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A B S T R A C T

Carbon nanomaterials, possessing unique properties and advantages, exhibit broad application prospects. 
However, their potential risks to life and the environment have constrained their development. Investigating 
various degradation strategies can mitigate their adverse effects and expand their applications, particularly 
within the fields of life and materials sciences. Peroxidases are widely utilized for degradation due to their 
capability to catalyse the breakdown of various organic compounds. In this study, three peroxidases, namely 
horseradish peroxidase (HRP), Pichia pastoris-expressed Eucodis® peroxidase (EP 13), and manganese peroxidase 
(MnP), were selected to investigate their effects on the enzymatic biodegradation of different allotropic forms of 
carbon materials, including graphene and single-wall carbon nanotubes (SWCNT). The obvious increase of de
fects and decomposition of the structures were demonstrated for graphene by Raman spectroscopy and trans
mission electron microscope (TEM) after the treatment with these peroxidases. No degradation was instead 
observed in the enzyme-treated pristine SWCNT. The differences of degradation in two carbon nanomaterials are 
supposed to result from their distinct physicochemical properties. X-ray photoelectron spectroscopy (XPS) and 
thermogravimetric analysis (TGA) evidenced that a number of oxygen-containing functional groups are present 
in graphene, likely providing the catalytic sites for the peroxidase action thus facilitating its degradation, as 
previously demonstrated using other types of oxidative conditions.

1. Introduction

Graphene and carbon nanotubes (CNTs), two of the most classic al
lotropes of carbon, have shown excellent performance in many areas 
since their debut, and countless studies have been dedicated to explore 
their potentials [10]. For example, graphene, as one type of 
two-dimensional (2D) materials, holds great promises as gas sensor, due 
to its unique structural and electrical properties. The graphene with a 
single layer of atoms has high specific surface to volume ratio and high 
sensitivity to the change of chemical environment, which are beneficial 
for molecule capture, the detection of reaction processes, and for the 
generation of sensitive electrical signals [23]. Besides, graphene is also 
widely used in the energy storage and biomedical fields, due to its good 
electrical conductivity, high mechanical strength and good biocompat
ibility [25,28]. On the other hand, CNTs are 1D nanomaterials that are 

used, for example as coating or doping additives to provide high me
chanical strength and specific functions such as photothermal effect, 
electric conductivity, corrosion resistance, etc. [2,16]. In addition, the 
specific properties of CNTs have also attracted the attention of the 
biomedical field in recent years [9]. For instance, CNTs were dopped 
into hydrogels based on self-assembled amino acids, endowing the hy
brids with a high mechanical strength, a photothermal effect and a 
near-infrared irradiation-triggered drug release. This design demon
strates that CNTs have great potential in multifunctional tissue engi
neering application [11].

After few decades of development, the industrial applications of 
graphene and CNTs are becoming increasingly widespread. However, 
the potential hazards of carbon nanomaterials to life and the environ
ment have gradually drawn particular attention. Some studies have re
ported that carbon nanomaterials can induce cytotoxicity and 
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inflammatory response in living bodies [3,18]. For example, function
alized CNTs have been reported to cross the blood-brain barrier and 
generate neurotoxicity [5]. Moreover, another worrying issue raised by 
CNTs is their potential for human pulmonary toxicity, which may cause 
asbestosis, bronchogenic carcinoma, mesothelioma, pleural fibrosis and 
pleural plaques due to the asbestos-like fibrous structure [6]. In another 
study, graphene has shown cytotoxicity in skin fibroblasts by generating 
ROS and damaging the mitochondria [15]. Due to their industrial 
development and employment in commercial products for a wide vari
ety of applications, carbon nanomaterial exposure can also exhibit a 
potentially negative impact on the environment and the ecosystems. 
Taking industrial CNTs as an example, they can be released in the nature 
by many routes and after different transformations, CNTs can interact 
with soils, sediments as well as water, ultimately displaying ecotoxicity 
to human, animal and microorganisms [21,22].

To overcome or alleviate these problems, the demonstration of car
bon nanomaterial degradation was proposed as one of the safe strate
gies. Many different methods including photodegradation, oxidative 
degradation and biodegradation were studied and reported [21]. Among 
them, biodegradation is highly favoured being environmental clean, 
renewable and not generating secondary pollutants. In previous works 
conducted by our group, many possible biodegradation processes were 
studied in test tube (using isolated peroxidases) and in vitro (using mac
rophages and neutrophils) using different types of carbon nano
materials. For instance, different enzymes such as myeloperoxidase and 
horseradish peroxidase, have been proved to degrade carbon nano
materials in tube [24]. The study on different types of enzymes can help 
to understand the degradation mechanism at molecular level and pro
vide more options for degradation strategies, while investigating the 
degradation pathway at cellular level can address the challenges related 
to the biomedical application of carbon nanomaterials. Some of the 
immune cells have been found to possess the capacity for the biodeg
radation of carbon materials. Furthermore, the biodegradation of CNTs 
and two kinds of graphene (single-layer and few layer) were described in 
macrophages and neutrophils respectively. Both of them clean the 
intracellular carbon materials through generating ROS [7,14]. Addi
tionally, a lot of research has been conducted to understand the envi
ronmental transformation of carbon nanomaterials, which is meaningful 
for studying their life cycle and potential risk in ecosystem [22]. Bac
terial community in ecosystem also showed the biodegradation capacity 
for carbon materials. Through the cooperation of multiple microbes such 
as Burkholderia kururiensis, Delftia acidovorans, and Stenotrophomonas 
maltophilia, and the co-metabolism with other external carbon sources, 
acid-treated CNTs can be transformed into CO2 [26]. Besides, a degra
dation ability for graphene oxide was also found in insects. Degraded 
residual materials were detected in the frass of Yellow mealworms, which 
ingested the graphene oxide. Gut microbes in the insect are proved to 
play a significant role in the degradation process [17].

In this work, the biodegradation of industrial-sourced graphene and 
SWCNT by three peroxidases, corresponding to horseradish peroxidase 
(HRP), Pichia pastoris-expressed Eucodis® peroxidase (EP 13) and 
manganese peroxidase (MnP), was investigated. The study of the 
biodegradability of carbon materials used in products present in the 
market can help to understand the fate of these materials once released 
into the environment and seek viable green degradation strategies. HRP 
has been widely reported about their degradation capacity for carbon 
materials, and it was used here as a positive control [1,12]. EP 13 is a 
recombinant peroxidase from natural sources expressed in Pichia Pas
toris, belonging to the heme-containing peroxidase group categorized as 
EC 1.11.1.7. This group of peroxidases is widely found in bacteria, fungi 
and plants, where they exert a fundamental role in the biodegradation of 
phenolic compounds. MnP is a peroxidase that naturally occurs in the 
environment, specific to basidiomycetes, which pose a significant lig
ninolytic capacity and have shown an extensive ability to degrade 
numerous pollutants and xenobiotics [4,20]. Therefore, EP 13 and MnP 
were peroxidases found in natural sources and selected to simulate the 

natural enzymatic conditions that could be found in the environment. 
They were chosen to study the transformation of the industrial-sourced 
carbon materials after releasing to the ecosystem, predicting the envi
ronmental removal capacity for these different carbon allotropes. The 
characterization of the carbon materials was first performed to analyse 
their structure and their physicochemical properties through dynamic 
light scattering (DLS), transmission electron microscope (TEM), ther
mogravimetric analysis (TGA) and X-ray photoelectron spectroscopy 
(XPS). Then, the degree of degradation of these carbon materials was 
measured by Raman spectroscopy and TEM after 60-day incubation with 
the three peroxidases. Graphene and SWCNT proved different degra
dation outcomes, which can be explained by the variations in the 
physicochemical properties of the two nanomaterials.

2. Materials and methods

2.1. Materials

EP 13 Pichia pastoris peroxidase was obtained from Eucodis® Bio
sciences (EP013, Austria). HRP type VI-salt free powder was bought 
from Sigma Aldrich (P8375, USA). MnP from white-rot fungus (Pha
nerochaete chrysosporium) was obtained from Sigma Aldrich (93014, 
USA). Graphene nanoplatelets were provided by Graphene-XT (Bologna, 
Italy). SWCNT (commercialised as TUBALL™) were provided by OCSiAl 
Europe Sarl (Luxembourg). Bovine serum albumin (BSA) was bought 
from Merck Millipore (126579, USA).

2.2. Dispersion of carbon materials

Fifteen mg of graphene or SWCNT were dispersed in 6 mL of 0.5 % 
BSA water solution. The material solutions were sonicated by tip soni
cation (Sonics & Materials, VC 505) for 11 min 45 sec with 20 % 
amplitude and continuous mode, with a power of 10 W.

2.3. Interaction of carbon materials with enzymes

Two-hundreds µL of each pre-dispersed carbon material (1 mg/mL) 
was added to 800 µL of a specific buffer for each enzyme (PBS for HRP, 
50 mM phosphate buffer (PB) pH 5 for EP 13, and 50 mM sodium 
malonate buffer pH 4.5 for MnP), and the material solutions were son
icated for 2 min. A blank group was set without adding H2O2 or the 
enzymes. The three experimental groups were set by adding 1 mg of 
each enzyme plus 2 µL of 10 M H2O2 and 2 µl of 1 M MnCl2 (only in vials 
of MnP) in 1 mL of material solution. H2O2 was added every day and 
each enzyme was refreshed every 20 days (adding 1.0 mg of enzyme in 
0.4 mL of specific buffer and 2 µl of 1 M MnCl2 in MnP vials). All groups 
were maintained under magnetic stirring, at room temperature and light 
protected for 60 days.

2.4. Characterizations

The hydrodynamic size, polydispersity and surface charge of the pre- 
dispersed nanomaterials were measured by DLS (Zetasizer Lab, Malvern 
Panalytical). A Quanta 250 FEG (FEI) microscope equipped with a 
retractable scanning transmission electron microscopy (STEM) detector 
working at a voltage of 30 KeV in brightfield STEM mode was employed 
for the electron microscopy observation of the dispersed nanomaterials. 
The sample solutions were dropped on a copper grid (Formvar film 300 
Mesh, Cu from Electron Microscopy Sciences) and dried under ambient 
environment. The weight loss of the carbon materials under different 
temperatures was measured by TGA (STARe TGA 1, Mettler Toledo) 
with a ramp of 10 ◦C/min from 30 ◦C to 900 ◦C, under N2 flow rate at 
50 mL/min, depositing the samples on platinum pans. The atomic per
centage and chemical state of C and O in the carbon materials were 
characterized by XPS (Kalpha, Thermo Scientific) with an Al anode as 
the X-ray source (1486 eV) at a basic chamber pressure of from 10− 8 to 
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10− 9 bar. The samples were deposited as powder and analysed three 
times with a spot size of 400 μm. The survey spectra were tested at a pass 
energy of 200 eV, with a step size of 1 eV, while high resolution spectra 
were recorded with the pass energy of 50 eV and the step size of 0.1 eV. 
The average value of scans for survey and high-resolution spectra were 
10 and 30, respectively, and a flood gun was turned on during analysis. 
The presence of defects of the carbon materials was tested by Raman 
spectroscopy (inVia, Renishaw) equipped with a 514 nm laser and a 
Leica microscope, using × 100 objective lens. The samples were pre
pared by dropping 10 µL of the solution on a Si substrate (ThorLabs, 
USA) and they were irradiated with the laser power of 1 %. At least 3 
accumulations each lasted 10 s were recorded, and finally 5 points were 
averaged.

3. Results and discussion

Aiming to assess the environmental degradability of the two types of 
selected commercial carbon materials (graphene and SWCNT), the first 
step was to analyse their structural characteristics. Indeed, the physi
cochemical properties of carbon nanomaterials often influence their 
stability and degradation.

3.1. Morphological characterization of the carbon materials

Firstly, the morphology of graphene and SWCNT was studied by 
STEM and DLS (Fig. 1). 2D graphene showed in STEM images sheet 

structures with various diameters. Although the size of graphene was not 
homogeneous, the diameters of these large sheets were still lower than 1 
μm, indicating that the size of graphene was in nanometric scale 
(Fig. 1a). STEM images of SWCNT evidenced their tubular bundles with 
thin diameter and micron-sized length (Fig. 1b). These SWCNT dis
played a lower contrast than graphene and were highly intertwined. The 
enzyme-mediated biodegradation of nanomaterials occurs essentially 
through the interaction between the enzymes and materials. Thus, good 
dispersion of nanomaterials facilitates sufficient contact with the en
zymes, ensuring a complete progression of the degradation reaction. To 
study the dispersibility of the two carbon materials in the buffers of 
enzymatic reaction, DLS was performed (Fig. 1c and d). Similar mean 
values of hydrodynamic size (~600 nm) measured by DLS were ob
tained in all the groups containing graphene and SWCNT in PBS and PB 
buffer (Fig. 1c), indicating similar dispersion and stability of the nano
materials in the different buffers. Combined with the results of STEM, 
the DLS data suggest that the materials form negligible aggregates in the 
buffers. Besides, the distribution plot also showed no aggregation of the 
carbon materials in these buffers (Fig. 1d).

3.2. Composition analysis of carbon materials

Next, the chemical composition of graphene and SWCNT was studied 
by TGA and XPS. Due to high strength of the C––C sp2 covalent bonds, 
the thermostability of carbon materials is normally very high [19]. In 
our case, SWCNT showed only a slight weight loss at high temperature 

Fig. 1. Morphology characterization of graphene and SWCNT. STEM images of (a) graphene and (b) SWCNT. (c) Mean of size and (d) hydrodynamic size distribution 
of graphene and SWCNT in different buffers.
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(<700 ◦C), exhibiting high thermostability (Fig. S1). Instead, around 
30 % of weight reduction was observed for graphene, starting at ~300 
◦C (Fig. S1). This thermal decomposition temperature range can be 
attributed to the presence of some functional groups containing oxygen, 
such as -OH, -COOH or -C-O-C, indicating partial oxidation of this gra
phene [13].

Moreover, XPS was performed to gain insight into the elemental 
composition and the chemical states of the two carbon materials. Their 
carbon content was more than 90 % (Table 1). A higher oxygen content 
(~10 %) was observed in graphene compared to SWCNT, which had 
only 2.2 % of oxygen, probably coming from adsorbed CO2 or O2. The 
high oxygen content in graphene likely indicates the presence of 
oxygenated functional groups. The C 1s and O 1s peaks were clearly 
present in the survey spectra of graphene and SWCNT (Fig. 2a and d). In 
addition, the C 1s and O 1s high resolution spectra of two carbon ma
terials were also analysed. Apart from the largest C––C/C-C peak at 
284.8 eV, C-O bond at 286.3 eV was also observed in the high-resolution 
C 1s spectrum of graphene (Fig. 2b). Its presence was also confirmed in 
the O 1s high resolution spectrum at 533.5 eV (Fig. 2c). The intensity of 
the C––O peak in graphene was very low in comparison to C-O peak, 
suggesting that there is a tiny amount of carbonyl groups in this mate
rial. The intensity of the peaks of the oxygen-containing groups, such as 
C-O and O-C––O, was instead very low in the C 1s high-resolution 
spectrum of SWCNT in comparison to graphene (Fig. 2e). This is 
certainly due to the negligible amount of oxygen (only 2.2 %) observ
able in the survey spectrum of SWCNT (Fig. 2d and Table 1). However, 
the high-resolution O 1s spectrum of the nanotubes, evidenced the peaks 
relative to the C-O bond at 533.5 eV, the C––O bond at 531.5 eV and the 
O-C––O bond at 530.5 eV (Fig. 2f). All these results suggested a rather 
low level of oxidation in SWCNT, consistent with the conclusions ob
tained from TGA.

3.3. Raman analysis of carbon materials during the degradation

After investigating the morphology and the composition of graphene 
and SWCNT, we studied their enzymatic biodegradation. To simulate 
the natural enzyme condition, HRP (control group), EP 13 and MnP were 
selected, and their catalytic degradation ability on the two carbon ma
terials were assessed. To align with the long-term and slow degradation 
process in the natural environment, the incubation of materials and 
enzymes lasted for a period of 60 days. After 60 days incubation, the 
degradation degree of the nanomaterials was measured by Raman 
spectroscopy. The Raman spectra can provide specific information about 
the defect level of the graphitic structures, which helps to estimate the 
degradation profile of these materials. The two typical peaks relative to 
the defected and the graphitic structures, namely the D and the G bands, 
are present at around 1350 and 1580 cm− 1, respectively. The ratio of the 
D and G band intensity (Id/Ig) reveals the proportion of the defects in the 
structure. The Raman spectra of graphene were first measured (Fig. 3), 
evidencing a high intensity of the D band in each group, revealing that 
the graphene had inherently many defects. There was no increase on Id/ 
Ig after 60-day incubation in the absence of any enzymes (Fig. 3a and 
Table S1). This indicates that the buffer has no effect on the graphene 
degradation process. For the enzyme-treated graphene, higher D band 
intensity were measured after 60-day incubation, suggesting that the 
enzymatic treatment generated more defects on graphene (Fig. 3b-d). 
The values of Id/Ig and their changes of the treated graphene are shown 
in Table S1. The increase of Id/Ig reached 0.22 and 0.23 for HRP and EP 
13 treatment, respectively, while after the MnP treatment, the value 

only increased by 0.12. These results suggested that HRP and EP 13 can 
effectively degrade graphene by introducing more defects. Even though, 
the degradation efficiency of MnP is significantly lower than the other 
two enzymes, it can still generate some defects on the graphitic struc
ture, however longer degradation time is probably required. Similar 
results showing low increase of Id/Ig values, but effective degradation 
observed by TEM were also reported on the degradation of single-layer 
or few-layer graphene by myeloperoxidase [14]. Next, the Raman 
spectra of SWCNT were tested (Fig. 4). In contrast to graphene, SWCNT 
showed a very small intensity of the D band, indicating more intact 
graphitic structure and higher stability. As expected, almost no changes 
in the D band and the ratios were observed after 60-day incubation, 
regardless of whether enzyme was added or not (Fig. 4 and Table S2). 
The results suggest that these three enzymes had no effect on the 
biodegradation of pristine SWCNT. Previous research also proved that 
the pristine SWCNT were more resistant to degradation by oxidative 
enzymes when compared to oxidized nanotubes [8].

The difference in the enzymatic degradation of these two carbon 
materials is closely related to their respective physicochemical proper
ties. According to the results of TGA and XPS, graphene was found to 
have significantly more content of oxygen-containing functional groups, 
which can serve as the catalytic site of the enzymes, facilitating the 
degradation process. Moreover, the Raman spectra revealed that the 
graphene inherently contained a high number of defects. Both, these 
defects as well as the presence of oxygen-containing groups in graphene 
provided binding sites for the enzymes, enabling degradation to initiate 
easily. In addition, the 2D structure of graphene had a large interface for 
better interacting with the enzymes. All these factors made the graphene 
more prone to degradation than pristine SWCNT under the enzymatic 
treatment. This can be explained by the previous reports, which have 
demonstrated that the carboxylation is one of the essential conditions 
for the enzymatic biodegradation of SWCNT [1]. The hydrophilic 
carboxyl group facilitates the interaction with the enzymes, resulting in 
an effective Fenton-like reaction in the presence of H2O2 through the 
generation of hydroxyl or hydroperoxyl radicals on the surface of the 
material. However, for the pristine SWCNT with a more hydrophobic 
surface, the enzymes could be forced into a conformation in which their 
heme active site would be far away from the material, thus decreasing 
the catalytic efficiency.

3.4. TEM analysis of the carbon materials during the degradation

The structures of the two nanomaterials after the different treat
ments were also observed by TEM. As shown in Fig. 5, the structure of 
graphene without treatment showed no apparent changes between day 
0 and day 60 (Fig. 5a and e). On the contrary, degraded structures with 
lots of hollows were observed in the peroxidase-treated graphene groups 
after 60-day incubation (Fig. 5b–d and f–h). The highly porous structure 
with less contrast was a typical morphology of the degraded graphene 
reported by the previous works, proving that the degradation occurred 
[14]. These results are consistent with the conclusions obtained from 
Raman spectra, confirming that the peroxidase-catalysed degradation 
occurred on the graphene. In addition, the structures of SWCNT after the 
different treatments were also observed by TEM (Fig. S2). As expected, 
no degraded structures were found in SWCNT. Star and his colleagues 
described in detail the morphology of the degraded CNTs (e.g., 
MWCNTs). The blurred boundaries of the nanotube walls were clearly 
observed in that CNTs, while in our case, the boundaries of the SWCNT 
are very clearly visible and intact, proving that no degradation 
happened [27]. Through TEM, the degraded graphene and intact 
SWCNT were visually observed, confirming the different degradation 
actions of the three enzymes on the two carbon materials.

4. Conclusions

The biodegradation of carbon materials in the environment helps to 

Table 1 
Atomic percentage of carbon and oxygen in carbon nanomaterials.

Materials C O

Graphene 90.1 % 9.9 %
SWCNT 97.8 % 2.2 %
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address concerns related to their potential applications and mitigate 
ecological as well as health impacts. In this study, the biodegradation 
effect of three peroxidases present in nature against different carbon 
materials was investigated. All three peroxidases have demonstrated the 
biodegradability of graphene in the presence of hydrogen peroxide. 
Among them, HRP and EP 13 were significantly more effective than 
MnP, generating more defects at the end of the treatment, according to 
Raman spectra. Moreover, the TEM images revealed degraded structures 
of graphene after 60 days of enzyme incubation, compared with the 
structures at day 0. On the contrary, no degradation of SWCNT was 
observed by Raman and TEM after the same enzymatic treatment. These 

results suggest that the carbon allotropes may have different impacts on 
the environment. Graphene is more easily removed by biodegradation, 
especially when it presents oxygenated functional groups, while pristine 
SWCNT may be more stable in the environment when released to the 
ecosystem. However, single-walled carbon nanotubes are not classified 
as hazards, and Safety Data Sheets according to the REACH Regulation, 
chemical safety assessment and exposure scenarios are available before 
use, allowing to consider and prevent the potential risks of accumulation 
and other ecological problems.

Fig. 2. XPS survey and high-resolution spectra of graphene and SWCNT. (a) Survey spectra, (b) C 1s and (c) O 1s high resolution spectra of graphene. (d) Survey 
spectra, (e) C 1s and (f) O 1s high resolution spectra of SWCNT.

Fig. 3. Representative Raman spectra of graphene at day 0 and day 60 under different degradation conditions including (a) non treatment, (b) HRP treatment, (c) EP 
13 treatment and (d) MnP treatment. The D band is located at ~1350 cm− 1 and the G band is located at ~1580 cm− 1.
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