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Abstract: The design and construction of efficient artificial
enzymes is highly desirable. Recent studies have demonstrated
that a series of carbon nanomaterials possess intrinsic perox-
idase activity. Among them, graphene quantum dots (GQDs)
have a high enzymatic activity. However, the catalytic mech-
anism remains unclear. Therefore, in this report, we chose to
decipher their peroxidase activity. By selectively deactivating
the ketonic carbonyl, carboxylic, or hydroxy groups and
investigating the catalytic activities of these GQD derivatives,
we obtained evidence that the —C=0 groups were the catalyti-
cally active sites, whereas the O=C—O— groups acted as
substrate-binding sites, and —C—OH groups can inhibit the
activity. These results were corroborated by theoretical studies.
This work should not only enhance our understanding of
nanocarbon-based artificial enzymes, but also facilitate the
design and construction of other types of target-specific
artificial enzymes.

N anomaterials with similar functions to those of proteins
are regarded as an important class of protein mimics and
expected to substitute natural proteins in practical applica-
tions.! Carbon nanomaterials have shown excellent catalytic
activity in several important chemical and biochemical
reactions.”) Interestingly, they are even regarded as nano-
zymes because they possess intrinsic enzymatic activity.” As
nanozymes, carbon nanomaterials have advantages over
natural enzymes, such as low costs, facile production on
large scale, the possibility of long-term storage, and high
stability in harsh environments.’) Our group was the first to
report the peroxidase-like activity of graphene oxide (GO),"!
and has since focused on expanding the applications of GO,
graphene nanocomposites, carbon nanotubes (CNTs), carbon
dots (CDs), and graphene quantum dots (GQDs) as perox-
idase-like catalysts.™™  Although the above-mentioned
carbon nanozymes have exhibited enzymatic activity in

[*] H. Sun, A. Zhao, Dr. N. Gao, Dr. K. Li, Prof. J. Ren, Prof. X. Qu
Laboratory of Chemical Biology and State Key Laboratory of Rare
Earth Resource Utilization, Changchun Institute of Applied
Chemistry, Chinese Academy of Sciences
Changchun, Jilin 130022 (China)

E-mail: xqu@ciac.ac.cn

H. Sun, A. Zhao

University of Chinese Academy of Science
Beijing, 100039 (China)

¥] This work was supported by the 973 Project (2011CB936004,
2012CB720602), and the NSFC (21210002, 21431007, 91413111,
21402183).

M) Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201500626.

Wiley Online Library

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

diagnostics and therapeutic applications, compared with
natural peroxidase, the low efficiency of the carbon nano-
materials has unfortunately restricted their further applica-
tions.”®! Understanding their catalytic mechanism should
facilitate the design and synthesis of more effective carbon
nanozymes.?*34

GQDs, which can be regarded as small pieces of graphene,
are a type of zero-dimensional material with characteristics
derived from both graphene and CDs.?! Aside from some
superior fluorescence properties, such as higher photostability
against photobleaching and blinking than organic dyes and
semiconductor quantum dots, GQDs exhibit a higher perox-
idase-like activity than GO. Furthermore, GQDs display
no apparent toxicity in vitro and in vivo, which should render
them applicable in the area of biomedicine.” For these
reasons, GQDs have attracted significant attention from
researchers in both material and biological science. Recently,
we have found that the peroxidase-like activity of GQDs
stems from their ability to catalyze the decomposition of
H,0,, generating HO".' However, the catalytic and substrate-
binding sites of GQDs acting as nano-peroxidases are
unknown. Herein, through selectively deactivating these
specific oxygen-containing functional groups® and investi-
gating the catalytic activity of different GQD derivatives as
peroxidase mimics, we obtained evidence that the ketonic
carbonyl groups (—C=O) are the catalytically active sites,
whereas the carboxylic groups (O=C—O—) act as substrate-
binding sites, and the hydroxy groups (—C—OH) can even
inhibit the catalytic reaction. For the first time, we clarify the
different functions of these three kinds of typical oxygen
functional groups on the surface of GQDs in catalytic
peroxidase-like reactions, which reflects the intrinsic catalytic
activity of GQDs as a peroxidase mimic.

The GQDs were synthesized according to previous
reports.*?! The as-prepared GQDs were mainly covered
with carbonyl, carboxylic, and hydroxy groups on their
surface.*! Phenylhydrazine (PH), benzoic anhydride (BA),
and 2-bromo-1-phenylethanone (BrPE) were chosen as the
titrants to specifically react with the ketonic carbonyl,
hydroxy, and carboxylic groups on the GQDs, respectively
(Scheme 1), because these reactions have been shown to be
highly specific under gentle reaction conditions.”! The typical
transmission electron microscopy (TEM) and atomic force
microscopy (AFM) images of GQDs and the as-prepared
GQD derivatives (referred to as GQDs-PH, GQDs-BA, and
GQDs-BrPE) demonstrated that the reactions with PH, BA,
and BrPE did not change the average sizes and heights as well
as the relative size and height distributions of the GQD
derivatives compared with the unmodified GQDs (Support-

Angew. Chem. Int. Ed. 2015, 54, 7176 —7180


http://dx.doi.org/10.1002/ange.201500626
http://dx.doi.org/10.1002/anie.201500626
http://dx.doi.org/10.1002/anie.201500626

© Carbon @ Nitrogen @ Oxygen

GQDs-BrPE

¢ Hydrogen @ Bromine

Scheme 1. The chemical titration processes for a) ketonic carbonyl,
b) hydroxy, and c) carboxylic groups on GQDs.

ing Information, Figures S1 and S2). Owing the different
surface states, the changes observed in the photolumines-
cence (PL) and UV spectra of the GQD derivatives compared
with those of the parent GQDs indicate that the titration
reactions have indeed occurred (Figures S3 and S4).><10]
Fourier transform infrared (FT-IR) spectroscopy, zeta
potential measurements, nuclear magnetic resonance (NMR)
spectroscopy, and X-ray photoelectron spectroscopy (XPS)
were used to study the surface groups of the GQDs. The FT-
IR spectrum of GQDs-PH showed an obvious vibration band
at 1840 cm™!, which is due to the formation of C=N bonds
during titration (Figure S5).®! For the GQDs-BA, an increase
in intensity of the peak corresponding to the ester group at
1730 cm™! was observed, whereas the intensities of the —C—H
stretching vibrations at 2924 cm ' and 2850 cm !, which are
due to the BrPE substituents, were enhanced for the GQDs-
BrPE (Figure S5).M Especially for the GQDs-BrPE, com-
pared with other GQDs, the obvious decrease in the zeta
potential value indicated the removal of O=C—O— moieties
by BrPE (pH 7.0, Figure S6). Furthermore, the peak area
obtained through deconvolution of the O 1s XPS spectra
could reflect the relative surface concentration of different
O species and the extent of the three titration reactions.[*!!
As displayed in the O1s XPS spectra (Figure 1a), the
decreases in the intensities of the C=O signal for the
GQDs-PH and of the C-OH signal for the GQDs-BA and
the increase in the C=O signal for the GQDs-BrPE also
indicated that the three reactions had occurred, which is
consistent with the results of the FI-IR, zeta potential, and
NMR measurements (Figures S5-S7). By integrating the
relative peak areas, we determined that the surface concen-
trations of C=O (ketonic carbonyl groups), C-OH (phenol
and alcohol groups), and O=C—O— groups (carboxylic
groups) on the GQDs dropped by approximately 92, 93, and
98 % after the reactions with PH, BA, and BrPE, respectively.
Furthermore, the N 1s XPS spectrum of the GQDs-PH
showed a significant peak that is due to the formation of
C=N bonds (Figure 1b).I¥l As determined by XPS, the GQDs-
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Figure 1. a) O 1s and b) N Ts XPS spectra of GQDs-PH, GQDs-BA,
GQDs-BrPE, and GQDs.

PH had a nitrogen content of 9.9% (atomic percent),
compared with a nitrogen content of 4.6% in the parent
GQDs.

The oxidation reaction of 2,2'-azinobis(3-ethylbenzthiazo-
line-6-sulfonate) (ABTS) in the presence of H,O, was
selected as a model reaction to evaluate the peroxidase-like
activity of the GQDs and their derivatives (GQDs-PH,
GQDs-BA, and GQDs-BrPE) by monitoring the change in
the ABTS absorption at 417 nm."! The contributions of the
oxygen functional groups (—C=0, -C—OH, and O=C—0O-) to
the catalytic oxidation reaction could be evaluated by
comparing the enzymatic activity of the unmodified GQDs
with those of the GQD derivatives. According to the data
shown in Figure S8, for both the parent GQDs and the three
derivatives, the optimal conditions were found to be pH 4.0
and approximately 37°C."l As shown in Figure 2, under these
conditions, the GQDs-BA showed the highest enzymatic
activity among the four different GQDs whereas the activity
of the GQDs-PH was much lower than that of the GQDs, and
the catalytic activity of the GQDs-BrPE was almost the same
as that of the parent GQDs, indicating that the enzymatic
activity of the GQDs was related to the oxygen functional
groups and that the —C=0 groups might play a very important
role in the catalytic process.

To further analyze the functions of the oxygen functional
groups in the catalytic reaction under our experimental
conditions, we used the Michaelis-Menten model to analyze
and compare the kinetic parameters of the GQDs and their
derivatives. From Lineweaver-Burk plots, values for the
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Figure 2. Comparison of the peroxidase-like activities of the parent
GQDs and GQD derivatives. a) The time dependence of the absorb-
ance at 417 nm. b) The absorbance at 417 nm after a 10 min enzy-
matic reaction with GQDs-PH, GQDs-BA, GQDs-BrPE, or GQDs.
Experiments were carried out using GQDs or GQD derivatives
(40 ugmL™") in a reaction volume of 0.5 mL in Na,HPO, buffer
(25 mm, pH 4.0) and H,0, (50 mm) with ABTS (2.5 mm) as the
substrate.

maximum initial velocity (V) and the Michaelis-Menten
constant (K ) were obtained (Figure S9), which are summar-
ized in Table 1.3 The K, value is a measure of the binding
affinity between enzymes and substrates, and the V,, value
reveals the turnover number of enzymes, which reflects their
catalytic activity.'¥ With ABTS as the substrate, there were
no significant differences between the V,, values of the
parent GQDs and the different GQD derivatives. However,
the observed increase in the K, value for the GQD deriva-
tives implied that the removal of oxygen functional groups
(especially of ~C=0) reduced the affinity between the GQDs
and ABTS, suggesting that the oxygen functional groups
played a role on enrichment of ABTS on the surface of GQDs

Table 1: Comparison of the apparent Michaelis—Menten constants (K,,)
and maximum reaction rates (V,,,,) of GQD derivatives and GQDs.

Catalyst Substrate Ky [mM] Viax [X10 M)
GQDs-PH H,0, 1.09+0.03 0.21140.008
GQDs-BA H,0, 1.12+0.02 2.67+0.02
GQDs-BrPE H,0, 7.94+0.01 10.55+0.02
GQDs H,0, 1.17+0.03 1.24+£0.04
GQDs-PH ABTS 681.3+2.1 1.27+£0.02
GQDs-BA ABTS 21.4+0.3 2.14+0.02
GQDs-BrPE ABTS 64.7+0.2 2.33+0.03
GQDs ABTS 10.4£0.1 1.78 £0.05
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in this enzymatic reaction. With H,O, as the substrate, the
K, value of the GQDs-BrPE was significantly higher than
those of the GQDs, GQDs-PH, and GQDs-BA. This finding
indicates that the removal of O=C—O— groups reduces the
affinity between the GQDs and H,0,, and that the O=C—0O—
groups could be the binding sites for H,O,. Furthermore, the
V max Value of the GQDs-PH was much lower than those of the
GQDs, GQDs-BA, and GQDs-BrPE, indicating that the
—C=0 groups were the catalytic sites for H,0, decomposi-
tion. It should be pointed out that the GQDs-BrPE had the
largest V., value with H,O, as the substrate, which could be
attributed to the fact that when the O=C—O— groups are
removed by reaction with BrPE, the —C=O groups of the
BrPE that are now located on the surface of the GQDs can act
as catalytic sites for H,O, decomposition. Meanwhile, the
removal of O=C—O— groups reduced the number of binding
sites for H,O, on the GQDs; therefore, the GQDs-BrPE did
not show the highest enzymatic activity. Furthermore, the
Vnax Value of the GQDs-BA was approximately two times
larger than that of the GQDs whereas their K, values were
similar, which might be due to the fact that the BA had
reacted with the =C—OH groups, thus reducing the possibility
that generated HO" radicals are trapped by alcoholic or
phenolic hydroxy groups on the GQDs; the GQDs-BA thus
have the highest catalytic activity.'”] Furthermore, according
to the Arrhenius equation'® from linear fitting of the
logarithmic plots of the reaction rates against the reciprocal
of the reaction temperature (290-330 K; Figure S10), the
activation energies were estimated to be 47.0 £0.5,41.5 £ 0.4,
443 +0.4, and 44.7 +0.5 kI mol™" for the GQDs-PH, GQDs-
BA, GQDs-BrPE, and GQDs at pH 4.0 (25 mm PBS buffer),
respectively, whereas an activation energy of 495+
0.5kJmol™" was determined for the reaction without any
catalysts. The data on the activation energies show that these
four GQDs can reduce the energy barrier and are catalytically
active. As the GQDs-BA had the lowest activation energy,
and the GQDs-PH had a larger activation energy than the
GQDs, the =C=0 groups were determined to be the catalyti-
cally active sites, and the existence of C—OH groups was
found to decrease the catalytic activity of the GQDs.
Considering that the peroxidase-like activity of GQDs
originates from their ability to catalyze the decomposition of
H,0, to generate hydroxyl radicals (HO"), fluorescence
experiments were carried out to monitor HO" production
during the interaction between the GQD derivatives and
H,0,. The fluorescence probe, terephthalic acid (TA), was
used for tracking of HO" because it can capture HO" and
generate 2-hydroxyterephthalic acid (TAOH), which emits
unique fluorescence at approximately 435 nm (Figure 3a), to
study the ability of the parent GQDs and their derivatives to
convert H,0, into HO" radicals.*'”! The changes in the
fluorescence spectra of solutions containing GQD derivatives,
TA, and H,0, are shown in Figure 3b—f. After 24 hours,
a remarkable fluorescence enhancement at 435 nm indicated
the presence of HO" radicals compared with control experi-
ments without a catalyst, confirming that the GQDs and their
derivatives could convert H,O, into HO" and thus exhibit
peroxidase-like activity.! Among the four different GQDs,
the GQDs-PH had the lowest ability to produce HO" radicals,
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Figure 3. a) The reaction between a hydroxyl radical and terephthalic acid (TA). b—e) Fluorescence spectra
of weakly acidic PBS solutions (pH 6.0, 25 mm) containing only TA, TA and H,0O,, only GQD derivatives or
GQDs, TA and GQD derivatives or GQDs, or TA and GQD derivatives or GQDs and H,0, after a reaction
time of 24 hours. The TA, H,0,, and GQDs concentrations were 0.5 mm, 1 mm, and 100 ugmL™",
respectively. f) Histograms of the changes in photoluminescence intensity (APL) show the catalytic effect
of the GQD derivatives or GQDs; error bars are taken from three parallel experiments.

which is consistent with the results of the enzymatic activity
measurements and demonstrated that the ketonic —C=0O
groups were the catalytic sites for HO" production (Fig-
ure 3b,f). As the GQDs-BA showed a higher activity in
converting H,O, into HO" than the GQDs, indicating that the
removal of =C—OH groups improved conversion, the -C—OH
groups on the GQDs inhibited this catalytic reaction (Fig-
ure 3¢, f). Furthermore, even the GQDs-BrPE did not show
a higher peroxidase-like activity than the GQDs and GQDs-
BA as the amount of HO* generated from the GQDs-BrPE
was larger than for the GQDs and GQDs-BA, which is
consistent with the V,,, values of these four GQD variants
(Figure 3d,f). In short, the results of the fluorescence experi-
ments also confirmed that as a peroxidase mimic, GQDs have
catalytic sites (—C=0) and substrate-binding sites (O=C—0—)
like natural enzymes. Furthermore, —-C—OH groups could
decrease the enzymatic activity of GQDs.
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ciates to S4' forming HO" radi-
cals. The rate-determining step
was the conversion of S2' into
S3' with an energy barrier of
1.45 eV, which is higher than
that of the corresponding reac-
tion on —C=0 groups (0.90 eV).
Thus, the —C=0O groups show
a higher catalytic activity for H,O, decomposition than the —
COOH moieties, which corroborated the experimental results
that the —C=0O groups act as the catalytic sites. Moreover,
owing to the stronger hydrogen bond interaction, the binding
energy (E,) of H,O, on —COOH groups (—0.67 eV) was lower
than that for the -C=O (—0.30eV) and —C—OH groups
(—0.17 eV), which also supports our experimental result that
the —COOH groups act as the binding sites for H,O,
(Figure S12).

In summary, we have synthesized three GQD derivatives
through chemical reactions between GQDs and PH, BA, and
BrPE as the selective deactivation agents to specifically react
with the ketonic carbonyl, hydroxy, and carboxyl groups on
the GQDs, respectively. By measuring the enzyme kinetic
parameters of different GQDs and conducting a theoretical
study, we found that the =C=O groups act as the catalytically
active sites and the O=C—O— groups serve as the substrate-
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binding sites. The existence of —C—OH groups decreases the
catalytic activity of GQDs. The clarification of the different
functions of the oxygen functional groups (—C=0, —C—OH,
and O=C—0O-) typically found on the surface of GQDs in
catalytic peroxidase-like reactions further enhances our
understanding of the intrinsic enzymatic activity of GQDs.
We hope that this work has not only provided new insights
into deciphering nanocarbon-based artificial enzymes, but
will also facilitate the design and construction of other types
of target-specific artificial enzymes.

Keywords: catalysis - graphene quantum dots - nanoparticles -
peroxidase activity - reaction mechanisms
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