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A B S T R A C T   

The environmental biodegradability profile of graphene related materials (GRMs) is important to know in order 
to predict whether these materials will accumulate in soil or will be transformed by primary decomposers. In this 
study, few-layer graphene (FLG) was exposed to living and devitalized axenic cultures of two white-rot basid
iomycetes (Bjerkandera adusta and Phanerochaete chrysosporium) and one soil saprotrophic ascomycete (Morchella 
esculenta) with or without lignin, for a period of four months. Over this time, the increase of fungal biomass and 
presence of H2O2 and oxidizing enzymes [laccase/peroxidase and lignin peroxidase (LiP)] in growth media was 
assessed by gravimetric and spectrophotometric measurements, respectively. Raman spectroscopy and trans
mission electron microscopy (TEM) were used to compare the structure of FLG before and after incubation. All of 
the test fungi decreased pH in growth media and released H2O2 and laccase/peroxidase, but only basidiomycetes 
released LiP. Independent of growth media composition all fungi were found to be capable to oxidize FLG to a 
graphene oxide-like material, including M. esculenta, which released only laccase/peroxidase, i.e. the most 
common enzymes among primary decomposers. These findings suggest that FLG involuntarily released into 
terrestrial environments would likely be oxidized by soil microflora.   

1. Introduction 

Graphene is considered to be one of the ground-breaking materials of 
the future thanks to its extraordinary chemical and physical properties, 
making it suitable for numerous applications, including optoelectronics, 
automotive, medical, energy storage and mobile communications 
(Novoselov et al., 2012). Since its isolation in 2004 (Novoselov et al., 
2004), the number of patented applications and technologies have 
increased exponentially over time and fruits of the research are now 
becoming ubiquitous in society; a few examples include sports equip
ment, ear pods, phone dissipators, bicycle tyres and brake pads, asphalts 
for road paving, and many more (for a list see www.graphene-info.com). 
Singularly, these objects only contain a small amount of graphene and 

graphene related materials (GRMs) which may inadvertently be released 
into the environment during the production, use or discharge processes. 
However, some applications involve deliberate release of GRMs for 
specific aims, such as pest-control (An et al., 2017; Liu et al., 2017; 
Miraftab and Xiao, 2019; Wang et al., 2019) or delivery of drugs and 
fertilizers (An et al., 2017; Kabiri et al., 2017; Andelkovic et al., 2018) in 
crops. Unfortunately, the environmental fate of graphene and GRMs is 
still largely unknown, because only chemical-physical degradative 
processes by abiotic means have been investigated to date (Huh et al., 
2011; Radich et al., 2014). 

The role of organism-mediated degradation processes on the envi
ronmental fate of these materials have largely been ignored (Fadeel 
et al., 2018). In terrestrial habitats, dead organic matter is progressively 
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mineralized for use as an energy source into carbon and other nutrients 
by primary decomposers such as bacteria and fungi. Fungi have gener
ally been described as the most efficient decomposers, because they use 
hyphae to penetrate the substrate, while bacteria are restricted to 
growing and feeding on exposed surfaces of organic matter. In addition, 
some fungi are known to degrade macromolecules recalcitrant to the 
attack of bacteria (Boonchan et al., 2000). 

A specialized group of wood-degrading basidiomycetes (so-called 
“white rots”) is capable of degrading lignin which is one of the most 
abundant, highly heterogeneous and recalcitrant biopolymers in nature. 
To break down lignin, fungal mycelia produce and release a complex 
exudate of a plurality of oxidative enzymes (e.g. lignin-, Mn-dependent-, 
versatile-peroxidases etc.), their substrates (e.g⋅H2O2, veratryl alcohol 
etc.) and biosurfactants (Ostrem Loss and Yu, 2018). The catalytic cycle 
of these enzymes generates highly oxidizing radical species, which can 
oxidize non-phenolic (LiP) or phenolic (MnP) compounds of lignin, thus 
fragmenting it (Ten Have and Teunissen, 2001). Moreover, the presence 
of lignin fragments appears to stimulate even further production and 
release of the aforementioned exudates (Rogalski et al., 1991). Bio
surfactants enhance the process by decreasing surface and interfacial 
tension forces of degraded molecule fragments making them more hy
drophilic and thus, bioavailable (Volkering et al., 1995). 

This capability was exploited in the past to develop technologies for 
the removal of persistent pollutants from the environment but also for 
industrial purposes. In fact, these fungi can successfully degrade xeno
biotic molecules (Pinedo-Rivilla et al., 2009). For example, some 
white-rot fungi (as do numerous bacteria) can degrade a variety of 
organic pollutants, from the less persistent polycyclic aromatic hydro
carbons (i.e. benzo-a-pyrene) (Ostrem Loss and Yu, 2018) to highly 
persistent organo-halogenated compounds such as PCBs, dioxins and 
furans (Mori and Kondo, 2002; Stella et al., 2017). White rots and other 
basidiomycetes were thus used for bioremediation of industrial waste
waters and contaminated soils (Robinson and Nigam, 2008; Faraco 
et al., 2009; Fan et al., 2013). Examples of possible industrial applica
tions for white rots degradative process were the “bleaching” of wood 
pulp for the paper industry (Kondo et al., 1994) and the solubilisation of 
hard and low-rank coal in order to obtain water soluble low-molecular 
weight polymers with added value for further industrial processes 
(Hofrichter et al., 1997; Catcheside and Ralph, 1999). The studies on 
coals showed that white-rots were able to cleave and transform coal 
seams thanks to the mechanical action of hyphae and to the enzymes 
they use to degrade dead organic material, particularly LiP and MnP, 
respectively (Catcheside and Ralph, 1999). 

For these reasons white-rots (together with other saprotrophic fungi) 
may be the best candidates to study the degradation of GRMs, or at least 
for their transformation into chemical species more vulnerable to a wide 
range of primary decomposers, such as less aggressive fungi and bac
teria. The only few studies available on this topic tested the degradative 
capabilities of the white-rots and their purified lignin peroxidase (LiP) 
on already oxidized carbon nanomaterials (Chen et al., 2017; Yang et al., 
2019). Oxidized forms of graphene, such as graphene oxide (GO) and 
reduced GO, possess defects on their lattice making them more prone to 
be oxidized by degradative extracellular enzymes, such as peroxidases 
(Kotchey et al., 2012). By comparison, graphene and few-layer graphene 
(FLG) are made of almost 100% carbon atoms organized in a regular 
two-dimensional honeycomb structure (Geim, 2009) and should there
fore be more resistant to radicals produced by the fungal extracellular 
enzymes. Hence, the aim of this work was to test the capability of 
white-rots basidiomycetes and saprotrophic ascomycetes in the 
biodegradation of FLG. For this purpose, the basidiomycetes Bjerkandera 
adusta and Phanerochaete chrysosporium, and the ascomycete Morchella 
esculenta were selected for (i) well-known degradative capabilities, even 
towards recalcitrant xenobiotic molecules, (ii) production and release of 
different pools of degradative enzymes (Tuor et al., 1995; Gramss et al., 
1999), and (iii) because are representative of wood- or litter degrading 
organisms. To test if these fungi are able to degrade FLG, they were 

grown for up to four months in liquid cultures enriched with FLG, which 
was analysed by Raman and transmission electron microscopy (TEM) at 
the end of the incubation period. 

2. Materials and methods 

2.1. FLG preparation and characterization 

FLG was prepared by the ball milling treatment described by 
González-Domínguez and coauthors (Gonzáles-Domínguez et al., 2018) 
starting from a mixture of graphite (7.5 mg of SP-1 graphite powder, Bay 
Carbon, USA), and melamine (22.5 mg of 1,3,5-triazine-2,4,6-triamine, 
Sigma-Aldrich, D). The resulting solid mixture was suspended in water 
and melamine was washed away by dialyzing against water. The liquid 
fraction with stable sheets in suspension (FLG) was lyophilized and 
when required, the material was re-suspended in water to a final con
centration of 100 µg mL-1. FLG powders were characterized by ther
mogravimetric analysis (TGA) with a TGA Q50 (TA Instruments, USA) at 
10 ◦C per minute under atmospheric nitrogen, from 100 ◦C to 800 ◦C. An 
aliquot of the FLG suspension was drop-casted onto a Si wafer, dried on a 
hot plate and analysed with an inVia Raman Microscope (Renishaw, UK) 
at 532 nm with a 100 × objective and an incident power of 1% (1 mW 
µm-2). Quantitative analyses of C, H, N and O was carried out with a 
LECO CHNS-932 (LECO Corporation, USA) elemental analyser. Seven µL 
of the FLG suspension was cast onto nickel grids (3 mm, 200 mesh), 
dried under vacuum and observed with a high-resolution TEM at an 
accelerating voltage of 200 kV. Images were analysed with Fiji software 
to calculate the lateral size distribution. 

2.2. Fungi cultures and growth 

Axenic strains of the white-rot fungi basidiomycetes Bjerkandera 
adusta (Willd.) P. Karst. (strain nr. CBS 595.78) and Phanerochaete 
chrysosporium (Fr.) P. Karst. (CBS 246.84), and the soil ascomycete 
Morchella esculenta (L.) Pers. (CBS 172.73) were purchased from West
erdijk Fungal Biodiversity Institute (Utrecht, NL). The fungi were sub- 
cultured in Microbox Junior 40 vessels (Duchefa Biochemie, NL) filled 
with 20 g of solid malt extract agarose medium comprised of 30 g L-1 

malt extract; 5 g L-1 peptone from meat; 15 g L-1 agar and grown under 
dim light conditions (c. 18 µmol photons m-2 s-1) using a cycle of 14/10 
hrs of light/darkness at 20 ◦C until the development of abundant 
biomass. 

2.3. Fungal growth with FLG 

A preliminary experiment was carried out to assess whether the 
presence of FLG in culture media had a negative effect on growth of the 
test fungal species. Fungal biomass was harvested from solid cultures 
(described in Section 2.2) weighed, re-suspended in liquid malt extract 
glucose medium (MEG) (Muzikář et al., 2011) to a concentration of 50 
mg mL-1 (fresh weight) and homogenised with a Tissue Grinder (VWR, 
U.S.A.). Aliquots of 200 µL were inoculated into sterile Erlenmeyer’s 
flasks filled with 10 mL of MEG enriched with 0, 12.5, and 50 µg mL-1 of 
FLG. Cultures were kept in the dark at 20 ◦C for 1 (T1), 2 (T2) and 4 (T3) 
months. Each culture condition for each time point (T1–3) was prepared 
in triplicate. Cultures were periodically refilled with pure or 
lignin-enriched MEG to compensate for water evaporation and nutrient 
depletion for the duration of the trial. 

2.4. Degradation experiment 

To assess the capability of test fungi to degrade FLG, 200 µL of ho
mogenized fungal suspensions were inoculated into sterile 25 mL 
Erlenmayer’s flasks filled with 10 mL of pure MEG (control cultures; 
Ctrl) and in MEG enriched with FLG, colloidal lignin or both (FLG and/ 
or lignin-enriched cultures: respectively, F, L, F+L) to a concentration of 
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25 µg mL-1; colloidal lignin was prepared as per Kurek et al. (1990). In 
order to determine whether the presence of biological materials (i.e. 
cell-wall and cytoplasmic components released by the dead cells) and/or 
growth media compounds contribute to modify FLG on their own, two 
additional sets of flasks containing FLG-enriched MEG were prepared: 
one was not inoculated (NI) and the other was inoculated (one flask per 
species) with dead mycelia (DM; devitalized in an autoclave). Control, 
FLG- and/or lignin-enriched cultures were prepared in triplicate and 
grown under the same conditions described in Section 2.3. 

2.5. Assessment of FLG transformation/degradation by fungi 

120 µL of FLG-enriched MEG was sampled at T0 (i.e. prior to inoc
ulation) and at T3 from treated, NI and DM cultures. Sampled aliquots 
were treated with three-step sequential washings (1: SDS 30 g L-1; 2: HCl 
1 M; 3: 100% ethanol) following Yang et al. (2019) to free FLG from 
remaining mycelium. At each step, FLG was separated from the washing 
solution by vacuum-filtration over a 0.025 µm mesh MF-Millipore fil
ter-membrane (diam. 2.5 cm, Merck, D). FLG was recovered by soaking 
the filter-membrane in 1 mL of Milli-Q H2O, and then sonicating the 
membrane for 5 mins. Prior to the experiments, the possible effect of this 
washing process on FLG was tested using Raman spectroscopy. No 
changes in the Raman spectrum of FLG were detected. Two aliquots of 
30 and 7 µL were collected and drop-casted onto Polysine glass slides 
(Thermo-Scientific, U.S.A.; n = 3) and Pure Carbon grids (3 mm, 200 
mesh; n = 3), respectively. Glass slides and TEM grids were dried over 
silica gel for 48 h and then analysed as follows. Raman analysis was 
carried out with an inVia Raman Microscope (Renishaw, UK) focussing 
on between 6 and 30 FLG flakes at 532 nm with a 50 × objective and an 
incident power of 1% (1 mW µm-2). TEM observations were made with a 
Philips EM208 electron microscope (Philips, N) operating at 100 kV and 
equipped with a Quemesa EMSIS camera (EMSIS, D). 

2.6. Peroxidase/laccase and LiP activity assessment 

2 mL of control (T0) and FLG enriched MEG were next filtered with a 
syringe filtered-tip (0.2 µm). The control sample was used to detect 
baseline activity of generic peroxidases/laccases and lignin peroxidases 
(LiP) in growth media using colorimetric methods, by providing the 
enzyme-specific primary substrate, i.e. 2,2-azinobis-(3-ethylbenzothia
zoline-6-sulfonate) (ABTS), veratryl alcohol (VA), and H2O2 as appro
priate. The activity of generic peroxidase/laccase was detected 
following the enzyme-dependent production of ABTS cationic radical 
(ABTS•+)(Bach et al., 2013) by adding 168 µL of ABTS (84 mM) and 0.4 
µL of H2O2 (210 mM) [Note: the addition of H2O2 was only necessary for 
B. adusta and P. chrysosporium cultures] to 832 µL of filtered MEG. 
Similarly, the presence of LiP was detected by measuring the production 
of veratraldehyde which is a by-product of LiP activity derived by VA 
oxidation (Tien and Kirk, 1988). For this assay, 5.6 µL of VA (1.5 M) and 
0.4 µL of H2O2 (210 mM) were added to 996 µL of filtered MEG. The 
absorbance change due to the accumulation of ABTS•+ and vera
traldehyde was followed over an incubation period of 45 mins, at 734 
and 310 nm respectively with a Jenway 7315 UV/VIS spectrophotom
eter (Bibby Scientific, UK). When the enzymatic assays provided nega
tive results, spectrophotometric measurements were repeated after 24 
hr. The absorbance values of both enzymatic assays were referred to that 
of blank samples prepared without the addition of H2O2. 

2.7. pH and H2O2 content in growth media 

At the completion of the experiment, when all fungal cultures had 
reached the stationary growth phase, the remaining growth medium of 
control and FLG- and/or lignin-enriched cultures was divided into two 
aliquots of ~3 and 0.5 mL. The first aliquot was used to measure pH 
using a Crison Basic pH-meter (Crison, S). The second aliquot was 
filtered (as explained previously) with a syringe filtered-tip (0.2 µm), 

diluted 1:1 with pure chloroform, vortexed and centrifuged for 1 min at 
350 × g to remove protein and enzymes which might cause H2O2 
depletion over time. Supernatant was then recovered and H2O2 content 
was quantified colorimetrically using the Amplex Red® kit (Life Tech
nologies, USA). Absorbance change was monitored at 560 nm with a 
microplate reader BioTek ELx808 (Biotek instruments, USA). H2O2 
concentration was evaluated using a calibration curve constructed over 
a 0.625–50 µM range. Quality of measurements was evaluated by the 
analysis of control samples with a known amount of H2O2. 

2.8. Growth dynamic 

The biomass increase of fungal cultures was gravimetrically moni
tored from T1-T3 during both the preliminary and degradation experi
ments. Bulk mycelium was separated from the remaining medium using 
tweezers. Very small fragments or conidia were subsequently collected 
after centrifuging (2 min at 9000 × g). The remaining supernatant was 
discarded, and biomass recovered by centrifugation was then pooled 
with the bulk mycelium in pre-weighed Eppendorf’s tubes, soaked in 
liquid N2 and freeze-dried for 72 hr. Biomass dry weights (n = 3) were 
measured by weighing the tubes and subtracting the tube’s tare weight. 

2.9. Data analysis 

Biomass measurements related to the preliminary and degradation 
experiments were used to test whether selected FLG concentrations (0, 
12.5 and 50 µg mL-1) or growth media composition (Ctrl, F, L, F+L) 
affected fungal growth over time (T1–3). In particular, species-specific 
biomass average values calculated for each growth condition were sta
tistically compared with a two-way ANOVA, selecting “time points” and 
the “FLG concentrations” or “time points” and “growth media compo
sition” as categorical factors for the results of the preliminary and 
biodegradation experiments, respectively. Absorbance values related to 
the two enzymatic assays were expressed as µmol of ABTS or VA stan
dardized per biomass unit. Significant difference in terms of H2O2 con
tent in species-specific fungal cultures as a function of growth media 
composition (i.e. Ctrl, F, L, F+L) at T3 were assessed by non- 
paramatetric Kruskal-Wallis ANOVA. Before statistical analysis, 
Raman spectra were pre-processed in order to remove spikes and fluo
rescence signal due to the presence of residual fungal compounds in 
analysed samples. Spectra were corrected by subtracting baseline signal 
with polynomial functions and smoothed using the Savitzky-Golay 
Smoothing Filter algorithm (Lieber and Mahadevan-Jansen, 2003). 
Then, to verify whether fungi may have modified the FLG, the I(D)/I(G) 
values derived from Raman spectra of FLG-enriched cultures at sta
tionary phase (i.e. T3) were analysed with a two-way ANOVA. This 
statistical comparison was carried out selecting the absence/presence of 
the inoculum (i.e. “inoculum”) and the presence/absence of lignin or 
dead mycelia (i.e. “compounds”) as categorical factors. A further, deeper 
statistical analysis of whole Raman spectra was then carried out using 
multivariate techniques, such as Principal Component Analysis (PCA) 
and Cluster Analyses (CA) with the aim to identify further differences in 
the spectra of FLG flakes exposed to different fungal species in diverse 
growth media. Differences among the groups identified by multivariate 
analysis were verified by one-way ANOVA using the Raman bands as the 
response variable, which mainly contribute to explain the variance of all 
collected Raman spectra (n = 248). 

3. Results and discussion 

In vitro fungal culturing has frequently been used to study the way in 
which fungi decompose dead organic matter and litter (Ten Have and 
Teunissen, 2001), and persistent organic pollutants (Pinedo-Rivilla 
et al., 2009). This approach was used here to verify if two 
wood-degrading white-rot basidiomycetes and one saprotrophic asco
mycete are capable of biodegrading FLG. However, even under ideal and 

F. Candotto Carniel et al.                                                                                                                                                                                                                     



Journal of Hazardous Materials 414 (2021) 125553

4

controlled conditions, the presence of a potentially toxic substance in 
the growth environment could negatively affect fungal physiology, 
altering growth or even causing death of the organism. To date, only 
Yang and colleagues (Yang et al., 2019) have observed negative effects 
on morphological structure and mycelium development of 
P. chrysosporium when exposed to high concentrations of graphene oxide 
(GO ≥ 2 mg mL-1). As yet there are no reports in the literature about 
toxic effects of FLG on fungi, although it is known that FLG can cause 
negative effects principally because of the hardness and thinness of its 
flakes (Montagner et al., 2017). In this study, the effect of GRMs on the 
growth of selected fungi was preliminary evaluated by incubating liquid 
fungal cultures with FLG concentrations from 0 to 50 µg mL-1 for one 
(T1), two (T2) and four (T3) months. The results show that up to 50 µg 
mL-1 of FLG, fungal growth was not significantly affected (Fig. S1; 
Table S1), even if hyphae were in direct contact with FLG aggregates 
(see Fig. S2b, d). For these reason, the experiment on fungal biodegra
dation capabilities was carried out using an FLG concentration (25 µg 
mL-1) intermediate to the aforementioned range. 

3.1. Fungal growth and micro-environmental changes supporting 
biodegradative processes 

Micro-environmental changes supporting biodegradative processes 
were monitored over T1-T3 by assessing the presence of oxidizing en
zymes (laccase/peroxidase and lignin peroxidase) and H2O2 in growth 
media of different composition, i.e. pure malt extract glucose medium 
(MEG; Ctrl) and MEG enriched with 25 µg mL-1 of FLG (F), lignin (L) or 
both (F + L). 

At T1, when fungal cultures developed a biomass ranging from 21 ±
6 mg (dry weight, M. esculenta) to 26 ± 2 mg (B. adusta) (Fig. 1a–c), 
ABTS•+ production related to laccase/peroxidase activity, was 7.6 and 
6.7 µM mg-1 (on fungal dry weight; dw) in B. adusta and P. chrysosporium 
growth media, respectively (Fig. 1d, e), whereas it was not detectable in 
M. esculenta (Fig. 1f), even after 24 h of incubation (see materials and 
methods). 

As expected, activity of lignin peroxidase (LiP), expressed as a 
veratraldehyde content increase, was only detected in B. adusta 

Fig. 1. Fungal biomass (a-c) in Bjerkandera adusta, Phanerochaete chrysosporium and Morchella esculenta cultures grew in pure growth medium (C) or enriched with 
25 µg mL-1 of lignin (L), FLG (F) or both (F+L) for one (T1), two (T2) and four (T3) months. Letters above bars in a-c indicate statistically significant differences (Two- 
way ANOVA, Tuckey’s HSD post-hoc test) among cultures of the same species (n = 3). Oxidative enzymes (laccase/peroxidase and lignin peroxidase) presence in the 
above-mentioned growth media after T1-T3, expressed as of ABTS•+ (d-f) and veratraldehyde (Vald) (g-i) content [µM per mg of fungal dry weight (dw)]. 
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(3.5 µM mg-1 dw) and P. chrysosporium (5.9 µM mg-1 dw) cultures 
(Fig. 1g–i), since M. esculenta does not produce LiP (Papinutti and 
Lechner, 2008). 

From T1 to T2, B. adusta and P. chrysosporium increased their 
biomass by 4.2- and 3.7-fold respectively (Fig. 1a, b). A proportional 
increase in enzymatic activity in the growth media of both white-rot 
fungi was not observed, resulting in a decrease in both the ABTS•+

and veratraldehyde content on dry fungal biomass (Fig. 1d, e, g, h). By 
comparison, M. esculenta biomass did not significantly increase with 
respect to T1 (Fig. 1c). However, the ABTS•+ content in growth media 
became detectable after 24 h of incubation, with a maximum content of 
1.3 µM mg-1 dw (Fig. 1f). 

From T2 to T3, B. adusta and P. chrysosporium cultures stopped 
growing (with few exceptions) and a slight decrease in the extracellular 
enzymatic activity was observed (Fig. 1g, h). On the contrary, the 
biomass in M. esculenta cultures increased from 1.8- to 3.4-fold, whereas 
the ABTS•+ content was from 2.2 to 6.6 times higher, with respect to T2, 
for Ctrl and F cultures, respectively. (Fig. 1c, f). Contrary to previous 
reports, lignin-enriched medium (L) did not stimulate white-rot fungal 
growth (Fig. 1a–c) or production of lignin degrading enzymes (Fig. 1d–i) 
but interestingly, it appeared to decrease the laccase/peroxidase activity 
in M. esculenta growth medium (Fig. 1f) in comparison to lignin-free 
growth media (Ctrl and F cultures). This latter result is in good accor
dance with the hypothesis that laccases might use liberated phenolic 
lignin fragments as mediators in oxidation of the remaining lignin (Ten 
Have and Teunissen, 2001), hence competing with ABTS. 

At T3, when all cultures reached the stationary phase, H2O2 content 
and pH in the growth media were measured. As observed for biomass 
and enzymatic activity measurements, H2O2 content differed among 
species, but not among growth conditions (Fig. 2a–c). The highest H2O2 
content was detected in M. esculenta (122 ± 3 nM mg-1 dw) whereas the 
lowest in P. chrysosporium (26 ± 15 nM mg-1 dw) (Fig. 2b, c). The high 
H2O2 content in M. esculenta (~4 times higher with respect to basidio
mycetes cultures) explains why the ABTS assay could be carried out 
without adding further amounts of this primary substrate. Importantly, 
growth media pH decreased from ~5.5 at T0 to ~3.0 at T3, confirming 
that all fungi were able to release oxidative enzymes and their primary 
oxidizing substrate (H2O2) and to decrease pH to values in the optimal 
range for the activity of the above-mentioned enzymes (Pollegioni et al., 
2015). Hence, these measurements confirmed that all of the tested fungi 
created conditions needed to sustain an oxidative/degradative 
micro-environment, without being affected by the presence of FLG. 

3.2. FLG modifications induced by white-rot and saprotrophic fungi 

FLG characterization. Chemical and physical characterization 
revealed a high degree of purity in the FLG used in this study. Elemental 
analysis and weight decrease (recorded by TGA, ca. 3% at 600 ◦C) 

confirmed a lack of contamination and functional groups respectively, 
demonstrating that FLG was comprised of >95% C (Fig. S3). The Raman 
spectrum was characterized by one intense peak appearing at 
~1580 cm-1, the G band, and two additional less intense peaks at ~1345 
and ~2700 cm-1, the D and 2D bands respectively (Fig. S3). The ratio 
between the intensity (I) of D and G bands is an indicator of the presence 
of defects on the graphene lattice. In this case I(D)/I(G) = 0.46 con
firming a low level of defects that is usually attributed to the edges of the 
micrometer sheets (Torrisi et al., 2012). Furthermore, the I(2D)/I(G) =
0.43, is consistent with values (<1) reported in the literature for this 
material (Ferrari et al., 2006; Mogera et al., 2015). TEM observation 
revealed that the average lateral size of the FLG flakes was 
509 ± 233 nm, but flakes lower than 100 nm were also detected 
(Fig. S3c–d). 

Because it lacks functional groups and defects on its lattice (Denis 
and Iribarne, 2013), FLG is the most similar to monolayer graphene in 
terms of chemical reactivity amongst all GRMs. For the above mentioned 
reasons, FLG was deemed to be the best candidate to challenge the 
enzymatic abilities of wood degrading and/or saprotrophic fungi. For 
this purpose, Raman analysis was used to discern reduced from oxidized 
forms of GRMs (Kaniyoor and Ramaprabhu, 2012) even when poorly 
concentrated and/or slightly covered by biological matrices (i.e. fungal 
material or growth media compounds) which are known to increase the 
fluorescence signal (Lieber and Mahadevan-Jansen, 2003). TEM was 
used to evaluate possible structural modifications of FLG, such as holes 
and flake fragmentation. 

Growth media contain malt and yeast extracts, i.e. a mixture of 
carbohydrates, proteins and vitamins. During fungal growth, culture 
media progressively becomes enriched with dead mycelia which are 
capable of adsorbing metals (Hemambika et al., 2011) and decolorizing 
textile dyes (Fu and Viraraghavan, 2001; Lipczynska-Kochany, 2018); 
these could potentially also react with FLG. Hence, FLG was also exposed 
to both non-inoculated culture media (NI) and devitalized (DM) cultures 
in order to test if growth media compounds or dead mycelia altered the 
FLG lattice. Raman spectra of FLG flakes sampled from NI and DM 
cultures at T3 had an I(D)/I(G) and a 2D band intensity very close to that 
observed in untreated FLG (Fig. S4), although a slight change in the 2D 
band shape was observed (Fig. S4). The latter could be related to charge 
changes (doping) in the presence of the growth medium (Guarnieri 
et al., 2018). 

TEM observations from NI culture media revealed the formation of 
FLG aggregates (regularly shaped, not translucent flakes; see Fig. 3a vs. b 
and d-f) which is a common phenomenon generally occurring over a few 
days in aqueous media (Widenkvist et al., 2009; Yang et al., 2011). 
These results prove that the growth media (as well as the dead mycelia) 
did not cause any structural alteration to the FLG lattice for the duration 
(4 months) of the experiment. By comparison, numerous flakes recov
ered from FLG-enriched cultures (F and F+L) from all of the test fungi 

Fig. 2. H2O2 content in pure growth medium (C) or enriched with 25 µg mL-1 of lignin (L), FLG (F) or both (F+L) of Bjerkandera adusta, Phanerochaete chrysosporium 
and Morchella esculenta cultures after four months (T3) of incubation. Values are expressed as means ±s.d. (n = 3) per fungal biomass dry weight. 
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had a Raman spectrum characterized by a wider and more intense D 
band, a shifted G band (from 1582 to 1608 cm-1) and a less pronounced, 
or absent 2D band (Fig. S4). Hence, FLG flakes were analyzed at T3 to 
compare the effects of fungi once they all reached a stationary growth 
phase (Fig. 1a–c). 

The ANOVA based comparison of the I(D)/I(G) values revealed that 

flakes exposed to F and F+L cultures had the highest values (Fig. 4), 
averaging from 0.670 ± 0.270 (M. esculenta) to 0.938 ± 0.084 
(P. chrysosporium). According to studies specifically aimed at evaluating 
graphene oxidation by Raman analysis, such D band increase clearly 
indicates the presence of structural imperfections created by the 
attachment of hydroxyl and epoxide groups on the carbon basal plane 
(Allen et al., 2010; Yang et al., 2009). The respective TEM observations 
showed that FLG flakes exposed to fungal cultures looked markedly 
different from those of NI and DM cultures, with the appearance of 
wrinkles and folding of margins (compare Fig. 3g–i with Fig. 3c). 

The ANOVA outcomes confirmed that the I(D)/I(G) increase depends 
on interaction between “inoculum” and “compounds” (Table S2). So 
that, while FLG flakes from living P. chrysosporium cultures had signif
icantly high I(D)/I(G) values independent of the presence of lignin 
(Fig. 4), those from B. adusta showed a significant increase of I(D)/I(G) 
only when the fungus was grown in lignin-enriched growth media 
(Fig. 4). FLG flakes from M. esculenta cultures by comparison had I(D)/I 
(G) values not significantly different from NI and the respective DM 
cultures, although an average increase (+40%) was observed (Fig. 4). 
This outcome suggests that not all of the test fungi release enzymes and 
molecules that are capable to significantly oxidize FLG to a GO-like 
material. 

In order to corroborate these results, whole Raman spectra were 
furtherly analyzed by Principal Component Analysis (PCA) coupled with 
a Cluster Analysis (CA). PCA revealed that 88.2% of the variance of all 

Fig. 3. TEM micrographs of representative flakes of: FLG prior to incubation with the fungi (a) and after 4 months of incubation in axenic growth medium (b); 
graphene oxide (Graphenea) (c); FLG after four months of incubation in devitalized (d-f) and living (g-i) cultures of Bjerkandera adusta (d, g), Phanerochaete 
chrysosporium (e, h) and Morchella esculenta (f, i). Bars: a, b, c, g = 100 nm; d, h = 200 nm; f, i = 400 nm; e = 500 nm. 

Fig. 4. Results of ANOVA-based comparison among the I(D)/I(G) values 
measured for FLG flakes (n = 248) recovered from non-inoculated cultures (NI) 
at T0 and from living (+/-) or devitalized (DM: dotted box plot) cultures of 
Bjerkandera adusta (B. adu), Phanerochaete chrysosporium (P. chr) and Morchella 
esculenta (M. esc) without (-) and with (+) lignin at T3. Boxplot middle hori
zontal lines represent average values, whiskers includes non-outlier range. 
Boxplot marked with different letters have significantly different 
average values. 
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Raman spectra (n = 248) was explained by the first (76.9%) and the 
second (11.3%) principal components (PC; Fig. 5A): PC1 was negatively 
correlated with the D band intensity (r = - 0.88) and the Raman scat
tering recorded at 1608 cm-1 (r = − 0.97), the D’ band (Fig. 5A), 
whereas PC2 was positively correlated (r = 0.60) to the intensity of the 
2D band. The increase of the intensity and amplitude of D and D’ bands 
are generally associated with graphene lattice oxidation (Kaniyoor and 
Ramaprabhu, 2012), a process which causes shift of the G band from 
~1589 cm-1 to ~1608 cm-1 (Kudin et al., 2008). Additionally, oxidized 
GRMs have a wider and less pronounced 2D band which is usually 
described as a modulated bump in this region (Kaniyoor and Ram
aprabhu, 2012). Therefore, spectra projected within the first and second 
quarters are related to “unaltered” or non-oxidized FLG flakes (n = 105) 
whereas those within the third and fourth quarters are related to FLG 
flakes oxidized to a GO-like material (n = 143) (Fig. 5A). 

Interestingly, the CA assembled the projected spectra into four 
groups (“a–d”; Fig. 5A), segregating unaltered flakes (group a) from 
oxidized flakes (groups b-d). Further, the average spectra of groups 
“b–d” revealed the presence of an oxidation gradient from “b” to “d”, 
recognizable by a progressive significant increase of I(D)/I(G) and D’ 
band intensity (Fig. S5a, b) and a decrease of the 2D band intensity 
(Fig. S5c). However, the groups partially overlap because they include 
flakes with a similar degree of oxidation. 

In summary, (i) the ANOVA outcome (Table S2) indicating that only 
B. adusta and P. chrysosporium are able to induce a significant increase of 
I(D)/I(G) is not entirely reliable and (ii) FLG oxidation can be initiated 
by all of the fungal species independent of the enzymes they secrete (see 
previous section; Fig. 1). Indeed (although with different frequencies) 
highly oxidized FLG flakes (i.e. those classified in groups “c” and “d”) 
were found in cultures of all three fungi (Fig. 5B): from 43% in 
P. chrysosporium to 18% in M. esculenta. The high percentage of unal
tered FLG flakes from M. esculenta cultures (45%; Fig. 5B) may be 
explained by the relatively slow rate of growth in this species, which 
only reached the exponential growth phase and released a relevant 

quantity of oxidizing enzymes and H2O2 in the last two months of in
cubation at the tested conditions (Figs. 1, 2). Despite the slow growth 
(and lack of lignin peroxidase), M. esculenta was actually able to oxidize 
FLG. This result shows that laccase and peroxidase (Baldrian and ̌Snajdr, 
2006) can promote the oxidation of chemically inert GRMs such as FLG. 

3.3. Environmental relevance and further studies 

In this study, it was shown that selected fungi can oxidize FLG to a 
GO-like material. Considering that the enzymes utilized in this study are 
produced by numerous primary decomposers, and that oxidative pro
cesses form the basis of organic matter biodegradation (Baldrian and 
Šnajdr, 2006; Sinsabaugh, 2010), it can be hypothesized that FLG 
involuntarily released into terrestrial ecosystems might slowly be 
degraded by soil microflora over extended periods, as observed for other 
highly recalcitrant compounds such as PAHs (Ostrem Loss and Yu, 2018) 
and organo-halogenated pollutants (Vyas et al., 1994; Čvančarová et al., 
2012; Mori et al., 2017). Hence, it is possible that an incubation period 
longer than the four months tested here might have led to an advanced 
oxidation degree of FLG, characterized by holes onto the graphene lat
tice followed by flake fragmentation, as observed in in-vitro FLG 
degradation experiments with human myeloperoxidases (Kurapati et al., 
2018). Nevertheless, it must be taken into account that, to date, nothing 
is known about the possible interaction with soil components of the 
GO-like material derived by fungal oxidation, as instead observed for 
other GRMs with natural organic matter in water environments (Dimiev 
et al., 2013; Jiang et al., 2017). Our data clearly indicate that fungal 
enzymes can efficiently oxidize one of the most stable GRMs, the FLG, 
thus weakening the hypothesis that such materials might persist in the 
environment for long periods. Hence, future research should address 
whether the fungal-derived GO-like material could be furtherly 
degraded until its complete conversion to CO2 by the soil microflora. 

Fig. 5. Principal Component Analysis (PCA) of 
the Raman spectra of FLG flakes (n = 248) 
recovered from non-inoculated cultures at T0 
(NI; squares) and from living or devitalized 
(DM: triangles) cultures of Bjerkandera adusta 
(B. adu), Phanerochaete chrysosporium (P. chry) 
and Morchella esculenta (M. esc) without (-; 
symbols in light colors) and with (+; symbols in 
dark colors) lignin at T3 (circles) (A). Raman 
spectra in the PCA space were projected ac
cording to the first two principal components 
(PC). Dark blue vectors represent the contribu
tion of main Raman wavenumber shift in 
explaining data variance. Black, purple, red and 
blue concentration ellipses define four main 
groups (a-d, respectively) identified with Clus
ter Analysis (CA). The insert in (A) on the top 
right shows the average spectra of the four 
groups. Circle diagrams of the percentage of 
Raman spectra classified by species (living cul
tures) and a-d groups (B). (For interpretation of 
the references to colour in this figure, the 
reader is referred to the web version of this 
article.)   
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Čvančarová, M., Křesinová, Z., Filipová, A., Covino, S., Cajthaml, T., 2012. 
Biodegradation of PCBs by ligninolytic fungi and characterization of the degradation 
products. Chemosphere 88, 1317–1323. https://doi.org/10.1016/j. 
chemosphere.2012.03.107. 

Denis, P.A., Iribarne, F., 2013. Comparative study of defect reactivity in graphene. 
J. Phys. Chem. C 117, 19048–19055. https://doi.org/10.1021/jp4061945. 

Dimiev, A.M., Alemany, L.B., Tour, J.M., 2013. Graphene oxide. Origin of acidity, its 
instability in water, and a new dynamic structural model. ACS Nano 7, 576–588. 
https://doi.org/10.1021/nn3047378. 

Fadeel, B., Bussy, C., Merino, S., Vázquez, E., Flahaut, E., Mouchet, F., Evariste, L., 
Gauthier, L., Koivisto, A.J., Vogel, U., Martín, C., Delogu, L.G., Buerki-Thurnherr, T., 
Wick, P., Beloin-Saint-Pierre, D., Hischier, R., Pelin, M., Candotto Carniel, F., 
Tretiach, M., Cesca, F., Benfenati, F., Scaini, D., Ballerini, L., Kostarelos, K., 
Prato, M., Bianco, A., 2018. Safety assessment of graphene-based materials: focus on 
human health and the environment. ACS Nano 12, 10582–10620. https://doi.org/ 
10.1021/acsnano.8b04758. 

Fan, B., Zhao, Y., Mo, G., Ma, W., Wu, J., 2013. Co-remediation of DDT-contaminated 
soil using white rot fungi and laccase extract from white rot fungi. J. Soils Sediment. 
13, 1232–1245. https://doi.org/10.1007/s11368-013-0705-3. 

Faraco, V., Pezzella, C., Miele, A., Giardina, P., Sannia, G., 2009. Bio-remediation of 
colored industrial wastewaters by the white-rot fungi Phanerochaete chrysosporium 
and Pleurotus ostreatus and their enzymes. Biodegradation 20, 209–220. https://doi. 
org/10.1007/s10532-008-9214-2. 

Ferrari, A.C., Meyer, J.C., Scardaci, V., Casiraghi, C., Lazzeri, M., Mauri, F., Piscanec, S., 
Jiang, D., Novoselov, K.S., Roth, S., Geim, A.K., 2006. Raman spectrum of graphene 
and graphene layers. Phys. Rev. Lett. 97, 1–4. https://doi.org/10.1103/ 
PhysRevLett.97.187401. 

Fu, Y., Viraraghavan, T., 2001. Fungal decolorization of dye wastewaters: a review. 
Bioresour. Technol. 79, 251–262. https://doi.org/10.1016/S0960-8524(01)00028- 
1. 

Geim, A.K., 2009. Graphene: status and prospects. Science 324, 1530–1534. https://doi. 
org/10.1126/science.1158877. 
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