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Abstract: Hexagonal boron nitride (hBN) nanosheets are
emerging as promising 2D materials for different types of
applications. However, biodegradation of hBN materials is
poorly explored owing to their high chemical inertness and
strong oxidation resistance. The assessment of oxidation/
biodegradation of hBN is important in developing biomedical
tools. Herein, we report the first study on the biodegradability
of hBN nanosheets comparing the enzymatic catalysis of two
different peroxidases, horseradish peroxidase (HRP) and
human myeloperoxidase (MPO), with the photo-Fenton
(P.E) reaction. The results show that degradation of hBN
nanosheets is different to that of graphene and graphene oxide,
since partial oxidation was found using MPO after 35 h, while
HRP failed to degrade hBN up to 60 days. Nearly complete
oxidation/degradation was occurred by P.F. reaction in 100 h.
These results are helpful in designing advanced conjugates for
biomedical uses of hBN.

The hBN nanosheets, also known as white graphene, belong
to the wide family of 2D materials.!"! In addition to hBN and
graphene, this family comprises other materials including 2D
layered transition-metal dichalcogenides, transition-metal
dioxides, and the recently discovered ultra-thin black phos-
phorous sheets.”! These types of rapidly emerging materials
are promising for various applications in electronics, optics,
energy storage, sensors, and catalysis.'>?*3 In addition, they
show a great potential in the biomedical field. Since they can
be exfoliated and stably dispersed in aqueous media,! such
materials can be easily integrated in living systems. Literature
evidence suggests that 2D materials will be the next
generation of biomedical tools, with performances that seem
to surpass those of carbon-based nanomaterials.!

hBN is currently extensively explored as an alternative to
graphene or in combination with graphene and other 2D
materials.*! In the field of biomedical applications, hBN
nanosheets are mainly developed for bioimaging and drug
delivery systems for anticancer therapy.”” This use is because
highly stable water dispersions, displaying low cytotoxicity,
can be obtained using biocompatible surfactants or perform-
ing suitable chemical functionalizations on the boron nitride
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surface.! For example, in cancer therapy, hBN was com-
plexed with doxorubicin, showing enhanced cellular toxicity
in comparison to the drug alone. In combination with silver
nanoparticles, hBN can display antibacterial activity against
gram-positive S. aureus and gram-negative E. coli,”’ although
the real effect is mainly due to the presence of silver, rather
than to a contribution of boron nitride. One key aspect
related to the exploitation of 2D materials in biomedicine is
the assessment of their biocompatibility and biodegradabil-
ity.®l Indeed, it is of fundamental importance to understand
the fate of these materials once administered in vivo. Very
little data is available on the cytotoxic effect, although the
first reports showed low cytotoxicity.l”! On the other hand, no
studies have confirmed the biodegradability of hBN. In the
literature, it has been demonstrated that carbon-based
materials, such as carbon nanotubes (CNTs), carbon nano-
horns, and graphene oxide (GO), are sensitive to the treat-
ment with different types of peroxidases, comprising human
peroxidases.”! Since boron nitride-based materials possess
a higher oxidation resistance than graphene,'”! it could be
more difficult to degrade BN by peroxidase enzymes unlike
carbon derivatives. Based on the lessons learnt from the
biodegradation of CNTsP*!" and GO,/ it will be interesting
to apply such strategies to degrade hBN in view of its possible
biopersistence level in living organisms and the environment.
In this context, we have started to elucidate the capacity of
different oxidative enzymes to degrade hBN. We have
decided to compare three different conditions in which hBN
dispersed by sodium cholate might be or might not be
degraded. In particular, we have treated hBN with horse-
radish peroxidase, myeloperoxidase, and UV-assisted photo-
Fenton reaction. All three treatments have shown different
hBN oxidation profiles arising from the type of reactive
intermediates or radicals generated.

hBN nanosheets were produced from bulk BN material by
liquid-phase exfoliation.” This involves sonication in water
using sodium cholate as surfactant similar to our earlier
methods!" (see Supporting Information). hBN/Na cholate
suspensions exhibited an excellent aqueous colloidal stability
(see left inset in Figure 1). This was also confirmed by its high
negative zeta potential (—33.5mV at pH 7). Atomic force
microscopy (AFM) and transmission electron microscopy
(TEM) analysis evidenced the production of nanosheets with
lateral sizes of 200-600 nm and thicknesses of 1-10 layers
(Figure S1,S2 in the Supporting Information).

To interrogate the biodegradability of hBN sheets, we
chose three different routes. We first treated hBN dispersion
with the plant enzyme HRP,' which is a model peroxidase
enzyme that generates highly oxidative intermediates. Sec-
ondly, we used human myeloperoxidase extracted from
human neutrophils, which is a much stronger peroxidase
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than HRP able to produce HOCI in addition to its reactive
intermediates.”™ Finally we performed the UV-assisted
photo-Fenton reaction that generates the most powerful
hydroxyl radicals catalyzed by FeCl;. This method was
applied earlier to decompose large aromatic compounds as
well as CNTs and GO.I"”

Initially, BN/Na cholate nanosheets (78 ugmL™') were
incubated with HRP in phosphate buffered saline (PBS) and
H,O, was added to the suspension one time per day up to
60 days. The color of the hBN suspension (Figure 1, left inset)
did not change even at the end of the period (indicating an
ongoing degradation process) in contrast to carbon nano-
material degradation in which case transparent solutions were
obtained after 20 days”™'¥ Next, hBN nanosheets
(100 pgmL™") were treated with human MPO in the presence
of NaCl and H,O,. In this case, hydrogen peroxide was added
every hour for 35 h. Then, the color of the suspension became
slightly translucent unlike CNT or GO dispersions, where the
typical brownish color disappears within 24 h.”*®! Then, P.F.
reaction of hBN nanosheets was carried out in the presence of
FeCl; and H,O, at pH 4 under UV irradiation at 365 nm for
100 h. The hBN suspension changed to a nearly trans-
parent solution (Figure 1, right inset, see also Figure S3) after
100 h. The course of the different degradation processes was
followed using complementary spectroscopic (i.e. Raman)
and microscopic techniques, such as TEM and high-resolution
TEM (HRTEM), as well as X-ray photoelectron spectroscopy
(XPS).

Raman analyses were initially carried out to gain detailed
information on the oxidation or degradation levels of hBN
(see Supporting Information methods and Figure S4,S5) as
a function of time. The chemical structure of hBN monolayers
is different from other 2D materials, such as graphene. Only
the G-band relative to the E,, phonon (B—N vibrational
mode) is allowed.”*' This band is located around 1366 cm .
The oxidation/degradation state of BN nanosheets before and
after treatment with HRP, MPO, and PF. reaction was
assessed based on the changes in intensity of the G-band
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Figure 2. A) Raman spectra of hBN nanosheets treated with HRP,

B) treated with MPO, and C) treated by P.F. reaction. D) Plot of the
BN G-band intensity as a function of time for MPO- and P.F.-treated
samples. The intensity decays exponentially, consistent with degrada-
tion.

(Figure 2). In the case of HRP treatment (Figure 2A), the
intensity of the G-band gradually decreased as treatment
increased from O to 60 days. In the case of MPO, the G-band
intensity also gradually decreased compared to untreated
hBN (Figure 2B) within only 35 h. These results suggest that
the degradation of hBN is more effective using the MPO/
H,0,/NaCl system than HRP/H,O, conditions, in agreement
with previous studies on CNTs and GO."*!"! Indeed, it is
established that reactive intermediates of MPO and HOCl are
much stronger oxidants than the oxidative species generated
by HRP.” Similarly, the P.F. reaction strongly affected the G-
band resulting in a gradual decrease in intensity with
increasing reaction time from 0 to 100 h (Figure 2C), up to
a complete disappearance at the end of the experiment. In
particular, the complete absence of the G-band after 100 h
treatment supports the full oxidation or degradation of hBN
nanosheets. This is likely to be due to the production of strong
hydroxyl radical species during the P.F. reaction.** We can
analyze the intensity of the G-band as a function of time in all
cases (Figure 2D and Figure S5). Despite the scatter in the
data as a result of sample inhomogeneity (see Supporting
Information methods), it is clear that the G-band follows an
exponential decay which is consistent with degradation.
Fitting allows time constants for the degradation to be
estimated. As already suggested above, the degradation is
significantly slower in the case of HRP treatment with time
constant on the order of 50 days (Figure S5) compared to
MPO and PF. In the MPO and PF. cases, the G-band intensity
as a function of time falls on the same curve (Figure 2D).
Fitting the data to an exponential decay gives a time constant
on the order of 45 h.

We also observed an increase in the width of the G-band
on degradation. While the G-band can be fitted reasonably

www.angewandte.org

An dte

Chemie

5507


http://www.angewandte.org

GDCh
~—~

5508

well with single Lorentzians in all cases (Figure S4), it is
consistently broadened in the HRP, MPO, and PF.-treated
samples. The full width at half maximum (FWHM) increases
from around 9 cm™' in the reference sample up to approx-
imately 11.5 cm ™' in the case of the P.F. reaction (Figure S5)
further suggesting a disruption in the chemical structure.

The decreasing (reduction in the intensity) as well as
broadening of G bands were previously observed for hydrox-
yl-functionalized hBN sheets via oxygen radical action,'® and
for thermally oxidized BN sheets®™ including BN quantum
dots obtained by oxidation of BN sheets."®! Although it is still
not theoretically clear why the G-band was decreasing during
the oxidation of hBN, its reduction in intensity and its
broadening can be attributed to an oxidation process,*" as the
oxidation of BN sheets can reduce the number of the B-N
bonds by insertion of oxygen atoms.

In the next step, we employed TEM to obtain more
insights into the degradation of hBN nanosheets using the
different oxidative conditions described above (Figure 3).
There was no change in the morphology of hBN after treating
with HRP/H,O, for 15 days (Figure 3 A) in agreement with

Figure 3. TEM images of BN sheets. The first row shows HRP-treated
hBN for 15 days (A), 30 days (B), and 60 days (C). The second row
shows MPO-treated hBN for 20 h (D) and for 35 h (E,F). The third row
shows hBN after P.F. reaction for 25 h (G), 53 h (H), and 100 h (I).
The arrows in (B), (C), (F), and (G) indicate nanopores on the surface
of hBN sheets, while the arrow in (I) shows the round shaped particles
left after 100 h treatment.

the Raman analysis. However, few tiny pores on the nano-
sheets were formed after 30 days as indicated by the arrow in
Figure 3B. After 60 days, the number of the little pores
increased in dimension (Figure 3 C). We could notice that the
sharp edges of hBN nanosheets became dull in comparison to
untreated hBN, likely because the oxidation of BN first occurs
at the edges. Compared to GO and CNTs, hBN sheets seem
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more resistant to the oxidative HRP/H,O, system, since the
GO and CNTs were degraded after 20 days,”*'"*l whereas
hBN is still persistent after 60 days. The hBN control sample
treated with only H,O, for the same period did not show any
changes in the morphology (Figure S6).

Then we analyzed the sample treated with MPO/H,0O,/
NaCl. After 20 h, the flat nanosheets started to become
porous (Figure 3D), and their edges were highly crumpled. A
further evolution in the morphology occurred in the following
15h, with drastic changes in the sheets that appeared
extremely porous (Figure 3E). In addition, we observed
a certain number of nanoscale fragments along with the
porous BN sheets, attributed to the cleavage of hBN sheets
into nanodot-like structures during the degradation process
(Figure 3E). Nevertheless, MPO degradation of hBN was not
complete even after 35 h, because many aggregates were still
present (Figure 3F). This is in contrast to the behavior of
CNTs and GO that could be completely degraded within 24 h
by treatment with MPO/H,0,/NaCL" We note that the
addition of only H,O, (every hour) did not affect the structure
of the nanosheets (Figure S7). These results also emphasize
the stronger oxidation resistance of hBN in comparison to
materials made of graphite.

HRTEM along with selected-area electron diffraction
(SAED) analyses were used to interrogate the changes in the
crystallinity and the fine structure of hBN nanosheets after
treating with HRP and MPO (Figure S8). Most of hBN layers
retained their flat morphology with considerable damage at
their edges. The hexagonal single crystallinity of hBN was also
preserved even after 60 day HRP treatment as revealed by
SAED pattern (Figure S8A, inset).” In addition, few highly
porous fragments and amorphous structures were found again
supported by the diffuse diffraction SAED pattern (Fig-
ure S8B, inset). However, in the case of hBN treated with
MPO for 35 h, highly porous sheets were visible (Figure S8C),
together with some sheets that completely lost their layered
morphology as marked by the arrow. SAED analyses of small
porous BN fragments showed a nearly diffused ring pattern
with few less intense spots which indicates almost like
amorphous structure (Figure S8D, inset). Overall, HRTEM/
SAED analyses confirmed that MPO is more potent than
HRP to degrade hBN in agreement with the Raman and TEM
data. Most probably, the synergistic effect of hypochlorite and
the reactive oxidative intermediates of MPO are able to
degrade hBN layers more efficiently than HRP/H,O, as
reported earlier for CNTs and GO.*"!

Finally, the P.F. reaction was found to affect the structure
of hBN more significantly than HRP or MPO as shown in
Figure 3G to 31. No evident morphological changes were
observed after 25h (Figure 3G), except formation of few
pores at the edges of some BN sheets. However, after 53 h
a large number of holes appeared on the surface of BN
surface (Figure 3H) leading to the loss of the typical flat
morphology. Finally, by 100 h reaction, the majority of BN
sheets were converted into highly porous fragments, where
the 2D sheet layered motif of hBN was completely lost
(Figure 31). In addition to these fragments, few round shaped
and thick particles including some partially degraded and
aggregated sheets were also present (Figure 31 and Fig-
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ure S9). No such degradation was observed in the reference
experiments (Figure S10). The effective degradation of hBN
by the PF. reaction is in good correlation with the Raman
analysis (Figure 2C). The stronger oxidation resistance of
hBN compared to graphene was also confirmed in the case of
the PF. reaction, since BN sheets were nearly fully degraded
after 100 h, while GO required half this time to complete the
same process in similar conditions.*® Overall, by comparing
the three degradation methods, the P.F. reaction was found to
be the most effective, followed by human myeloperoxidase.

To further confirm the efficient degradation process by
the PF. reaction, the remaining products of the hBN oxidation
process (obtained by precipitation of the samples by adding
NacCl, see Supporting Information) were analyzed by X-ray
photoelectron spectroscopy (XPS; Figure 4). The results
clearly emphasize the strong oxidation of BN sheets, since
the atomic percentages of B and N were significantly
decreased after 40h of treatment, with a simultaneous
exponential increase of the percentage of oxygen (Table S1
in Supporting Information).

—BN 100 h
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Figure 4. XPS spectra of hBN sheets. Top: Survey spectra of hBN
nanosheets at 0, 40 and 100 h of P.F. reaction. Bottom: Core-level
spectra of Bls, N1s, and O1s of hBN at 0, 40, and 100 h, respectively.

At 0 h, the atomic percentages of B, N, and O were 46.5,
42.9, and 10.6 %, respectively. After 40 h, these percentages
changed to 18.8, 17.1 and 64.1 %, respectively. At the end of
the experiment, the value for B and N decreased to 3.9 and
9.0 %, while that of O was 87.1 %. The signal intensities of the
core-level spectra of Bls and N1s were drastically decreased
(Figure S11) and their peak shapes were deformed as the
reaction time increased from 0 to 100 h. Particularly, the
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shape of Bls peak disappeared at the end of the experiment,
while the shape of N1s was shifted to higher energy compared
to 0 h, which could be due to the presence of N—H bonds as
reported elsewhere during the oxidation of BN tubes by H,O,
at high temperature and high pressure.' In turn, the relative
intensity of the Ols core level spectrum was significantly
increased after 100 h reaction time. This peak enhancement
can be attributed to oxidation of boron atoms by hydroxyl
radicals formed during the photo-Fenton reaction. 15418 T
addition, the XPS analyses of the supernatants of hBN
samples, treated with PF. reaction for 40 and 100 h, also
supported the degradation of hBN sheets (Figure S12,S13 and
Tables S2,S3). Indeed, XPS shows the presence of soluble
boron species in both supernatants. Overall, the XPS analyses
confirmed the strong oxidation of BN sheets during P.F.
reaction most likely by breaking B—N bonds and forming new
B—O bonds.

Finally, FT-IR spectroscopy was used to analyze the
oxidation of hBN nanosheets by the PF. reaction (Figure 5).
The starting hBN nanosheets are mainly characterized by the
B—N in-plane stretching and B-N-B bending vibrations at
1370 and 810 cm™!, respectively."!) However, after 40 h the
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Figure 5. FT-IR spectra of hBN nanosheets treated under photo-Fenton
reaction conditions for 0 h (top) and 40 h (bottom).

two fundamental vibrations displayed much lower intensities
and were slightly shifted to higher frequencies. The significant
changes in the fundamental vibrations is mainly attributed to
the covalent modification of B—N bonds by hydroxyl radicals
via disruption of the sp® network or by breaking B-N bonds,
as reported for functionalized BN sheets and BN nano-
tubes."® "l A substantial degree of dislocation of the lattice is
indeed possible because of the addition of OH groups to
boron atoms.I"¥ In addition, new peaks can be observed after
40 h treatment; in particular the peak at 1155 cm™' corre-
sponding to B-O-H bending vibrations,*?! and other prom-
inent peaks at 1238 and 1040 cm ™' assigned to the in-plane
bending vibrations of B-OH and symmetric B—O stretching,
respectively."™ The peaks between 700 to 500 cm ™' are related
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to B-O-B bonds."®! Thus, these additional features confirmed
the oxidation of B—N to B—O and the presence of B-OH
groups at the surface of the degrading material. The combined
results of XPS and FT-IR confirmed the covalent function-
alization of hBN by HO" generated during PF. reaction.

The combination of the different analytical techniques
applied in this work strongly supports the oxidative degrada-
tion of hBN nanosheets. Previous studies reported that the
oxidation mechanism of hBN materials is different from
graphene. The gradual substitution of N atoms by oxygen was
expected during oxidation of BN, whereas the oxidation of
graphene occurs mainly via epoxide bond formation.! Since
the B—N bond is partially ionic, hydrolysis of BN occurs by
addition of OH groups to the electron-deficient B atoms as
demonstrated using ultra-sonication in water, which also
results in cutting large BN planes into smaller sheets.”?? The
oxidation of B—N bonds was hypothesized to start at the
defect sites, and then progress to the adjacent borazine units
until reaching the edges and forming smaller and smaller
fragments.'*??! Hence, we believe that the degradation of our
hBN nanosheets by reactive intermediates generated during
the three oxidation treatments (HRP, MPO, and P.F.) can also
proceed in the same way by breaking B—N bonds via B-O
bond formation.

Raman and TEM results revealed that the degradation of
hBN was rather limited by HRP treatment, while it was quite
significant using MPO and nearly complete by the PF.
reaction. Therefore, the degree of hBN degradation/oxidation
of BN sheets could be correlated to the redox potentials (E°)
of the reactive radicals generated and of the intermediates
during the enzymatic catalysis of HRP, MPO and the UV
action of the PF. reaction. The redox potentials of HRP
intermediates (compound I and II)) are closed to 0.95 V, while
MPO compound I and II have a potential of 1.16 and 1.34 'V,
respectively.! In addition, the much stronger oxidant HOCI
is generated (1.48 V) during the catalytic process of MPO. As
a consequence, a significant amount of hBN fragments were
observed during MPO treatment compared to HRP. Similar
results are reported for the degradation of CNTs or GO by
the same enzymes.”**! However, hydroxyl radicals generated
in the PF. reaction are the most powerful oxidants, with
a redox potential of 2.31 V. Thus, a complete oxidation
leading to degradation is possible by the P.F. reaction. This is
plausible because a higher redox potential of BN sheets is
predicted compared to graphitic materials (i.e. CNTs: 0.5 V),
since hBN sheets have a much wider band gap than carbon
nanotubes.” In general, compared to CNTs and GO, the
degradation of hBN sheets is more challenging owing to the
stronger oxidation resistance of BN over graphitic materi-
als.’¥ For instance, graphene undergoes thermal oxidation at
450°C, while BN monolayer are oxidized only at 850°C.P¥ In
previous studies, monolayer BN quantum dots were obtained
by disintegrating bulk hBN via in situ generation of the strong
oxidant KO,."**! Moreover, KO, was responsible for doping
BN sheets with oxygen forming B—O bonds."” The hydroxyl
radicals formed during the ultrasonication could be involved
in scissoring BN sheets into smaller size.”>?! Therefore,
strong oxidants like KO, and HO" are needed to oxidize hBN.
This is the reason why an extensive degradation of BN sheets
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was absent in the case of HRP unlike MPO and PF.
treatments.

The possible oxidation routes of hBN by the three types of
oxidative treatments are hypothesized in Figure 1. In the case
of HRP, the oxidation of the BN sheet is mainly limited to the
edges (Figure 1, structure B) as confirmed by TEM images
(Figure 3C). Highly porous sheets (Figure 1, structure C)
were instead observed by MPO treatment for 35h or PF.
reaction for 53 h (Figure 3E,H). Further oxidation by PF.
reaction up to 100 h resulted in a nearly complete degradation
of the porous sheets into molecular or nanoscale BN frag-
ments (Figure 31), mainly consisting of B—O bonds (Figure 1,
structure D). As explained above, the oxidation of hBN
nanosheets could progress via substitution of N atoms by O,
leading to form N defect sites (BN;_,O, with x = 1,2,3), finally
generating B,Os-like structures.”'®*! In addition to the
different types of oxidation treatments, the presence of
aggregated or multilayered BN nanosheets also played
a key role in the degradation as we observed in the Figure 3F
(for MPO) and Figure S8 (for P.F.). Indeed, these aggregated/
multilayered forms were not efficiently degraded compared
to mono- or few-layer sheets. These kind of results were also
observed for GO materials.” Thus, layer thickness is also
important during the biodegradation process.

In summary, we have reported for the first time the
biodegradability of hBN nanosheets using two different types
of peroxidases and the UV-assisted photo-Fenton reaction.
Although hBN is quite resistant to HRP, significant degrada-
tion by human myeloperoxidase indicates that biodegrada-
tion of this material is possible in the organs that contain high
levels of this enzyme (i.e. lungs).”*! Future biodegradation
studies of BN in activated immune cells like neutrophils and
macrophages (where MPO is highly expressed) could give
more insights about the biopersistance of BN materials in
living species. In addition, the almost complete degradation
by the photo-Fenton reaction suggests that an extensive
oxidation of hBN nanosheets needs much more powerful
oxidants, such as hydroxyl radicals. This behavior is highly
useful to envisage strategies to decompose BN materials
produced at industrial scales. In perspective, the synthesis of
porous or functionalized BN sheets by controlling the photo-
Fenton reaction duration might be of great interest to
produce new polymer composites.?"*?7
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