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ABSTRACT: Nanozymes, the enzyme-mimicking nanomateri-
als, have been developed to overcome the low stability and high
cost of natural enzymes. Unlike highly active and specific
enzymes, however, the catalytic activities of nanozymes are
moderate and lack specificity. To address these issues, herein we
demonstrated an effective and general strategy to specifically
enhance the peroxidase-mimicking activities of carbon nano-
zymes. By doping heteroatom nitrogen (N) into reduced
graphene oxide (rGO) and mesoporous carbon (MC), their
peroxidase-mimicking activities were enhanced by over 100- and
60-fold, respectively. Moreover, N-doping did not significantly
affect the oxidase-, superoxide dismutase (SOD)-, or catalase-
mimicking activities of rGO and MC, demonstrating a specific
enhancement of the peroxidase-mimicking activities. To understand the origin of the specific enhancement, we performed
density functional theory calculations to examine the catalytic reaction mechanisms responsible for the peroxidase-, catalase-,
oxidase-, and SOD-mimicking activities of N-doped rGO (N-rGO). We revealed that N-rGO selectively activated H,O, rather
than O, and *O,” by forming and stabilizing radical oxygen species adjacent to the N sites of N-rGO. The radical oxygen
species then oxidized peroxidase substrates, endowing N-rGO with peroxidase-mimicking activity. This study will aid in the
rational design of highly active and specific peroxidase mimics and help elucidate the catalytic mechanisms of nanozymes.

B INTRODUCTION doping.’"** However, the mechanisms underlying the activity
enhancement of carbon nanozymes by N-doping have yet to be
elucidated, which, if available, would guide to design highly
active nanozymes. On the other hand, the specificity of
nanozyme-catalyzed reactions has largely not been fulfilled.
Most nanozymes possess multiple enzyme-mimicking activ-
ities.”* > For example, both fullerenes and carbon nanodots
were reported to mimic the activities of peroxidase and
superoxide dismutase (SOD).* 7% Recently, Liu et al.
attempted to address the issue of nanozymes’ specificity. They
showed that the substrate specificity of peroxidase-like

Nanomaterials-based enzyme mimics (called nanozymes) have
received great attention due to their high stability, low cost,
and multifunctionalities." Though a variety of nanomaterials
(such as metal, metal oxides, and carbon nanomaterials) have
been studied as enzyme mimics during recent decades, the
catalytic activities of nanozymes developed to date are still
moderate and lack specificity.' ~>° These shortcomings have
limited their broad application in areas such as biosensing,
bioimaging, and nanomedicine.”” To overcome these short-
comings, on one hand, numerous strategies have been
developed to improve the activities of nanozymes b
modulating their sizes, morphologies, or compositions."**~* Received: June 27, 2018
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nanozymes was enhanced by growing molecularly imprinted
polymers on the surfaces of the nanomaterials.” However, the
intrinsic specificity of nanozymes has yet to be addressed,
which, if achieved, would truly imitate one of the character-
istics of enzyme catalysis.

To address these issues, herein we reported an unexpected
finding that N-doping into reduced graphene oxide (rGO) not
only boosts its peroxidase-mimicking activities by 2 orders of
magnitude but also achieves exceptional specificity toward
peroxidase-mimicking activity and not other closely related
enzymatic reactions (Figure 1). To understand the origin of

HZOZ
T™MB

oxTMB

Figure 1. N-rGO exhibits specifically enhanced peroxidase-mimicking
activity (i) but negligible catalase-, SOD-, and oxidase-mimicking
activities (i, iii, and iv, respectively). TMB: 3,3’,5,5’-tetramethylben-
zidine dihydrochloride hydrate; oxTMB: oxidized TMB.

the highly active and specific peroxidase-mimicking activity of
N-doped rGO (N-rGO), we performed density functional
theory (DFT) calculations. We revealed that N-rGO selectively
activates H,O, rather than O, and *O,” by forming and
stabilizing radical oxygen species adjacent to the N sites of N-
rGO. The radical oxygen species then oxidize peroxidase
substrates, endowing N-rGO with specific peroxidase-mimick-
ing activity. Moreover, we demonstrated that N-doping is a
general strategy for specifically enhancing the peroxidase-
mimicking activities of carbon nanomaterials.

B EXPERIMENTAL SECTION

Chemicals and Materials. Graphene oxide (GO) was obtained
from Nanjing XFNANO Co. Ltd. and had diameters of 0.5—5 ym and
thicknesses of 0.8—1.2 nm. §5,5-Dimethyl-1-pyrroline N-oxide
(DMPO) was obtained from J&K Chemicals (Shanghai, China).
Xanthine, xanthine oxidase, hydrogen peroxide (30%), and hydro-
ethidine were purchased from Sigma—Aldrich. Urea, iron(II) sulfate
heptahydrate, hydrofluoric acid, and acetic acid were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 3,3’,5,5’-
Tetramethylbenzidine dihydrochloride hydrate (TMB), hexadecyl-
trimethylammonium bromide (CTAB), tetraethyl orthosilicate
(TEOS), and p-phthalic acid (PTA) were obtained from Aladdin
(Shanghai, China). Cyanamide was purchased from Alfa Aesar.
Sodium dihydrogen phosphate dihydrate, disodium hydrogen
phosphate dodecahydrate, and anhydrous sodium acetate were
purchased from Nanjing Chemical Co. (Nanjing, China). Other
chemicals were of at least analytical reagent grade and were used as
received. All aqueous solutions were prepared with deionized water
(18.2 MQ-cm, Millipore).

Instrumentation. Transmission electron microscopy (TEM)
imaging was performed on a Tecnai F20 microscope at an
acceleration voltage of 200 kV (FEL USA). Scanning electron
microscopy (SEM) images were recorded on a Zeiss Ultra SS§
microscope (Zeiss, Germany). X-ray photoelectron spectroscopy
(XPS) spectra were collected by a PHI 5000 VersaProbe XPS
microscope (UIVAC-PHI, Japan). Electron paramagnetic resonance
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(EPR) measurements were carried out on a Bruker EMX-10/12
spectrometer (Bruker, Germany). UV—visible absorption spectra were
collected on a UV-—visible spectrophotometer (Beijing Purkinje
General Instrument Co., Ltd.,, China), and fluorescence spectra were
measured on a Hitachi F-4600 fluorescence spectrophotometer
(Hitachi, Japan).

Synthesis of rGO and N-rGO. rGO was obtained by annealing
GO under an Ar atmosphere for 1 h in a tubular furnace at 600 °C
with a heating rate of 3 °C/min, followed by further annealing for 3 h
at 900 °C with a heating rate of S °C/min. After cooling to room
temperature, the rGO samples were ground.

N-rGO was obtained using two methods, depending on the
nitrogen source, as follows:

(1) Ureaas a nitrogen source for N-rGO.* First, GO (50 mg) was
dispersed in ethanol (25 mL) by sonicating the mixture for 10 min.
Then, different amounts of urea were added into the mixture and
thoroughly mixed by sonicating the mixture for another 60 min. The
mixture was then transferred into a 100 mL beaker, stirred, and heated
at 80 °C to dryness. The dried samples were heated under an Ar flow
for 1 h at 600 °C with a heating rate of 3 °C/min. Next, the
temperature was increased to 700, 800, 900, or 1000 °C at a heating
rate of 5 °C/min and maintained at that temperature for 3 h to afford
N-rGO (samples are denoted N-rGO-1, N-rGO-2, N-rGO-3, N-rGO-
4, and N-rGO-5, see Figure S2). After cooling to room temperature,
the N-rGO samples were ground.

(2) Ammonia as a nitrogen source for N-rGO.*' First, GO (30 mg)
was loaded in a tube furnace under a flow of 5% NH; in Ar. The GO
was then annealed for 2 h after reaching the desired temperature (600,
800, or 1000 °C) with a heating rate of 3 °C/min (samples are
denoted N-rGO-6, N-rGO-7, and N-rGO-8, see Figure S2). After
cooling to room temperature, the N-rGO samples were ground.

Synthesis of Mesoporous Carbon (MC) and N-Mesoporous
Carbon (N-MC). MC and N-MC were synthesized using a template-
mediated strategy.

Synthesis of the Mesoporous Silica Template.”? In a typical
procedure, CTAB (162.5 mg, 0.09 equiv) was dissolved in 78.9 mL of
aqueous solution containing ethanol (254 mlL, 115 equiv) and
concentrated aqueous NH; (1 mL, 25 wt %, 2.96 equiv). Then, the
mixture was heated to 35 °C, and TEOS (1 mL, 1 equiv) was rapidly
added with vigorous stirring. After stirring at 35 °C for 24 h, the
resulting white product was collected by centrifugation at 4000 rpm
for 10 min and washed three times with ethanol. The CTAB template
was then removed by calcining the sample at 550 °C for 5 h.

Synthesis of N-MC.*> Oxalic acid (6 mg), a polymerization catalyst,
was dissolved in furfuryl alcohol (1 mL), followed by the addition of
cyanimide (100 mg) with sonication. The obtained solution was then
infiltrated into the mesoporous silica pores by a wetness impregnation
technique at room temperature.** Polymerization was achieved by
heating the sample at 80 °C for 12 h, and then the composite was
calcined under an Ar flow using the following program: (1) 150 °C
for 2 h; (2) heating to 650 °C at 2 °C/min and holding at this
temperature for 5 h. The silica template was subsequently removed by
treating the composite with 10% HF for 24 h. The black powder was
centrifuged at 8000 rpm for 5 min and thoroughly washed with water
and ethanol. Finally, the N-MC was dried at 60 °C in vacuum oven
overnight.

Synthesis of MC. The same method was used as for the synthesis of
N-MC, without the addition of cyanimide.

Peroxidase-Mimicking Activity Measurements. The carbon-
based nanozyme (1 mg/mL, 5 uL) was added into NaOAc—HOAc
buffer (100 mM, pH 4.0) containing H,0, (10 M, 1 uL) and TMB
(25 mM, 10 pL). The final volume of the mixture was adjusted to S00
uL with NaOAc—HOAc buffer (100 mM, pH 4.0). Then, a portion
(200 uL) of the mixture was used for UV—visible spectroscopy
measurements at an absorbance of 652 nm for the time-course
experiment.

Oxidase-Mimicking Activity Measurements. The carbon-
based nanozyme (1 mg/mL, 5 uL) was added into NaOAc—HOAc
buffer (100 mM, pH 4.0) containing TMB (25 mM, 10 yL). The final
volume of the mixture was adjusted to 500 uL with NaOAc—HOAc
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Figure 2. (A) Kinetic curves of A4, for monitoring the catalytic oxidation of S00 uM TMB (100 mM NaOAc—HOAc buffer, pH 4.0) with 20 mM
H,0, in the presence of 10 yg/mL rGO or 10 pg/mL N-rGO-5. (B) Normalized peroxidase-mimicking activities of rGO and N-rGO-S.

buffer (100 mM, pH 4.0). Then, a portion (200 yL) of the mixture
was used for UV-—visible spectroscopy measurements at an
absorbance of 652 nm in the time-course experiment.

Catalase-Mimicking Activity Measurements. In a typical
procedure, carbon-based nanozyme (1 mg/mL, 4 uL) was added
into phosphate-buffered saline buffer (0.10 M, pH 7.0, 196 uL)
containing H,0, (1 M). Then, the reactor was quickly sealed. The O,
pressure was measured with a pressure gauge after 10 min.

SOD-Mimicking Activity Measurements. Xanthine was cata-
Iytically oxidized with xanthine oxidase to produce °O,”. Hydro-
ethidine, an *O,” specific fluorescence probe, was used to assess the
amount of *0O,". In a typical procedure, carbon-based nanozyme (1
mg/mL, 5 uL) was added into NaOAc—HOACc buffer (5 mM, pH 4.0,
485 uL) containing xanthine (0.6 mM) and xanthine oxidase (40
mU). After incubation for 10 min, hydroethidine (10 mg/mL, 10 L)
was added and allowed to react for 30 min. The fluorescence was then
measured with an excitation wavelength of S10 nm.

Monitoring *OH Elimination by the Nanozymes by
Fluorescence. H,0, (50 mM), PTA (0.5 mM), and different
amounts of carbon-based nanozyme were added into NaOAc—HOAc
buffer (100 mM, pH 4.0) and reacted for 30 min under UV
irradiation with 365 nm. Then, the mixture was centrifuged at 10 000
rpm for 2 min, and the supernatant was used for fluorescence
measurements with an excitation wavelength of 315 nm.

Monitoring *OH Elimination by the Nanozymes by EPR
Spectroscopy. H,0, (100 mM), DMPO (100 mM), iron sulfate
heptahydrate (0.2 mM), and carbon-based nanozymes (30 pg/mL)
were added into a NaOAc—HOAc buffer (100 mM, pH 4.0) and
mixed thoroughly. Then, the mixture was transferred into a capillary
tube for EPR measurements.

Structural Models and Computational Methods. The N
atoms in N-rGO have four main structural configurations: pyridinic
N, pyrrolic N, graphitic N (i.e., quaternary nitrogen), and oxidic N
(Figure S1A).* Among them, graphitic N has been verified as the
catalytically active site for various redox reactions, such as oxygen
reduction reaction®® and water oxidation.”” Because the enzyme-
mimicking activities studied here are redox reactions involving similar
oxygen species (Figure 1), the graphitic N should be the most
important active site, deserving of special attention. Therefore, our
computational study focused on the graphitic N of N-rGO.

We used the small-sized molecules pyrene and coronene and two-
dimensional, size-infinite graphene as the three different models of
rGO, that is, N-doped pyrene (N-pyrene), N-doped coronene (N-
coronene), and N-doped graphene (N-graphene), respectively
(Figure SIB—1D). For the N-pyrene and N-coronene models, one
of the peripheral sp? C atoms was saturated by the addition of an H
atom to keep the closed-shell singlet in the ground state. In these
models, the oxygen-containing groups, which were experimentally
found in rGO and N-rGO, were not considered because the present
study focused on the effect of N-doping in the main structure, i.e,, the
sp> domain, of rGO. The role of oxygen functionalities in GO in the
enzyme-mimicking activities has been studied previously.'”**
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For the N-pyrene and N-coronene models, the geometries were
optimized using the B3LYP functional®® with the 6-31G(d,p) basis
set. The solvent effect of water was considered using the polarizable
continuum model.*° The system temperature was set as 298.15 K.
The frequency analyses for all structures were performed at the same
level of theory to obtain Gibbs free energies. The frequency
calculations confirmed that each energy minimum has no imaginary
frequencies and that each transition state has only one imaginary
frequency. All these calculations were performed using the Gaussian
09 package.”" Similar methods have been successfully applied to study
the chemical reactions of carbon clusters, including polycyclic
hydrocarbons and fullerenes.**"

With the periodic graphene and N-graphene models, the
calculations were gerformed using the Vienna ab initio Simulation
Package (VASP).>* A (4 X 4) graphene supercell with 32 C atoms
was taken as the graphene model, and the same graphene supercell
with one C atom substituted by one N was used as the N-graphene
model. The Perdew—Burke—Ernzerhof functional®® was used for
geometry optimization and energy calculations in a plane-wave basis
set with an energy cutoff of S00 eV and Gaussian smearing of 0.05 eV.
A vacuum height of 15 A was set in the vertical directions to avoid the
interaction between periodic images. The Brillouin zones were
sampled with the (3 X 3 X 1) Monkhorst—Pack>* mesh k-point grids.
The convergence criteria of the electronic energy and forces were set
to 107° eV and 0.01 eV/A, respectively.

B RESULTS AND DISCUSSION

Enhancing the Peroxidase-Mimicking Activity of rGO
by N-Doping. First, we studied the enhanced peroxidase-
mimicking activity of rGO after N-doping. rGO was chosen as
a representative nanozyme due to its robust activity and
biocompatibility. After optimization of the synthetic conditions
(Figure S2), N-rGO-$ with the highest peroxidase-like activity
was obtained, which was further investigated and compared
with rGO in subsequent studies. The peroxidase-like activities
of rGO and N-rGO-5 were evaluated by monitoring TMB
oxidation with H,0, in the presence of the nanozymes.
Surprisingly, the reaction solution containing N-rGO showed a
much more intense blue color than that containing rGO
(Figure S6). This clearly indicated that the peroxidase-like
activity of rGO was remarkably enhanced after N-doping. We
quantitatively studied the catalytic activity of N-rGO-5 by
monitoring the absorbance of oxidized TMB (oxTMB) at 652
nm (Ags,; Figure 2A), which revealed that N-rGO-S exhibited
more than 2 orders of magnitude higher activity than pristine
rGO (a 105-fold enhancement; Figure 2B).

Kinetics Studies. To understand the enhanced peroxidase-
mimicking activity of N-rGO-5, the steady-state kinetics of the
rGO and N-rGO-S nanozymes were investigated (Figures S10
and S11). With increasing substrate concentration, the catalytic
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Figure 3. Specifically enhancing the peroxidase-mimicking activity of rGO by N-doping. (A) Oxidase-, (B) SOD-, and (C) catalase-mimicking

activities of rGO and N-rGO-S. Control sample did not contain any nanozymes. (D) Enhancement of the enzyme-mimicking activities of N-rGO-S
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Figure 4. Calculated reaction energy profiles corresponding to the prominent peroxidase-mimicking activity of N-pyrene, i.e., the small-sized model
of N-rGO. (A) Reaction free energy profiles for the catalytic cycle through which TBM is oxidized to oxTMB by H,0, with N-pyrene as the

catalyst (energy in kcal/mol). (B) Chemical constituents for the stationary points shown in panel A.

speed increased gradually and reached a plateau, which

suggested that the nanozyme-catalyzed reactions obeyed
Michaelis—Menten kinetics. As shown in Table SI, the K
value of N-rGO-S for H,0, was lower than that of rGO,
indicating that N-rGO-S has a higher affinity for H,O, than
rGO. However, the K, value of N-rGO-5 for TMB was higher
than that of rGO, suggesting rGO has a higher aflinity for
TMB than N-rGO-5. These differences were consistent with
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the DFT calculation study (vide infra), which showed that the
activation of H,O, is the rate-determining step for the catalysis.
Moreover, the V. values of N-rGO-$ for both H,O, and
TMB were much higher than those of rGO, further confirming
that N-doping improved the peroxidase-mimicking activity of
rGO.
Specifically Mimicking Peroxidase with N-rGO. We
then studied the other closely related redox enzyme-mimicking
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reaction channel yielding the diepoxy structure (energy in kcal/mol). (B) Chemical constituents for the stationary points shown in panel A.

activities of rGO and N-rGO-S (Figure S14). Oxidase mimic
was evaluated by monitoring the catalytic aerobic oxidation of
TMB in the presence of rGO and N-rGO-5. As shown in
Figure S14A, rGO exhibited negligible activity toward TMB
oxidation, whereas N-rGO-S showed slightly higher activity.

The SOD-mimicking activities were evaluated by monitoring
the elimination of *O,~ by the nanozymes. As shown in Figure
S14B, neither rGO nor N-rGO-S could effectively eliminate
°0,, demonstrating the negligible SOD-like activity of the two
nanomaterials.

Finally, the catalase-mimicking activities were evaluated by
monitoring the production of O, from the nanozyme-catalyzed
decomposition of H,0,. As shown in Figure S14C, the
produced O, was measured with an air pressure detector. In
the presence of rGO, the O, pressure was nearly the same as
that observed without rGO. In the presence of N-rGO-S, the
O, pressure slightly increased. These results demonstrated the
very low catalase activities of rGO and N-rGO-S.

The normalized oxidase-, SOD-, and catalase-mimicking
activities of rGO and N-rGO-S are summarized in Figure
3A—3C. Further quantitative analysis showed that N-doping
enhanced the peroxidase-mimicking activity of rGO by more
than 100-fold. Unexpectedly, N-doping nearly showed
negligible effects on the oxidase-, SOD-, and catalase-
mimicking activities of rGO (Figure 3D). These results
suggested that we had specifically enhanced the peroxidase-
mimicking activity of rGO by doping N into rGO, which had
not been achieved previously.

Mechanisms for Specifically Enhanced Peroxidase-
Mimicking Activity of N-rGO. To reveal the reasons for the
specific enhancement of the peroxidase-mimicking activity of
rGO by N-doping, we performed DFT calculations to examine
the possible catalytic reaction mechanisms responsible for the
peroxidase, catalase-, oxidase-, and SOD-mimicking activities
of N-rGO.

Figure 4 shows the reaction free energy profiles for the
peroxidase-mimicking activity of N-pyrene (the smallest model
of N-rGO, Figure S1). N-pyrene first captures an O atom from
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H,0,, generating an epoxy intermediate (intl1 of Figure 4A)
and a molecule of water. Other water molecules can participate
in this step, serving as the H-transfer catalysts to facilitate the
reaction. Specifically, if two water molecules were involved as
the H-transfer catalysts (in ts11), the corresponding Gibbs free
energy of activation (G¥) was reduced to only 17.2 kcal/mol.
Interestingly, the O atom of the epoxy group can freely move
on the N-pyrene surface. The structural transformation from
intl1 to int14 (i.e., from 3 to 9 in Figure 4A), in which the O
atom moves closer to the N atom, encounters successive
energy barriers of only 3.6, 7.3, and 6.9 kcal/mol. Structure
intl4 is a singlet diradical, whose unpaired electrons are
located on the O atom and the adjacent C atom. Because of its
high reactivity, the radical O of intl4 facilely abstracts an H
atom from the peroxidase substrate TMB (G% = 12.2 kcal/
mol), which generates intlS and oxTMB (Figure 4A).
Structure intl$ easily abstracts an H atom from another
molecule of TMB (Gi = 17.6 kcal/mol), which yields H,0
and another oxTMB, and simultaneously regenerates N-
pyrene. The oxTMB can abstract a proton to form oxTMBHY,
which appears as blue in the experiment (Figure 4A). Through
the catalytic cycle, two TMB molecules are oxidized by one
molecule of H,0, to generate two oxTMB and two H,O
molecules (Figure 4A, inset). The overall change in the Gibbs
free energy (G,) is —50.0 kcal/mol, and the largest G is 17.6
kcal/mol. The negative G, and low G} values mean that the N-
pyrene-catalyzed oxidation of TMB by H,O, is thermodynami-
cally and kinetically favorable, which is in agreement with the
experimentally observed high peroxidase-mimicking activity of
N-rGO.

In the catalytic cycle shown in Figure 4A, the singlet
diradical int14 is the key reactive intermediate, whose radical
O atom abstracts an H atom from TMB to produce the
peroxidase-mimicking activity of N-pyrene. In the catalytic
cycle, the structure intl2 is also a singlet diradical, which
should also drive the peroxidase-mimicking activity for N-
pyrene. In contrast, we failed to locate similar singlet diradical
structures in the pyrene structure without N-doping. Instead,
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the O atoms on pyrene only formed epoxide structures.
Therefore, the prominent peroxidase-mimicking activity of N-
pyrene compared to that of pyrene was due to the N atoms of
the former, which capture O atoms from H,0, to form O-
centered radicals. The radical O atoms then oxidize organic
substrates. The above mechanism of peroxidase-mimicking
activity of N-pyrene is consistent with the well-known catalytic
mechanism of peroxidases: the iron porphyrin (i.e., the active
site) takes an O atom from H,0O, to form the oxoiron(IV)
porphyrin z-cation radical to further oxidize substrates.”
These results are also in line with the mechanisms of the
peroxidase- and oxidase-mimicking activities of metals, studies
of which show that the O adatoms on metal surfaces are
responsible for the oxidation of substrates.””**

The calculations also revealed the prominent peroxidase-like
activities for N-coronene (the larger cluster model of N-rGO)
and N-graphene (the size-infinite model of N-rGO) (Figures
S1SA and S16). Therefore, computations with both the small-
sized (N-pyrene and N-coronene) and size-infinite (N-
graphene) models of N-rGO consistently verify the exper-
imentally observed peroxidase-mimicking activity of N-rGO.

To explain the reasons for the negligible catalase-mimicking
activity of N-rGO, we studied the reaction pathways
corresponding to catalase-mimicking activity for N-pyrene,
N-coronene, and N-graphene. The black lines in Figure SA are
the reaction free energy profiles for N-pyrene. First, N-pyrene
is oxidized to intl4 following the same mechanism in Figure
4A. Then, int21 forms through the dissociative addition of
H,0, to int14, which has an energy barrier of 19.5 kcal/mol.
After a molecule of H,O leaves int21, the endoperoxide
structure int22 is generated; this step is notably facile (G, =
—33.6 kcal/mol and Gf = 4.3 kcal/mol). In principle, int22
can be restored to N-pyrene by releasing a molecule of singlet
oxygen (*0,). However, the 'O, releasing step is uncompe-
titive because of its relatively high energy barrier and positive
change in the free energy (G} = 22.3 kcal/mol; G, = 18.5 kcal/
mol). Instead, the endoperoxide structure int22 favors the O—
O bond splitting reaction to form the diepoxy structure int23
(Figure SA, green; G = 18.5 kcal/mol; G, = —24.8 kcal/mol),
which outcompetes the 'O, generation channel. Even
considering that triplet oxygen *O, can be formed through
potential energy surface crossing (Figure S14), the *O,
releasing channel is still less competitive than the O—-O
splitting, leading to the diepoxy structure int23. Therefore, the
catalase-mimicking activity of N-pyrene is low. Reportedly,
endoperoxides can exist on GO and rGO*® with high chemical
reactivity.”” Here, we show that the endoperoxide int22 can
easily transform into the diepoxy structure int23. As
mentioned above, the epoxy O atom in the vicinity of
graphitic N can be further converted to a radical O with high
oxidizing capability, which instead agrees with peroxidase-
mimicking activity. The reaction free energy profiles
corresponding to catalase-mimicking activities of N-coronene
and N-graphene are shown in Figures SISB and S18,
respectively, which similarly predict minimal catalase-mimick-
ing activities for N-rGO and agree with the experiment.

To explain the reasons for the weak SOD- and oxidase-
mimicking activities of N-rGO, we calculated the correspond-
ing reaction pathways with N-pyrene. We first studied whether
N-pyrene can catalyze the disproportionation reaction of
*OOH to form H,0, and O, as an SOD mimic. We used
the *OOH radical to represent *O,” because of the known
protonation reaction of *O,” to form *OOH under acidic
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conditions. Figure 6A shows the reaction energy profile
corresponding to the SOD-mimicking reactions of N-pyrene.
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Figure 6. Calculated reaction free energy profiles corresponding to
the weak SOD-mimicking activity of N-pyrene, ie., the small-sized
model of N-rGO. (A) The black lines are the less competitive
catalytic cycle corresponding to the SOD-mimicking activity of N-
pyrene through which two *OOH radicals decompose to one H,0,
and one O, molecules. The green lines represent the more
competitive reaction channel yielding the epoxy and hydroxyl
structures (energy in kcal/mol). (B) Chemical constituents for the
stationary points shown in panel A.

First, the radical *OOH readily absorbs on the surface of N-
pyrene to form intermediate int31 (3 in Figure 6A), with an
energy barrier of 12.7 kcal/mol. In principle, int31 can react
with another *OOH to form one molecule of singlet 'O, and
H,0, (5 in Figure 6A), which is, however, thermodynamically
unfavorable with the overall change in Gibbs free energy G, of
10.5 kecal/mol. The reaction of int31 with another *OOH to
form one molecule of triplet 0, and H,0, (7 in Figure 6A) is
thermodynamically favorable, which, however, has a relatively
higher energy barrier of 14.6 kcal/mol. Alternatively, the
unimolecular transformation of int31 to int34 (i.e., an epoxide
and a hydroxyl, 11 in Figure 6A) is thermodynamically
favorable and has an energy barrier of only 10.1 kcal/mol.
Importantly, this unimolecular transformation does not resort
to the effective collision probability of int34 with another
*OOH radical as the formation of 'O, or >0, does, and thus
would be more facile. The more facile transformation of
*OOH radicals to epoxy and hydroxyl groups instead of O,
and H,O, agrees with the weak SOD-mimicking activity of N-
rGO observed in the experiment. The above data also
rationalizes the weak oxidase-mimicking activity of N-rGO.
As shown in Figure S17, the adsorption of O, to N-pyrene to
form the endoperoxide structure int22 is thermodynamically
unfavorable with a high energy barrier, supporting the weak
ability of N-rGO to activate *O, and thus the inability of N-
rGO to mimic oxidases.

Figure 7 summarizes the DFT results that account for the
specific enhancement of peroxidase-mimicking activity of rGO
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Figure 7. Mechanisms obtained by DFT calculations responsible for
the specific peroxidase-mimicking activity (i) but negligible catalase-,

N-rGO.

by N-doping. The strong peroxidase-mimicking activity of N-
rGO originates from the easy formation of radical oxygen
species near the N sites of N-rGO from H,0,. Such radical
oxygen species can be detached from the N-rGO surface after
reacting with peroxidase substrates, rendering N-rGO perox-
idase-mimicking activity. However, such radical oxygen species
will form ring-closure epoxy species, which are difficult to be
detached without the doping of nitrogen in rGO. So, N-
doping, which probably stabilizes the radical oxygen species by
nitrogen’s lone pair electrons, is critical to enhance the
peroxidase-mimicking activity of N-rGO. However, the
recombination of the two oxygen adatoms into one molecule
of free O, on N-rGO is less competitive than their
transformation into two epoxy structures because of the strong
chemisorption of O, on N-rGO. These results rationalize the
weak catalase-mimicking activity of N-rGO. The strong

chemisorption of O, on N-rGO also prevents the SOD-
mimicking activity of N-rGO. In contrast, the reaction of *O,~
with N-rGO yields epoxy and hydroxyl species instead of O,
and H,0,, in agreement with the weak SOD-mimicking
activity of N-rGO. The large energy barrier for the
chemisorption of *0, on N-rGO, which arises from the spin
conservation of >0, when reacting with closed shell molecules,
accounts for the weak oxidase-mimicking activity of N-rGO.

N-Doping as a General Strategy for Designing Highly
Active and Specific Peroxidase-Mimicking Nanozymes.
To test whether the N-doping strategy could also be used to
engineer other carbon nanomaterials into highly active and
specific peroxidase mimics, we doped MC with N and
investigated the four enzyme-mimicking activities. Interest-
ingly, N-MC also exhibits a much higher peroxidase-mimicking
activity than MC (Figure S21). The quantitative analysis
showed that the peroxidase-mimicking activity of MC was
enhanced by more than 60-fold after N-doping. Moreover,
both MC and N-MC exhibited nearly negligible oxidase-,
SOD-, and catalase-mimicking activities (Figures 8B—S8E).
These results clearly demonstrated that N-MC also exhibits
specifically enhanced peroxidase-like activity, indicating the
generality of the N-doping strategy.

B CONCLUSIONS

In summary, we demonstrated that the doping of heteroatom
N into rGO and MC not only boosts their peroxidase-
mimicking activities remarkably but also achieves exceptional
specificity toward peroxidase-mimicking activity and no other
closely related enzymatic reactions. The DFT calculations
revealed the origin of such a high specificity, originating from
the selective activation of H,0, rather than O, and *O,” by
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Figure 8. Specifically enhancing the peroxidase-mimicking activity of MC by N-doping. (A—D) Normalized peroxidase-, oxidase-, SOD-, and
catalase-mimicking activities of MC and N-MC. Control was in the absence of nanozymes. (E) Enhancement of the enzyme-mimicking activities of

N-MC relative to those of MC.
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the N-rGO. The N-rGO with specific peroxidase-like activities
would show better sensing performance since it inhibited the
decomposition of H,0,. Compared with rGO, N-rGO indeed
showed wider linear range and lower detection limit for
sensing of H,0, (Figure S22). The current study not only
demonstrates a new strategy to design highly active and
specific peroxidase mimics but also provides deep insight into
the catalytic mechanisms of these nanozymes. Given that
carbon nanomaterials can be engineered by doping (and
codoping) with other heteroatoms (such as P and S), it is
anticipated that peroxidase-mimicking nanozymes with even
higher catalytic activities will be developed in the future.
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