrossrefPubMedPubMedCentral

	35.
Sindujaa P, Padmapriya M, Pramila R, Ramesh KV. Bio-degradation of low density polyethylene (LDPE) by fungi isolated from marine water. Res J Biol Sci. 2011;6:141.

	36.
Singh J, Gupta KC. Screening and identification of low density polyethylene (LDPE) degrading soil fungi isolated from polythene polluted sites around Gwalior city (MP). Int J Curr Microbiol Appl Sci. 2014;3:443.

	37.
Zahra S, Abbas SS, Mahsa MT, Mohsen N. Biodegradation of low-density polyethylene (LDPE) by isolated fungi in solid waste medium. Waste Manag. 2010. https://​doi.​org/​10.​1016/​j.​wasman.​2009.​09.​027.CrossrefPubMed

	38.
Brunner I, Fischer M, Rüthi J, Stierli B, Frey B. Ability of fungi isolated from plastic debris floating in the shoreline of a lake to degrade plastics. PLoS ONE. 2018. https://​doi.​org/​10.​1371/​journal.​pone.​0202047.CrossrefPubMedPubMedCentral

	39.
Das MP, Kumar S. Microbial deterioration of low density polyethylene by Aspergillus and Fusarium sp. Int J ChemTech Res. 2014;6:299.

	40.
Deepika S, Jaya MR. Biodegradation of low density polyethylene by microorganisms from garbage soil. J Exp Biol Agric Sci. 2015;3:1.

	41.
Esmaeili A, Pourbabaee AA, Alikhani HA, Shabani F, Esmaeili E. Biodegradation of low-density polyethylene (LDPE) by mixed culture of Lysinibacillus xylanilyticus and Aspergillus niger in soil. PLoS ONE. 2013. https://​doi.​org/​10.​1371/​journal.​pone.​0071720.CrossrefPubMedPubMedCentral

	42.
Khan S, Nadir S, Shah ZU, Shah AA, Karunarathna SC, Xu J, et al. Biodegradation of polyester polyurethane by Aspergillus tubingensis. Environ Pollut. 2017. https://​doi.​org/​10.​1016/​j.​envpol.​2017.​03.​012.CrossrefPubMed

	43.
Muhonja CN, Makonde H, Magoma G, Imbuga M. Biodegradability of polyethylene by bacteria and fungi from dandora dumpsite Nairobi-Kenya. PLoS ONE. 2018. https://​doi.​org/​10.​1371/​journal.​pone.​0198446.CrossrefPubMedPubMedCentral

	44.
Munir E, Harefa RSM, Priyani N, Suryanto D. Plastic degrading fungi Trichoderma viride and Aspergillus nomius isolated from local landfill soil in Medan. IOP Conf Ser Earth Environ Sci. 2018. https://​doi.​org/​10.​1088/​1755-1315/​126/​1/​012145.Crossref

	45.
Raaman N, Rajitha N, Jayshree A, Jegadeesh R. Biodegradation of plastic by Aspergillus spp. isolated from polythene polluted sites around Chennai. J Acad Ind Res. 2012;1:6.

	46.
Ronkvist ÅM, Xie W, Lu W, Gross RA. Cutinase-catalyzed hydrolysis of poly(ethylene terephthalate). Macromolecules. 2009. https://​doi.​org/​10.​1021/​ma9005318.Crossref

	47.
Tachibana K, Hashimoto K, Yoshikawa M, Okawa H. Isolation and characterization of microorganisms degrading nylon 4 in the composted soil. Polym Degrad Stab. 2010. https://​doi.​org/​10.​1016/​j.​polymdegradstab.​2010.​03.​031.Crossref

	48.
Liebminger S, Eberl A, Sousa F, Heumann S, Fischer-Colbrie G, Cavaco-Paulo A, et al. Hydrolysis of PET and bis-(benzoyloxyethyl) terephthalate with a new polyesterase from Penicillium citrinum. Biocatal Biotransformation. 2007. https://​doi.​org/​10.​1080/​1024242070137973​4.Crossref

	49.
Ojha N, Pradhan N, Singh S, Barla A, Shrivastava A, Khatua P, et al. Evaluation of HDPE and LDPE degradation by fungus, implemented by statistical optimization. Sci Rep. 2017. https://​doi.​org/​10.​1038/​srep39515.CrossrefPubMedPubMedCentral

	50.
Sepperumal U, Markandan M, Palraja I. Micromorphological and chemical changes during biodegradation of polyethylene terephthalate (PET) by micromorphological and chemical changes during biodegradation of polyethylene terephthalate (PET) by Penicillium sp. J Microbiol Biotechnol Res Sch Res Libr J Microbiol Biotech Res. 2013;3:47.

	51.
da Luz JMR, da Silva MDCS, dos Santos LF, Kasuya MCM. Plastics polymers degradation by fungi. In: Blumenberg M, Shaabam M, Elgaml A, editors. Microorganisms. London, UK: IntechOpen; 2019. p. 261–70.

	52.
Perera TWNK, Attanayake RN, Paranagama PA. 2020. Polyethylene degradation capability of Schizophyllum commune. Proc. 1st Int. Conf. Front. Chem. Technol., Colombo, Sri Lanka: Institute of Chemistry Ceylon. 2020;17.

	53.
Santacruz-Juárez E, Buendia-Corona RE, Ramírez RE, Sánchez C. Fungal enzymes for the degradation of polyethylene: molecular docking simulation and biodegradation pathway proposal. J Hazard Mater. 2021. https://​doi.​org/​10.​1016/​j.​jhazmat.​2021.​125118.CrossrefPubMed

	54.
Sánchez C. Fungal potential for the degradation of petroleum-based polymers: an overview of macro- and microplastics biodegradation. Biotechnol Adv. 2020. https://​doi.​org/​10.​1016/​j.​biotechadv.​2019.​107501.CrossrefPubMed

	55.
Restrepo-Flórez JM, Bassi A, Thompson MR. Microbial degradation and deterioration of polyethylene—a review. Int Biodeterior Biodegrad. 2014. https://​doi.​org/​10.​1016/​j.​ibiod.​2013.​12.​014.Crossref

	56.
Rocha-Santos T, Duarte AC. A critical overview of the analytical approaches to the occurrence, the fate and the behavior of microplastics in the environment. TrAC—Trends Anal Chem. 2015. https://​doi.​org/​10.​1016/​j.​trac.​2014.​10.​011.Crossref

	57.
Mariano S, Tacconi S, Fidaleo M, Rossi M, Dini L. Micro and nanoplastics identification: classic methods and innovative detection techniques. Front Toxicol. 2021. https://​doi.​org/​10.​3389/​ftox.​2021.​636640.CrossrefPubMedPubMedCentral

	58.
Wang Y, Yan B, Chen L. SERS tags: novel optical nanoprobes for bioanalysis. Chem Rev. 2013. https://​doi.​org/​10.​1021/​cr300120g.CrossrefPubMedPubMedCentral

	59.
Pang S, Yang T, He L. Review of surface enhanced Raman spectroscopic (SERS) detection of synthetic chemical pesticides. TrAC—Trends Anal Chem. 2016. https://​doi.​org/​10.​1016/​j.​trac.​2016.​06.​017.Crossref

	60.
Mikac L, Rigó I, Himics L, Tolić A, Ivanda M, Veres M. Surface-enhanced Raman spectroscopy for the detection of microplastics. Appl Surf Sci. 2023. https://​doi.​org/​10.​1016/​j.​apsusc.​2022.​155239.Crossref

	61.
Aroca RF. Plasmon enhanced spectroscopy. Phys Chem Chem Phys. 2013. https://​doi.​org/​10.​1039/​c3cp44103b.CrossrefPubMed

	62.
Le Ru EC, Etchegoin PG. Principles of Surface enhanced Raman spectroscopy (and related plasmonic effects). Amsterdam, the Netherlands: Elsevier; 2009.

	63.
Moskovits M. Surface-enhanced spectroscopy. Rev Mod Phys. 1985. https://​doi.​org/​10.​1103/​RevModPhys.​57.​783.Crossref

	64.
Langer J, de Aberasturi DJ, Aizpurua J, Alvarez-Puebla RA, Auguié B, Baumberg JJ, et al. Present and future of surface-enhanced raman scattering. ACS Nano. 2020. https://​doi.​org/​10.​1021/​acsnano.​9b04224.CrossrefPubMedPubMedCentral

	65.
von Arx JA. The genera of fungi sporulating in pure culture. Lehere, Germany: Verlag von J. Cramer; 1970.

	66.
Gardes M, Bruns TD. ITS primers with enhanced specificity for basidiomycetes—application to the identification of mycorrhizae and rusts. Mol Ecol. 1993. https://​doi.​org/​10.​1111/​j.​1365-294X.​1993.​tb00005.​x.CrossrefPubMed

	67.
White TJ, Bruns T, Lee S, Taylor JL. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics. In: Protoc PCR, editor. Innis MA, Gelfand DH, Sninsky JJ, White TJ. A Guid to Methods Appl, San Diego: Academic Press; 1990. p. 315–22. https://​doi.​org/​10.​1016/​b978-0-12-372180-8.​50042-1.Crossref

	68.
Iotti M, Zambonelli A. A quick and precise technique for identifying ectomycorrhizas by PCR. Mycol Res. 2006. https://​doi.​org/​10.​1016/​j.​mycres.​2005.​09.​010.CrossrefPubMed

	69.
Leopold N, Lendl B. A new method for fast preparation of highly surface-enhanced raman scattering (SERS) active silver colloids at room temperature by reduction of silver nitrate with hydroxylamine hydrochloride. J Phys Chem B. 2003. https://​doi.​org/​10.​1021/​jp027460u.Crossref

	70.
Puliga F, Zuffi V, Zambonelli A, Francioso O, Cortes SS. Spectroscopic analysis of mushrooms by surface-enhanced raman scattering ( SERS ). Chem Biol Technol Agric. 2022. https://​doi.​org/​10.​1186/​s40538-022-00367-3.Crossref

	71.
Jung MR, Horgen FD, Orski SV, Rodriguez CV, Beers KL, Balazs GH, et al. Validation of ATR FT-IR to identify polymers of plastic marine debris, including those ingested by marine organisms. Mar Pollut Bull. 2018. https://​doi.​org/​10.​1016/​j.​marpolbul.​2017.​12.​061.CrossrefPubMed

	72.
Rajandas H, Parimannan S, Sathasivam K, Ravichandran M, Su YL. A novel FTIR-ATR spectroscopy based technique for the estimation of low-density polyethylene biodegradation. Polym Test. 2012. https://​doi.​org/​10.​1016/​j.​polymertesting.​2012.​07.​015.Crossref

	73.
Gulmine JV, Janissek PR, Heise HM, Akcelrud L. Polyethylene characterization by FTIR. Polym Test. 2002. https://​doi.​org/​10.​1016/​S0142-9418(01)00124-6.Crossref

	74.
Sato H, Shimoyama M, Kamiya T, Amari T, Aic S, Ninomiya T, et al. Raman spectra of high-density, low-density, and linear low-density polyethylene pellets and prediction of their physical properties by multivariate data analysis. J Appl Polym Sci. 2002. https://​doi.​org/​10.​1002/​app.​10999.Crossref

	75.
Kubackova J, Izquierdo-Lorenzo I, Jancura D, Miskovsky P, Sanchez-Cortes S. Adsorption of linear aliphatic α, ω-dithiols on plasmonic metal nanoparticles: a structural study based on surface-enhanced Raman spectra. Phys Chem Chem Phys. 2014. https://​doi.​org/​10.​1039/​c4cp00424h.CrossrefPubMed

	76.
Fischer J, Wallner GM, Pieber A. Spectroscopical investigation of ski base materials. Macromol Symp. 2008. https://​doi.​org/​10.​1002/​masy.​200850504.Crossref

	77.
Wong PTT, Mantsch HH. Effects of hydrostatic pressure on the molecular structure and endothermic phase transitions of phosphatidylcholine bilayers: a Raman scattering study. Biochemistry. 1985. https://​doi.​org/​10.​1021/​bi00336a043.CrossrefPubMed

	78.
Snyder RG, Hsu SL, Krimm S. Vibrational spectra in the CH stretching region and the structure of the polymethylene chain. Spectrochim Acta Part A Mol Spectrosc. 1978. https://​doi.​org/​10.​1016/​0584-8539(78)80167-6.Crossref

	79.
Spina F, Tummino ML, Poli A, Prigione V, Ilieva V, Cocconcelli P, et al. Low density polyethylene degradation by filamentous fungi. Environ Pollut. 2021. https://​doi.​org/​10.​1016/​j.​envpol.​2021.​116548.CrossrefPubMed

	80.
Austin HP, Allen MD, Donohoe BS, Rorrer NA, Kearns FL, Silveira RL, et al. Characterization and engineering of a plastic-degrading aromatic polyesterase. Proc Natl Acad Sci U S A. 2018. https://​doi.​org/​10.​1073/​pnas.​1718804115.CrossrefPubMedPubMedCentral

	81.
Amobonye A, Bhagwat P, Singh S, Pillai S. Plastic biodegradation: frontline microbes and their enzymes. Sci Total Environ. 2021. https://​doi.​org/​10.​1016/​j.​scitotenv.​2020.​143536.CrossrefPubMed

	82.
Temporiti MEE, Nicola L, Nielsen E, Tosi S. Fungal enzymes involved in plastics biodegradation. Microorganisms. 2022. https://​doi.​org/​10.​3390/​microorganisms10​061180.CrossrefPubMedPubMedCentral

	83.
Aslam MS, Aishy A, Samra ZQ, Gull I, Athar MA. Identification, purification and characterization of a novel extracellular laccase from Cladosporium cladosporioides. Biotechnol Biotechnol Equip. 2012. https://​doi.​org/​10.​5504/​bbeq.​2012.​0107.Crossref

	84.
Bonugli-Santos RC, Durrant LR, da Silva M, Sette LD. Production of laccase, manganese peroxidase and lignin peroxidase by Brazilian marine-derived fungi. Enzyme Microb Technol. 2010. https://​doi.​org/​10.​1016/​j.​enzmictec.​2009.​07.​014.Crossref

	85.
Chinaglia S, Chiarelli LR, Maggi M, Rodolfi M, Valentini G, Picco AM. Biochemistry of lipolytic enzymes secreted by Penicillium solitum and Cladosporium cladosporioides. Biosci Biotechnol Biochem. 2014. https://​doi.​org/​10.​1080/​09168451.​2014.​882752.CrossrefPubMed

	86.
Halaburgi VM, Sharma S, Sinha M, Singh TP, Karegoudar TB. Purification and characterization of a thermostable laccase from the ascomycetes Cladosporium cladosporioides and its applications. Process Biochem. 2011. https://​doi.​org/​10.​1016/​j.​procbio.​2011.​02.​002.Crossref



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/40538_2023_419_Fig1_HTML.png
= Fusarium

u Penicill ium

u Aspergil lus

= Mucor

w Purpureocillium (syn. Paecilomyces)
w Cladosporium

u Clonostachys

u Alternaria

u Trichoderma

m Mortierella






OEBPS/images/40538_2023_419_Fig4_HTML.png
g
£
]

SERS intensity

5000

4500

4000

3500

3000

2500

2000

1500

1000

500

1054
— 1124
-
. 2878
3395
3560
)

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4
Wavenumbers [cm ]

S

00

2925
o

2400
2300
2200
2100
2000
1900
1800
1700
1600
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300
200
100

+«— 28
%H‘%
a

1400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400
Wavenumbers [can ' ]





OEBPS/navigation.xhtml

    
      Contents


      
        		Cladosporium cladosporioides (strain Clc/1): a candidate for low-density polyethylene degradation


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/40538_2023_419_Article_TeX_IEq1.png





OEBPS/images/40538_2023_419_Fig2_HTML.jpg





OEBPS/images/40538_2023_419_Fig3_HTML.png
Absorbance Units

2915
+ 2852

1072

LPDE

3363,

« 3263

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)





OEBPS/images/40538_2023_419_Figa_HTML.png
Mechanical +
environmental
factors

Plastic
residues

Fungal
community

LDPE
mulching
films

Fungal isolation

Spectroscopic analyses

H
it
¥

Absorbance Units

Wavenumber (emv’)






OEBPS/css/sidebar.gif





