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Abstract:

The expanding use of graphene for various industrial and biomedical applications requires
efficient remediation strategies during their disposal into waste streams. Additionally, the
interactions of graphene with the biota need thorough evaluation. In this study, we investigated
the interactions of oxidized and reduced graphene oxide nanoribbons (GONRs and rGONRs)
with lignin peroxidase (LiP), a ligninolytic enzyme released from white rot fungus. GONRs and
rGONRs were treated with LiP in the presence and absence of veratryl alcohol (VA; an electron
transfer mediator and secondary metabolite of white rot fungi). Transmission electron
microscopy showed the formation of large defects (holes) in the graphene sheet, which increased
in diameter with increased degradation time. Raman spectroscopic analysis indicated that, within
96 hours, in the presence of hydrogen peroxide and VA, the GONRs and rGONRs were
completely and partially degraded by LiP, respectively. Comparisons between groups with or
without VA showed that degradation of GONRs was accelerated in the presence of VA. These
results indicated that LiP could efficiently degrade GONRs and rGONRs in the presence of VA,
suggesting that VA may be an essential factor needed to degrade rGONRs via LiP treatment.
Thus, the wide presence of white rot fungi, and thereby LiP, in nature, could lead to efficient
degradation of graphene present in the environment. Additionally, LiP, which has a higher
theoretical redox potential compared to horseradish peroxidases and myeloperoxidases, could be

a better candidate for the environmental remediation of graphene.

Key words: Lignin peroxidase, graphene oxide, reduced graphene oxide, degradation, enzymatic

oxidation
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1. Introduction:

The excellent physiochemical properties of the two-dimensional carbon nanostructure graphene,
[1, 2] could allow high impact applications in material [3-6] and biomedical sciences [7-18].
Depending on the application, pristine graphene and graphene oxide (GO) have been employed.
Pristine graphene is routinely synthesized by micromechanical exfoliation, epitaxial growth, or
chemical vapor deposition, while GO can be synthesized by Hummer’s method followed by
exfoliation, or longitudinal unzipping of carbon nanotubes [19]. GO typically possesses sub-
optimal electrical conductivity (due to disruption of sp® bonds), and has been subjected to
reduction (to restore sp> bonds and improve its electrical conductivity) by physical (thermal

annealing) and chemical (hydrazine, metal hydrides, and hydrohalic acids) methods [20].

The long-term (months and years) impact of graphene, GO, and rGO on the environment and
human health remains unknown, and there exist numerous contradictory reports on their short-
term (days and weeks) biocompatibility and environmental toxicology [21-27]. Several studies
have reported structural degradation of carbon nanotubes and graphene upon interaction with
strong oxidants (hydrogen peroxide [H,O;], sodium hypochlorite, etc.) and acids (sulfuric acid,
nitric acid, etc.) [28-31]. However, these methods have limited practical applications. The use of
strong acids and oxidants can have harmful unpredicted effects on flora and fauna; therefore,
these strategies cannot be used to degrade carbon nanomaterials present or released into the
environment. Recently, studies using the peroxidase family of enzymes, such as horseradish
peroxidases (HRP) and myeloperoxidases (MPO), to degrade graphene oxide [32] and single-
and multi-walled carbon nanotubes (SWCNTs and MWCNTs, respectively) in vitro and in vivo
[28, 29, 33-37] have highlighted the importance of an eco-friendly enzymatic degradation

strategy for carbon nanomaterials. However, these methods possess several limitations, such as
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low degradation efficiency (enzymatic treatment may last up to 60 days [28]) and the
dependence on substrate chemistry (for example, reduced graphene oxide nanoribbons [TGONRs]
failed to be degraded by HRP [32]), impeding their practical use. Due to these limitations,
improvements in the development of eco-friendly green strategies for the degradation of oxidized

and reduced carbon nanomaterials remains an active area of research.

White rot fungi (Phanerochaete chrysosporium) are ubiquitous, naturally occurring organisms
distributed worldwide, especially in forest soils with decaying woody matter. Lignin peroxidase
(LiP) is a ligninolytic enzyme released from white rot fungi, responsible for the degradation of
lignin, a matrix component surrounding cellulose in plant cell walls. It has been shown that LiP
can cleave the aromatic rings of complex polymers, such as lignin, and other organic molecules
such as DDT (dichloro-diphenyl-trichloroethane) and PCBs (polychlorinated biphenyls), leading
to the formation of oxidized side chains and aromatic residues [38, 39]. During these oxidation
reactions, VA (veratryl alcohol; a fungal metabolite released by white rot fungi) functions as a
free radical mediator, assisting the electron transfer between LiP and the substrate. The VA
cation radical formed during this process can directly oxidize chemicals that are not oxidized by
LiP [40]. LiP has greater redox potential than HRP and MPO [41-43], and, when coupled with
VA, possesses significantly higher enzymatic activity [40, 44]. Thus, given the widespread
presence of LiP, and the potential use of graphene for several technological and commercial
applications, in this study, we investigated the interactions of GONRs and rGONRs with LiP in

the presence and absence of VA.
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2. Materials and methods:
2.1 Materials:

Lignin peroxidase, hydrogen peroxide (3%), 3.4-dimethoxybenzyl alcohol (veratryl alcohol
[VA]), sodium L-tartrate dibasic dehydrate, and L-(+)-tartaric acid were purchased from Sigma
Aldrich® (New York, USA). GONRs were synthesized by longitudinal unzipping of MWCNTs
(Sigma Aldrich, NY, USA, Cat. No. 659258) and were reduced with hydrazine to form rGONRs

as described previously [45, 46].
2.2 Enzymatic Kinetic assay:

LiP activity in the presence and absence of GONRs was determined at 310 nm using an
Evolution 300 UV-Vis Spectrophotometer (Thermo scientific”, West Palm Beach, FL, USA) as
follows: 4.2 mM of VA was incubated with 7.5 pg/ml LiP with or without 0.75 mg/ml GONRs.
The reaction mixture was made up to a final volume of 1 ml by adding 0.42 mM H,0O, to start
the reaction. The assays were carried out at 23°C, the optimal temperature for LiP activity [47].
Data is reported in international units (U/I), with one unit (U) of LiP activity defined as one
umol of VA oxidized in one minute. The data in Figure 1 (H) were fitted with an exponential
plot using MatLab (MathWorks®, Natick, MA, USA). The absorbance was normalized to the

baseline absorbance of 4.2 mM VA solution prior to the addition of LiP and GONRs.
2.3 Degradation of GONRs and rGONRs:

The various experimental and control groups are listed in Figure 1 B-E. Briefly, 0.5 ml of 2.5
mg/ml GONRs and rGONRs were dispersed in 10X buffer solution (2.5 mmol tartaric acid and

7.5 mmol sodium L-tartrate dibasic dehydrate, pH=3.05). The solutions were subjected to bath
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sonication (1 hour, Ultrasonicator FS30H, Fischer Scientific, Pittsburgh, PA, USA) to generate
stable suspensions. To these suspensions, VA (0.5 ml of 6.359 pl/ml), LiP (3 ml, 0.25 mg/ml),
and 3% H,0, were added. All vials were filled up to total volume of 10 ml with buffer, and
sealed with a septum. The final concentrations of VA and H,O; in the vials were 4.2 mM and
0.42 mM, respectively, which are the optimal concentrations for lignin peroxidase activity [47].
H,0, was used to initiate the reaction. After every 15-minute time interval, 6 pl of 70 mM H,0,
and/or 4 pl of 15 mg/ml LiP were added to the reaction vials using a needle through the septum.
H,0, and/or LiP were replenished after every 15 minutes to continue the reaction for a total

period of 96 hours. All vials were stirred continuously at 300 rpm at 23°C in the dark.
2.4 Transmission electron microscopy (TEM):

GONRs and rGONRs were collected and centrifuged at 3400 rpm for 30 min to eliminate salt
contributions from the buffer. The collected pellet was mixed with 1:1 DI water:ethanol, probe
sonicated for 1 minute using a 1 sec ‘on’ 2 sec ‘off’ cycle (LPX 750 Ultrasonicator, Cole Parmer,
IL, USA), and centrifuged at 3000 rpm for 5 minutes. The resulting supernatant was dropped on
to TEM grids (300 mesh size, lacey carbon grids on a copper support; Ted Pella Inc., Redding,
CA, USA) and dried overnight. TEM imaging was performed using an FEI Tecnai ™ BioTwinG*
transmission electron microscope at an accelerating voltage of 80 kV. Digital images were

acquired using an AMT XR-60 CCD digital camera system.
2.5 Raman spectroscopy:

Samples for Raman spectroscopy were prepared by drop casting 20 pl of GONR or rGONR
sample after every 4-hour time interval on a silicon wafer (TED Pella®, Redding, CA, USA) and

air-dried. Point spectra were collected using a pSense Raman Microscope (Enwave optronics®,
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Irvine, CA, USA) at 532 nm. Spectra were collected 5 times per location for 15 locations per

sample and averaged.
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3. Results:

3.1 Enzyme Kinetics assay:

During LiP-mediated oxidation, VA functions as a free radical mediator, assisting the electron
transfer between LiP and the substrate. The VA cation radical formed during this process has
been shown to directly oxidize substrates [40]. Therefore, to measure the activity of LiP in the
presence and absence of GONRs, LiP was incubated with VA and GONRs at 23°C. The
enzymatic activity assay showed that the consumption of VA accelerated in the presence of

GONRs, limiting the reaction time to 15 minutes (Figure 1 A).

3.2 Gross visual observation:

Figure 1 B-E shows the optical images of the experimental and control group vials with or
without LiP, VA, or H,O; after 0 and 96 hours of incubation. The vials in Figure 1 B and D
contain GONRs, and those in C and E contain rGONRs. Figure 1 D shows the vial containing
LiP, VA, and H,0, (vial I) to be more transparent than the one without VA (vial II). The control
groups in vials IIT and IV (Figure 1 B and D), which did not contain H,O, and LiP, respectively,
did not show any change color. For the rGONRs (Figures 1 C and E), vials containing LiP, H,0O,,
and VA (vial I) showed a noticeable color change, compared to the other three vials (vials II, III,
and IV), although the change of color in these vials was not as pronounced compared to the vials
with GONRs (nearly transparent; Figure 1 D, vial I). No noticeable differences were observed
between the other three vials (Figure 1 E; vials II, III, and IV, lacking VA, H,O, and LiP,

respectively).
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3.3 Transmission electron microscopy:

TEM was performed to characterize the structural degradation of GONRs and rGONRs. Figure 2
shows representative TEM images of GONRs (Figure 2 A-D) and rGONRs (Figure 2 E-H) at
various time points (0, 4, 48, 72, and 96 hours) treated with LiP, VA, and H,O,. Pristine GONRs
(Figure 2 A) and rGONRs (Figure 2 E) were present as flat, smooth, and uniform multi-layered
sheets of graphene without any structural defects. After 4 hours, the GONRs showed noticeable
wrinkles (Figure 2 B, black arrows), and numerous holes (Figure 2 B, nanoribbon area marked
with yellow circle) with an average diameter of 13.5 £ 7.0 nm were observed. Conversely, few or
no holes were observed in the rGONR structure (Figure 2 F, black arrow) after 4 hours of LiP
treatment. After 48 hours, large holes (up to 320 nm diameter, Figure 2 D) were observed in the
GONRs, leading to disruption of the nanoribbon structure. Several small holes (Figure 2 H, black
arrows) and cleavages of nanoribbon architecture (Figure S1) were observed in the rGONRs
after 48 and 72 hours of treatment, respectively. After 96 hours, the GONR structure was
degraded, and amorphous carbonaceous aggregates (Figure 2 D) were observed. Holes extending

from the outer to inner layers of the rGONR sheets were also present (Figure 2 H).

Figures S2 and S3 display the morphology of the GONRs and rGONRs treated with LiP and
H,0, in the absence of VA. Similar to in Figure 2 A and E, the pristine GONRs and rGONRs
appeared as flat and smooth nanoribbons without any structural defects. Incubation of GONRs
with LiP and VA for 48 hours resulted in the formation of small holes (Figure S2 C), which
increased in diameter after 72 hours (Figure S2 D). Formation of holes in GONRs in the

presence of LiP and VA began after 48 hours of incubation (Figure S2 C, black arrows),
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suggesting that the degradation process is slower in the absence of VA. Large holes (~ 50 nm
diameter) were observed after 96 hours of treatment of GONRs. Figure S3 A and B shows the
morphology of rGONRs incubated with LiP and H,0O, after 0 and 96 hours. No structural

degradation of the rGONRs was observed even after 96 hours of incubation.

3.4 Raman spectroscopy:

Raman spectroscopy was used to characterize the perturbations (chemical changes, structural
defects) on the GONRs and rGONRs caused by their interactions with LiP and other cofactors
(VA, H;0,). Figure 3 shows Raman spectra of GONRs treated with LiP, VA, and H,O, (Figure 3
A); GONRs treated with LiP and H,O, (Figure 3 B); rGONRs treated with LiP, VA, and H,0O,
(Figure 3 C); and rGONRs treated with LiP and H,O, (Figure 3 D). Characteristic Raman peaks
were observed at 1370 cm™ (D band) and at 1600 cm™ (G band) [48]. Changes in the intensities
of the D and G bands were also observed at various time points. Table 1 lists the Ip/Ig ratios after
0, 24, 72, and 96 hours of treatment. For GONRs treated with LiP, VA, and H,O, (Figure 3 A, E),
the Ip/Ig ratio increased from 1.32 at the beginning of degradation to 1.89 after 96 hours of
treatment. At the end of the degradation, both the D and G band disappeared. The second vial, in
which GONRs were exposed to LiP and H,O,, but not VA (Figure 3 B, F), showed an increase in
the Ip/Ig ratio from 1.32 at 0 hours to 1.64 after 72 hours followed by a decrease to 1.49 at the
end of degradation process (Table 1). Figure 3 C and G shows the changes in the D and G bands
intensities of rGONRs exposed to LiP in the presence of VA. The Ip/Ig ratio increased from 1.51

(0 hours) to 1.77 (96 hours). Figure 3 D and H shows the Ip/Ig ratio of rtGONRs exposed to LiP

10
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in the absence of VA. The Ip/I ratio increased from 1.51 to 1.81 after 24 hours, followed by a

decrease to 1.70 after 96 hours of LiP treatment.

3.5 Quantification of structural defects:

To further investigate the structural morphology, we measured the diameter of the holes (D in
nm, inset Figure 4) and the distance between two holes (d in nm) after degradation of the
GONRs and rGONRs with LiP in the presence of VA and H,O,. Figure 4 A shows the
distribution of the diameter of the holes in the GONRs after 4 and 48 hours of enzymatic
treatment. The diameter of the holes were between 5-20 nm after 4 hours, and increased to ~320
nm after 48 hours. Furthermore, the distance between holes (Figure 4 B) ranged between 5-145
nm after 4 hours, and increased to ~310 nm after 48 hours of treatment. For rtGONRs, the
diameter of the holes (Figure 4 C) increased from 5-30 nm after 48 hours to ~205 nm after 96
hours of treatment. The distance between the holes (Figure 4 D) was between 5-180 nm after 48
hours, and decreased to 5-70 nm after 96 hours, suggesting an increase in the density of holes on
the tGONRs after 96 hours. The only difference between the degradation of GONRs and
rGONRs was the delayed occurrence of hole formation in the rGONRs, which was observed at

the 48-hour time point compared to the GONRs, which showed holes at the 4-hour time point.

11
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Discussions:

The objective of this study was to assess and evaluate the interactions of GONRs and rGONRs
with LiP. Towards this end, GONRs and rGONRs were incubated with LiP and H,0O; (in the
presence and absence of VA), and structural degradation was monitored using Raman
spectroscopy and TEM image analysis. The various experimental and control groups are listed in

Figure 1 B-E.

LiP activity can be analyzed by measuring the oxidation of VA [47]. During LiP mediated
oxidation, the VA cation radical can directly oxidize substrates [40] (graphene in our study),
thereby accelerating the consumption of LiP in the reaction. Therefore, we measured the
consumption of VA as a measure of LiP activity in the presence and absence of GONRs (Figure
1 A). Our results show that, in the presence of GONRs, H,0,, and LiP, the consumption of VA is
accelerated. H,O, is thermodynamically unstable at room temperature and spontaneously
degrades to form water and oxygen. Therefore, experiments were designed wherein H,O, was
added at 15 minutes time intervals. Previous reports have shown that a low pH value (pH = 3.05
in our experiments — the optimal pH value for the reaction in the presence of LiP) decreases the
temporal stability of the enzyme, and lowers the longevity of enzymatic activity [49]. Therefore,

LiP was also added to the reaction mixture at 15-minute intervals.

12
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Figure 1 B-E shows optical images of GONRs and rGONRs incubated with LiP and H,0, in the
presence and absence of VA after 0 and 96 hours. The higher degree of transparency of vial I
(GONRs + LiP + H,0, + VA, Figure 1 D) compared to vial II (same composition as vial I but
lacking VA) indicates that the presence of VA increases/accelerates the degradation of GONRs.
No color change was observed in vials III and IV (Figures 1 B and D), indicating that the
presence of H,O, and LiP is required for the degradation reaction. Additionally, since the
treatment conditions were identical for all the experimental and control groups, the lack of color
change observed in vials Il and IV (Figure 1 B and D) illustrates that the color changes in vials I
and II (Figures 1 B and D) were likely not due to dilution of the solutions. For rtGONRs, the lack
of noticeable color change observed in vials II, III, and IV (Figure 1 E) after 96 hours of
incubation implies that the presence of VA is critical for the degradation of rGONRs. From the
visual observation of the experimental and control groups (Figures 1 B-E), it can be concluded
that degradation occurs in GONRs in the presence of all three components (LiP, VA and H,O;
vial 1) or in the presence of LiP and H,O, (vial II); whereas for rGONRs, degradation was

observed only in the presence of all three components (LiP, VA, and H,0O,; vial [; Figure 1 E).

TEM imaging was used to study the morphological changes in GONRs and rGONRs before and
after LiP treatment. The length and width of the pristine GONRs (Figure 2 A) and rGONRs
(Figure 2 E) were ~ 2 um and 500-600 nm, respectively, confirming the complete unzipping of
MWCNTs possessing diameters ranging from 110-170 nm (n * diameter). After 4 hours of

incubation, the presence of numerous small diameter holes (13.5 + 7.0 nm; Figure 2 B,

13



Journal of Materials Chemistry B Page 16 of 55

nanoribbon area marked with yellow circle) and wrinkles (Figure 2 B, black arrows) on the
GONRs, and the nearly pristine structure of rGONRs (only a few small-diameter holes; Figure 2
F, black arrows), suggest that GONRs degrade at a faster rate than rGONRs. The structural
degradation of rGONRs, marked by the presence of several small holes and cleavage of rGONR
architecture, started after 72 hours (Figure 2 H, black arrows and Figure S1). The presence of
amorphous carbonaceous aggregates (Figure 2 D) after 96 hours of incubation suggests complete
structural degradation of GONRs. On the other hand, the presence of holes extending from the
outer to inner layers of the rGONR sheets (Figure 2 H) suggests the formation of holey graphene,
similar to the porous graphene produced by gold-nanoparticle-mediated hydroxyl radical attack

on rGO [50].

Degradation of GONRs by LiP in the presence of H,O, and absence of VA began after 48 hours,
implying that the degradation process is accelerated in the presence of VA (degradation of
GONRs began after 4 hours [Figure 2 B, black arrows] in the presence of VA). Furthermore, in
the absence of VA, no structural degradation was observed in the tGONRs even after 96 hours of
incubation (Figure S3 B), suggesting that LiP in the presence of H,O, alone does not degrade
rGONRs. The TEM analysis and Raman spectroscopy results taken together indicate that
GONRs can be degraded by LiP in the presence of H>O,, and that the degradation process can be
accelerated by the addition of VA. These results also imply that for the degradation of tGONRs,
the presence of VA is critical. Furthermore, in the presence of VA, the degradation rate of
GONRs and rGONRs by LiP is different. The delay in the formation of structural defects (holes)

on rGONRs (after 48 hours) compared to GONRs (after 4 hours) provides further evidence that

14
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the degradation kinetics is dependent on the substrate chemistry (oxidized vs. reduced graphene

nanoribbon sheets).

Raman spectroscopy was performed to characterize the perturbations (chemical changes,
structural defects) caused by the interaction of LiP and other cofactors (VA, H,O;) with
nanoribbons. Raman peaks observed at 1370 cm™ (D band) correspond to disorder in sp’
hybridized carbon systems, and at 1600 cm™ (G band) correspond to the in-plane stretching of
carbon bonds [48]. The observed disappearance of the D and G bands (Figure 3 A and E) implies
complete degradation of the graphene nanoribbon structure, suggesting the high efficiency of LiP
(in the presence of VA and H,0,) in degrading GONRs. An increase in the Ip/lg ratio
corresponds to an increase in the number of defects (disruption of C=C bonds due to structural
defects and/or presence of functional groups) in graphene [48, 51]. An initial increase in the Ip/Ig
ratio was observed for the second vial (GONRs + LiP, Figure 3 B and F), which decreased at the
end of the degradation process. An initial increase in the Ip/Ig ratio corresponds to the presence
of defects on graphene, whereas the decrease in the Ip/Ig ratio at later time points may
correspond to disintegration of the multiple stacked layers of graphene due to progressive
degradation exposing the pristine graphene layers present beneath the outermost layer [32]. The
Raman spectra from these pristine graphene layers would have an intense G band contribution,
reducing the Ip/Ig ratio. A similar phenomenon (initial increase followed by progressive decrease
in the Ip/lg ratio) was observed during the enzymatic degradation of multiwalled carbon
nanotubes, where HRP destroyed the outer layers, resulting in the exposure of pristine inner
nanotube layers, thereby reducing the Ip/Ig ratio [37]. The GONRs and rGONRs used in this

study were synthesized by the longitudinal unzipping of multiwalled carbon nanotubes, and

15
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possess multiple stacked layers of graphene. In the absence of VA, LiP may be degrading the
outer graphitic layers, thereby exposing the inner pristine layers leading to a decrease in the Ip/Ig
ratio. These results strongly hint that the presence of VA accelerates the degradation
phenomenon by forming structural defects that extend to the inner layers of GONRs. In
comparison to GONRs treated with LiP in the presence of VA and H,0O,, a gradual increase in
the Ip/Ig ratio was observed for rGONRs, suggesting that the rate of degradation of rGONRs is
slower compared to that of GONRs. In the absence of VA, no change in the Ip/lg ratio was
observed (Figure 3 D and H), indicating the lack of degradation of rGONRs. The results of the
Raman spectroscopy suggest that LiP can degrade GONRs in either the presence or absence of
VA (degradation is accelerated in the presence of VA); however, for the degradation of rGONRs,

the presence of VA is critical.

LiP is a 38-46 kDa enzyme divided into N- and C- terminal domains with a heme structure
inserted between the domains [44] (Figure 5 A). LiP forms compound I (Figure 5 B) through the
oxidation of the enzyme by one molecule of hydrogen peroxide. Compound I is then reduced
back to its original form via two reduction reactions leading to the formation of an intermediate -
- compound II [40]. Excess H>O, reacts with compound II forming a catalytic inactive form --
compound IIl. During the degradation reaction, VA serves multiple roles: (1) it is a good
substrate for compound I and II and can protect the enzyme from forming the inactive compound
I, thereby facilitating the regeneration of LiP [52]; and (2) it can act as a mediator in electron-
transfer reactions forming VA" -, a cation radical that may oxidize substrates such as carbon
nanomaterials, thereby reducing itself back to VA [53, 54]. This is especially important when the

substrates are difficult to be oxidized [53], too slow to bind the enzyme [55], or too large in size

16
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compared to the catalytic site [56] (such as GONRs and rGONRs). Thus, we hypothesize that the
presence of VA facilitates the conversion of inactive compound III to active LiP [40], thereby

accelerating the degradation of the substrates GONRs and rGONRs.

To the best of our knowledge, this is the first systematic study investigating the effects of LiP-
induced degradation of oxidized and reduced graphene (GONRs and rGONRs). Other studies
focused on the enzymatic degradation of carbon nanomaterials have employed two other
peroxidase enzymes, namely (1) HRP, a widely used enzyme produced by the horseradish plant
(Armoracia rusticana) [57] and (2) human MPO, an enzyme found in the human immune system
[58]. Kotchey et al. reported on the degradation of graphene oxide (formation of holes in the
basal place) using HRP in the presence of low concentrations of H,O, (~ 40 uM) [32], and
Russier et al. compared the degradation of oxidized SWCNTs and MWCNTs by HRP [28]. In
their study, after 60 days, complete degradation of oxidized SWCNTs and partial degradation of
oxidized MWCNTs were observed. Kagan et al. reported the degradation of oxidized SWCNTs
using MPO [35]. They found that, after 12 hours of incubation of oxidized SWCNTs with MPO
and H,O,, the presence of short short-chain carboxylated alkanes and alkenes was observed in
the degradation products. Importantly, however, the aforementioned studies reported enzymatic
degradation of oxidized carbon nanomaterials; pristine or chemically reduced carbon

nanomaterials could not be degraded by HRP and MPO.

We have previously reported that pristine graphene sheets synthesized by chemical vapor

deposition could also degrade at H,O, concentrations present in the environment without the

17
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need of peroxidase enzymes, albeit at a slower degradation rate [30]. Lignin peroxidase,
produced by fungal species such as Phanerochaete chrysosporium [40], possesses higher redox
potential (up to 1.4 V) [41] compared to HRP (0.941-0.96 V) [42] and MPO (0.97-1.35V) [43],
suggesting that between LiP, MPO, and HRP; LiP has a stronger potential to oxidize substrates.
Therefore, the effects of LiP-induced structural degradation on oxidized and reduced graphene
(GONRs and rGONRs) were systematically investigated in this study. Our results show that LiP,
in the presence of VA and H,0,, can degrade GONRs and rGONRs at substantially lower

degradation times; GONRs required only 96 hours.

Several studies have highlighted the uncertain long-term environmental and physiological effects
of carbon nanomaterials [8, 23-27]. The ubiquitous presence of white rot fungi, and thus LiP, in
the environment suggests that this organism could eventually degrade graphene nanoparticles
released into the environment. This fungus grows by hyphal extension through the soil, and has
an advantage in gaining better excess to pollutants accumulated in soil pores [59]. However,
pollutants broken down by white rot fungi are typically present in small amounts (part per
million levels). Thus, macroscopic amounts of graphene will degrade slowly in the environment.
Nevertheless, white rot fungi are attractive candidates for environmental remediation of graphene
for several reasons [59-63]: (1) they can be present in more concentrated amounts, and thus, be
employed to more efficiently degrade graphene. (2) They can be easily isolated and used for
remediation purposes. (3) In addition to LiP, white rot fungi release a multitude of enzymes
(such as laccase, manganese peroxidase, etc.) responsible for biodegradation of complex organic
compounds. These enzymes are expressed under nitrogen starvation, and therefore, the fungi do

not have to be acclimatized for graphene degradation. (4) The LiP degradation system is
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extracellular and non-specific, thereby eliminating the need for pre-oxidation of graphene, unlike
the HRP and MPO degradation systems, which require treatment with strong acids before
enzymatic degradation. Additionally, the extracellular degradation mechanism eliminates the
need for graphene internalization by fungal hyphae. (5) Lastly, white rot fungi use relatively
cheap sources of carbon such as sawdust, corncobs, straws etc., which can be readily provided

for easy colonization and biomass production.
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Conclusions:

GONRs and rGONRs interact with LiP; a ligninolytic enzyme released from white rot fungus in
the presence and absence of VA. Within 96 hours, in the presence of HO, and VA, GONRs and
rGONRs were completely and partially degraded by LiP, respectively. The structural degradation
of GONRs and rGONRs commenced after 4 and 48 hours of incubation with LiP, VA, and H,O,,
respectively. The delay in the degradation of rGONRs suggests that the degradation kinetics is
dependent on the substrate chemistry (oxidized vs. reduced nanoribbons). In the absence of VA,
no structural degradation of rGONRs was observed at all time points, suggesting that VA may be
a critical factor for the degradation of rGONRs. The results indicate that LiP (possessing higher
theoretical redox potential than MPO or HRP) can efficiently degrade GONRs and rGONRs in
the presence of VA. The ubiquitous presence of white rot fungi, and thus LiP, in the environment
suggests that this organism could eventually degrade graphene nanoparticles released into the

environment.
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Figure Legends:

Figure 1: (A) Enzyme kinetics of lignin peroxidase (LiP) with/without oxidized graphene oxide
nanoribbons (GONRs) in the presence of veratryl alcohol (VA; substrate) to measure the
consumption of hydrogen peroxide (H>O,). (B-E) Optical images of experimental and control
group vials: (B and D) GONRs and (C and E) reduced graphene oxide nanoribbons (rGONRs)

treated with/without LiP, VA, and H,0O, after 0 and 96 hours.

Figure 2: Representative transmission electron microscopy images of oxidized and reduced
graphene oxide nanoribbons (GONRs and rGONRs). (A-D) GONRs and (E-H) rGONRs treated
with lignin peroxidase, veratryl alcohol, and hydrogen peroxide after 0, 4, 48, and 96 hours.

Arrows in (B, D and G) point to representative holes on the graphene sheets.

Figure 3: Representative Raman spectra of (A) oxidized graphene oxide nanoribbons (GONRSs)
treated with lignin peroxidase (LiP), veratryl alcohol (VA), and hydrogen peroxide (H,O,); (B)

GONRs treated with LiP and H,0O,; (C) reduced graphene oxide nanoribbons (rGONRs) treated
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with LiP, VA, and H,0O,; and (D) rGONRs treated with LiP and H,0, after 0, 24, 72, and 96

hours. (E-H) Corresponding Ip/I intensity ratios for (A-D) at every time point.

Figure 4: Distribution plot of the hole diameter (‘D) and distance between holes (‘d’) (see inset
for description) of (A and B) oxidized graphene oxide nanoribbons (GONRs) after 4 and 96
hours, and (C and D) reduced graphene oxide nanoribbons (rGONRs) after 48 and 96 hours of

incubation with lignin peroxidase, veratryl alcohol, and hydrogen peroxide.

Figure 5: (A) Lignin peroxidase (LiP) enzymatic cycle. (B) Ribbon diagram of LiP obtained
from the Protein Data Bank (accession code 1B85). (C) Schematic representing the structural

degradation of graphene nanoribbons.

Tables

Table 1: Ip/Ig ratio values for oxidized and reduced graphene oxide nanoribbons (GONRs and
rGONRs) treated with lignin peroxidase in the presence/absence of veratryl alcohol (VA) after 0,

24,72, and 96 hours.

Samples Time points (hours)
0 24 72 96
GONRs with VA 1.32 1.38 1.76 1.89
GONRs without VA 1.32 1.41 1.64 1.49
rGONRs with VA 1.51 1.66 1.75 1.77
rGONRs without VA 1.51 1.81 1.64 1.70
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Figure 1 B-E:
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Figure 2 C:
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Figure 3 B:
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Figure 3 C:
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Figure 3 D:
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Figure 3 E:
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Figure 3 H:
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Figure 4 A:
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Figure 4 C:
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Figure 4 D:
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Figure 5 B:
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