Chapter 2
Carbon-Based Nanomaterials
for Nanozymes

Abstract Carbon-based nanomaterials, such as fullerene, graphene, carbon nan-
otubes, and their derivatives, have been extensively studied to mimic various nat-
ural enzymes owing to their fascinating catalytic activities. In this chapter, their
enzyme mimetic activities (such as nuclease mimics, superoxide dismutase mimics,
peroxidase mimics, etc.) are discussed. The catalytic mechanisms are also discussed
if they have been elucidated. Representative examples for applications, from
biosensing to therapeutics, are covered.
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Carbon-based nanomaterials, such as fullerene, carbon nanotubes (CNTs), gra-
phene, and their derivatives, have found broad applications in many areas. Owing to
their interesting catalytic activities, they have been extensively studied to mimic
various natural enzymes. In this chapter, we will discuss the nanozymes based on
these carbon nanomaterials.

2.1 Fullerene and Derivatives

Fullerene and its derivatives were among the first nanomaterials that have been
explored for mimicking natural enzymes [1, 2]. In the early 1990s, the light-induced
oxidative DNA cleavage with a Cg derivative (i.e., Cgo-1) was studied, indicating
that fullerene could mimic natural nuclease [1]. A few years later, the superoxide
dismutase (SOD) mimicking activity of derivatized Ceo was investigated, which led
to the long-lasting research interests in fullerene-based nanozymes till today.
Fullerene and its derivatives have also been used to mimic other enzymes besides
nuclease and SOD.
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8 2 Carbon-Based Nanomaterials for Nanozymes

2.1.1 Fullerene and Derivatives as Nuclease Mimics

Nuclease catalyzes the cleavage of phosphodiester bond between two nucleotides in
a nucleic acid. Pristine fullerenes including Cg, are not water soluble, which makes
them impossible to mimic enzymes in aqueous solution. Therefore, fullerenes have
been solubilized by introducing hydrophilic moieties. Nakamura group have made
water-soluble Cgo-1 and studied its photoinduced biochemical activities (Fig. 2.1)
[1]. Interestingly, they established that the fullerene carboxylic acid (i.e., Cgo-1)
oxidatively cleaved DNA under light irradiation. Since Cgy-1 did not bind to the
DNA to be cleaved, the cleavage was random. To address this issue, Héléne,
Nakamura and coworkers synthesized Cgp-2, which had a 14-mer DNA sequence
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Fig. 2.1 Fullerene derivatives as nuclease mimics. a Light-induced cleavage of DNA with the
fullerene derivative Cgo-1. b Selective cleavage of DNA by forming a triplex with the fullerene
DNA conjugate Cgo-2. Adapted from Ref. [2], Copyright 2003, with permission from American
Chemical Society
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complementary to the target DNA (Fig. 2.1) [3]. By forming a triplex, the selective
cleavage at guanine-rich sites was achieved. There are other ways to make the
selective cleavage possible. For instance, by conjugating fullerenes with DNA
intercalators (such as acridine), the formed fullerene derivative could enhance DNA
cleavage activity compared with the parent fullerene [4]. These early studies have
established that water-soluble fullerene derivatives could mimic nuclease.

2.1.2 Fullerene and Derivatives as SOD Mimics

(a) Fullerenes as SOD mimics: in vitro activities and mechanisms

Reactive oxygen species (ROS) plays both beneficial and harmful roles in living
systems. Superoxide anion, one of ROS, could cause tissue injury and associated
inflammation if it were not properly regulated. In nature, SOD has been evolved to
catalyze the disputation of superoxide anions into hydrogen peroxide and molecular
oxygen and thus protect living systems from the superoxide anion-induced damage.
To overcome the limits of natural SOD (such as limited stability and high cost),
great efforts have been devoted to developing SOD mimics. The SOD-mimicking
activities of fullerenes have been established by the seminal work from Choi and
coworkers and have since been extensively studied [5].

Inspired by the early discovery that Cgq could act as a radical sponge, Choi et al.
studied the neuroprotective activities of two polyhydroxylated Cgq (i.e., Cgo(OH) >
and Cgo(OH),0,,, n = 18-20, m = 3-7 hemiketal groups) [5, 7]. Surprisingly, both
of the two fullerene derivatives could scavenge free radicals and thus reduce
excitotoxic and apoptotic death of cultured cortical neurons. Later, they identified
that Cgo[C(COOH),]; with C; symmetry (Cgo-C3) was more effective toward
neuron protection [8]. Since superoxide anion could be eliminated via either a
stoichiometric scavenging mechanism or a SOD-like catalytic mechanism, sys-
tematic studies including electron paramagnetic resonance (EPR) were carried out
to confirm the SOD-mimicking activity of Cgo-C3 [6]. The possible stoichiometric
scavenging mechanism was ruled out due to the following facts: first, no structural
modifications to Cgy-C3 were observed; second, the production of oxygen and
hydrogen peroxide was detected; and the absence of EPR active (paramagnetic)
products. By combining the experimental results with computational data, a cat-
alytic mechanism for SOD-like activity of Cgp-C5 was proposed (Fig. 2.2). The
proposed mechanism was supported by other studies using dendritic Cg( derivatives
and other computational studies [9, 10].

The neuroprotective effects of fullerene-based SOD mimics were also studied
using several other cell lines. For instance, methionine-modified Cg, could protect
SH-SYS5Y neuroblastoma cells from lead ions (Pb2+) induced oxidative damage and
thus improved the cell survival [11].

Though water soluble fullerenes are usually required for enzyme-mimicking
studies, it has been demonstrated that pristine Cg( aqueous suspension was not only
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Fig. 2.2 Derivatized Cgo as SOD mimics. a Cg9-C3 as a SOD mimic for catalytically converting
superoxide anion into hydrogen peroxide, water, and hydroxyl. b The proposed catalytic
mechanism. Adapted from Ref. [6], Copyright 2004, with permission from Elsevier

biocompatible but also showed protective effects on liver injury [12]. Besides
derivatization, fullerenes could also be solubilized by using the similar strategies for
hydrophobic drug solubilization. For instance, pristine C¢ has been solubilized in
olive oil for various applications [13].
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(b) Fullerenes as SOD mimics: in vivo applications

To conclusively demonstrate that Cgo-C3 could work in living system as a SOD
mimic, Dugan et al. employed SOD2 knockout mice as an in vivo model to
investigate the therapeutic efficacy of Cg¢-C3 (Fig. 2.3) [6]. The SOD2 knockout
mice would die in utero or within a few days after birth owing to mitochondria
damage by oxidative species. Therefore, they were suitable models to evaluate the
in vivo effects of SOD mimics. It showed that the life span of the SOD2 defective
mice could be extended by 300 % when Cgy-C3 was administrated both in utero
and postnatally, demonstrating the Cgo-C3 could be functional alternatives to SOD2
in the studied mice. SOD2 is a manganese SOD localized in the mitochondria.
Further immunostaining indeed revealed that Cgo-C3 was uptaken and localized to
mitochondria [6].

These results indicated that fullerenes with SOD-mimicking activities (such as
Cg0-C3) may hold translational promise for treating several diseases in future.
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Fig. 2.3 a Treatment of SOD2 knockout mice with Cgo-C3. b Percentage of Sod2™"~ pups born to
Sod2*"” parents. Pregnant dams were given Cg-Cs in their drinking water starting at Day 1415 of
pregnancy. Control dams received dilute red food coloring. The percentages of Sod2™~ pups, per
litter, born to control versus Cgo-Cs-treated dams were, respectively, 6 &= 2 % (controls, 11 L) and
20 % + 2 (C3, 9 L) (mean =+ standard error of mean, with p = 0.03 by t test, and p = 0.04 by the
nonparametric Wilcoxon rank sum test; the theoretical expected percentage is 25 %), indicating in
utero rescue of some Sod2™~ embryos. ¢ Survival (days) of Sod2™" pups treated with daily
subcutaneous injection of Cgyp-C3 or color-matched food coloring until death. Values are
means =+ standard error of mean, *p < 0.05 by t test, n = 9, Cgo-C5 versus n = 7, vehicle. Adapted
from Ref. [6], Copyright 2004, with permission from Elsevier
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2.1.3 Fullerene Derivatives as Peroxidase Mimics

A few studies also showed that fullerenes could mimic peroxidase [14, 15]. For
instance, the peroxidase-mimicking activity of Cgo[C(COOH),], was demonstrated
by its catalyzed oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) with H,O, [15].

2.2 Graphene and Derivatives

Peroxidase catalyzes the oxidation of its substrates with H,O, into oxidized
products. The products are usually either colored or fluorescent, which enables
peroxidase for a wide range of bioanalytical and biomedical applications. The
peroxidase-mimicking activities of nanomaterials were initially studied with Fe;0,
nanoparticles by Yan and coworkers in 2007 [16]. Inspired by Yan’s work, Wang
et al. developed a general sensing strategy using Fe;O, nanoparticles-based per-
oxidase mimic in 2008 (see detailed discussion in Chap. 4) [17]. Since then, lots of
different nanomaterials have been investigated to mimic peroxidase. Among them,
graphene and its various derivatives have showed great promise in mimicking
peroxidase.

Graphene and its derivatives with peroxidase-mimicking activities can be
roughly classified into two types. For the first type, the activities are solely from
graphene or its derivatives. For the second type, the activities are either from the
catalysts assembled onto graphene (or its derivatives) or from the synergistic effects
of both the decorated catalysts and graphene (or its derivatives). Note: other
enzyme-mimicking activities of graphene and its derivatives still remain to be
investigated [18].

2.2.1 Graphene and Its Derivatives as Peroxidase Mimics

The peroxidase-mimicking activities have been studied mainly with graphene
derivatives since pure graphene without any modifications is not water soluble. Qu
and coworkers reported the intrinsic peroxidase-mimicking activity of graphene
oxide with carboxyl modifications (GO-COOH) [19]. The activity was first
demonstrated by the catalytic oxidation of TMB with H,O, in the presence of
GO-COOH (Fig. 2.4). The kinetic studies revealed that GO-COOH had higher
affinity toward TMB in comparison with natural peroxidase. Interestingly, the
GO-COOH catalyzed reactions proceeded via a ping-pong mechanism, which was
the same as that for natural peroxidase. Since they did not detect trace amount of
metal catalysts, they attributed the observed catalytic activity to the GO-COOH
itself. No mechanism responsible for the catalytic activity was proposed, though it
suggested that electron transfer from GC-COOH to H,O, may be involved. By
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Fig. 2.4 Carboxyl-modified graphene oxide as peroxidase mimic. a Typical photographs of the
reaction solutions incubated at room temperature in pH 5.0 phosphate buffer (from left to right):
(1) 50 mM H,0, and 800 uM TMB, colorless; (2) 40 mg/mL GO-COOH, black; (3) 50 mM
H,0,, 800 mM TMB and 40 mg mL/mL GO-COOH, turning blue. b The time-dependent
absorbance changes at 652 nm in the absence (black) or presence of different concentrations of
GO-COOH in pH 5.0 phosphate buffer at room temperature. Reprinted from Ref. [19], Copyright
2010, with permission from John Wiley and Sons

combining with natural glucose oxidase (GOy), the glucose in diluted blood and
fruit juice samples was successfully detected using the GC-COOH-based peroxi-
dase mimic [19].

Graphene derivatives and many other carbon-based nanomaterials have rich
oxygenated functional moieties (such as hydroxyl, ketone, carboxyl, epoxide, etc.).
These functional moieties may play key roles in their enzyme-mimicking activities.
To figure out the possible functional moieties responsible for the peroxidase-
mimicking activity of a graphene derivative called graphene quantum dots (GQDs),
several reagents were employed to selectively deactivate these functional moieties
(Fig. 2.5) [20]. GQDs are small pieces of graphene derivative with fluorescent
properties. It has ketone, hydroxyl, and carboxyl groups on the surface. These three
groups can selectively react with phenylhydrazine (PH), benzoic anhydride (BA),
and 2-bromo-1-phenylethanone (BrPE) respectively (Fig. 2.5). After treatment with
PH, BA, BrPE, the peroxidase-mimicking activities of the treated GQDs were
studied. As shown in Fig. 2.5b, the activity of PH-treated GQDs was significantly
inhibited while the activity of BA-treated GQDs was enhanced. The activity of
BrPE-treated GQDs remained almost the same as the untreated GQDs. Using a HO
specific fluorescent probe, the formation of HO" was confirmed during the catalytic
reaction. Further kinetic measurements and theoretical calculation were also carried
out. Taking together, these results suggested that ketone groups were the catalyti-
cally active sites and the carboxyl groups were the substrate binding sites. The
hydroxyl groups, on the other hand, played an inhibitory role. It may be applicable
to other carbon nanomaterials-based peroxidase mimics, which also have such
oxygenated moieties.
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Since HO™ was involved in peroxidase-mimicking activity of GQDs, they have
showed antibacterial activity even in the low level of H,O,. Both Gram-positive
(Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria could be
inhibited with the GQDs. The in vivo antibacterial efficacy was then evaluated
using a mouse injury model, showing that the combination of GQDs with H,O,
exhibited the best therapeutic effects compared with saline, H,O,, and GQDs [21].

The water solubility and stability of GO could be further enhanced by coating
with polymers. To this end, chitosan, a cationic polysaccharide, was used to coat
GO. The obtained chitosan-GO showed improved stability toward catalytic oxi-
dation of TMB with H,O,. Interestingly, it was found that the peroxidase-
mimicking activity of the chitosan—GO was regulated by light [22]. Under visible
light irradiation, the catalytic activity was turned on. More, the coated chitosan
could interact with concanavalin A (Con A) via a multivalent manner, and the
interaction would induce the aggregation of chitosan—GO. Such aggregation in turn
reduced the activity of the nanozyme. Glucose, however, could compete for the
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binding sites of chitosan on Con A due to the stronger interaction between glucose
and Con A. Therefore, the presence of glucose would disassemble the chitosan—
GO/Con A aggregates and thus recover the catalytic activity. Based on this phe-
nomenon, a facile phototriggered method for glucose detection was developed.
A linear range of 2.5-5.0 mM for glucose was achieved [22].

2.2.2 Decorated Graphene (or Its Derivatives) as Peroxidase
Mimics

The large surface area of graphene and its derivatives provides a good opportunity
to decorate them with various functional molecules and nanomaterials. As men-
tioned above, for such decorated graphene (or its derivatives), the peroxidase-
mimicking activities could be originated from either the assembled catalyst itself or
the catalyst/graphene (or its derivatives) assembles.

In their seminal report, Dong and coworkers assembled hemin onto reduced GO
(denoted as rGO) to form hemin—rGO complex and studied its peroxidase-
mimicking activity (Fig. 2.6). The rGO was obtained by reducing GO with
hydrazine. Then the hemin—rGO was prepared through the n-n stacking interaction
between hemin and rGO. Compared with hemin—rGO, rGO showed almost negli-
gible activity. Therefore, the peroxidase-mimicking activity of the hemin—rGO was
mainly attributed to the assembled hemin. As shown in Fig. 2.6, the hemin—
rGO-based nanozyme could catalyze the oxidation of TMB, ABTS (2,2'-azinobis
(3-ethylbenzothiozoline)-6-sulfonic acid, and OPD (o-phenylenediamine) into the
corresponding colored products with H,O,. Kinetic studies revealed that the
hemin—rGO catalyzed reaction also followed a ping-pong mechanism [23].

(a) (b)
TMB ABTS OPD
—
P = - L 3

Fig. 2.6 Hemin-decorated rGO as peroxidase mimic. a Schematic illustration of peroxidase-like
activity of hemin—rGO. b Hemin—rGO catalyzed oxidation of various peroxidase substrates with
H,0, to the corresponding colored products. Adapted from Ref. [23], Copyright 2011, with
permission from American Chemical Society
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It is known that single-stranded DNA (ssDNA) and double-stranded DNA
(dsDNA) have different affinity toward various nanomaterials [24]. ssDNA binds
tightly onto graphene (or its derivatives) while dsDNA binds weakly. Such a dif-
ference could be further amplified by salt-induced aggregation. In the presence of
high concentration of salt (such as NaCl), ssDNA protects graphene (or its
derivatives) from aggregation while dsDNA cannot. Based on this phenomenon,
Dong et al. went on further to develop a label-free colorimetric method for
single-nucleotide polymorphisms (SNPs) (Fig. 2.7) [23]. The probe ssDNA could
stabilize the hemin—rGO and thus retained its peroxidase-mimicking activity. When
the complementary target ssDNA was hybridized with the probe ssDNA, the
formed dsDNA could not stabilize the hemin—rGO, which led to significant inhi-
bition of its peroxidase-mimicking activity and produced the weakest signal. When
a target ssDNA with a single-base mismatch was introduced, the formed duplex
could partially protect the hemin—rGO from aggregation and thus retained part of its
peroxidase-mimicking activity. This in turn resulted in the signal with medium
intensity. As shown in Fig. 2.7, one could easily distinguish the single-base mis-
matched target DNA from the complementary one even with naked eyes [23].

This sensing strategy could be applicable to functional nucleic acids (such as
aptamers) [24, 25]. An aptamer is an sSDNA or ssSRNA that can specifically bind to
its target. The binding usually induces a conformational change of the aptamer.
Such a conformational change could in principle be sensed with hemin—-rGO. For
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Fig. 2.7 Hemin-decorated rGO as peroxidase mimic for single-nucleotide polymorphisms.
a Protocol for SNPs detection. (a) Probe ssDNA (no precipitation, dark blue), (b) single-base
mismatched duplex DNA (small amount of precipitation, blue), and (c) complementary duplex
DNA (much precipitation, light blue). b Time-dependent absorbance changes in the presence of
different amounts of target ssDNA. ¢ Time-dependent absorbance changes with corresponding
supernatant in (a) ssDNA, (b, ¢, d) single-base mismatched duplex DNA, and (e) complementary
duplex DNA. Reprinted from Ref. [23], Copyright 2011, with permission from American
Chemical Society
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instance, when an aptamer for acetamiprid (an insecticide) was used to stabilize
hemin-rGO, the nanozyme showed high activity. However, the presence of acet-
amiprid would form the acetamiprid-aptamer complex, which did not protect the
hemin—rGO efficiently. Therefore, the nanozyme’s activity was significantly
inhibited due to the aggregation. With this sensing strategy, as low as 40 nM
acetamiprid was detected [26]. Other targets of interests can also be detected when
the corresponding aptamers are used.

The synergistic effects were observed for numerous decorated graphene (or
its derivatives) [27-35]. Among GO, rGO, AuNPs, the mixture of rGO and
AuNPs, and the gold nanoparticles-decorated rGO (denoted as AuNPs@rGO),
AuNPs@rGO exhibited the highest peroxidase-mimicking activity. As shown in
Fig. 2.8, the significantly enhanced catalytic activity of the AuNPs@rGO was
attributed to the synergistic effects. Careful study suggested that the synergistic
effects were due to: (a) the strong interaction between Au 5d of AuNPs and C 2p of
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Fig. 2.8 AuNPs@rGO with synergistic peroxidase-mimicking activity and its use for DNA
sensing. a TEM (transmission electron microscopy) image of AuNPs@rGO.
b Peroxidase-mimicking activities of various nanomaterials. ¢ Comparison of fluorescent retention
ratio of FAM-labeled probe ssDNA and the corresponding dsDNA after incubated with
AuNPs@rGO. d Time-dependent absorbance changes with varying concentrations of target
ssDNA. Adapted from Ref. [27], Copyright 2012, with permission from American Chemical
Society



18 2 Carbon-Based Nanomaterials for Nanozymes

rGO at the interface, which was favorable to H,O, and HO™ absorption; and (b) the
modified electronic structure and Fermi level of rGO owing to the above-mentioned
interfacing, which in turn resulted in the n-type doping of rGO and accelerated the
catalytic reactions [27]. More, by further exploring the different affinities of sSDNA
and dsDNA toward the AuNPs@rGO, a general analytical strategy for target DNA
was developed (Fig. 2.8). The ssDNA specific nuclease (such as S1 nuclease) was
also successfully detected using the developed method, where the presence of S1
nuclease would cleave the probe ssDNA into small fragments and thus recover the
nanozyme’s activity. If an aptamer was used as the probe ssDNA, the corre-
sponding target (such as insulin) could be detected [27].

A hybrid called GSF@AuNPs with peroxidase-mimicking activity was prepared
by in situ formation of AuNPs onto sandwich-like mesoporous silica/rGO. The
silica/rGO was pre-conjugated with folic acid for tumor cell recognition [29]. The
nanozyme was then used for detection of cancer cells with overexpressed folate
receptor. For instance, rapid detection of HeLa cells was achieved. More, since HO®
was generated during the catalysis, the nanozyme was also used to selectively kill
cancer cells with the help of either exogenous or endogenous H,O, [29].

Chen and coworkers prepared PtNPs decorated GO (i.e., PtNPs/GO) and further
modified it with folic acid [36]. Based on the peroxidase-mimicking activity of the
folic acid-PtNPs/GO, a colorimetric assay for cancer cells was developed (Fig. 2.9).
With the developed assay, as few as 125 cancer cells have been detected by naked
eyes.

By conjugating the monoclonal antibody for aflatoxin B; with a
peroxidase-mimicking nanozyme, an electrochemical immunoassay for aflatoxin B,
was reported by Tang et al. [32]. The nanozyme had a structure of
PtNPs/CoTPP/rGO, in which CoTPP was 5,10,15,20-tetraphenyl-21H,23H-
porphine cobalt. Aflatoxin B, is a highly toxic metabolite secreted by food fungi
and its detection still needs rapid methods with high sensitivity and low cost. With
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Fig. 2.9 Colorimetric detection of cancer cells with folic acid-PtNPs/GO as a peroxidase mimic.
Reprinted from Ref. [36], Copyright 2014, with permission from American Chemical Society
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the developed immunoassay, as low as 5.0 pg/mL of aflatoxin B; was successfully
detected. Besides, the immunoassay has been used for analyzing real samples, such
as the naturally contaminated peanut samples, showing good agreement with
ELISA (enzyme-linked immunosorbent assay) kit [32].

Yu and coworkers reported a disposable electrochemical immunosensor based
on peroxidase-mimicking nanozyme for cancer antigen 153 (CA153) detection
[34]. Their nanozyme had a structure of ZnFe,O,@silica/GO (Fig. 2.10). The
antibodies were conjugated onto the silica shell. Using a sandwich assay format,
sensitive and selective detection of CA153 was achieved with a dynamic range
from 10> to 200 U/mL and a detection limit of 2.8 X 10~* U/mL. The fabricated
immunosensor was further used to detect CA153 in serum samples and the results
were consistent with the clinical ones.
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Fig. 2.10 Peroxidase-mimicking nanozyme and its use for disposable electrochemical
immunosensor. Reprinted from Ref. [34], Copyright 2014, with permission from Elsevier
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2.3 Carbon Nanotubes

CNTs as well as decorated CNTs have been used to mainly mimic peroxidase
though other CNT-based enzyme mimics were also reported [37, 38].

2.3.1 Carbon Nanotubes as Peroxidase Mimics

Qu and coworkers reported the peroxidase-mimicking activity of single-walled
carbon nanotubes (SWNTs) [39]. The activity of SWNTs was investigated by
catalytic oxidation of TMB with H,0,. Since metal catalysts are usually used to
grow SWNTs, a trace amount of metal catalyst residues rather than SWNTs
themselves may be responsible for the mimicking activity. To address this concern,
the sonication-assisted washing with mixed acids (i.e., a mixture of concentrated
sulfuric and nitric acids) was carried out to completely remove the metal residues
(i.e., Co). It was found that pristine SWNTs and treated SWNTs did not show any
significant differences in their catalytic activities. This confirmed that the
peroxidase-mimicking activity of SWNTs was from the SWNTs themselves instead
of the metal residues. By exploring the different affinities of ssDNA and dsDNA
toward SWNTs, they developed a colorimetric assay for DNA detection [39].

It should be noted that in the above study, only the effect of Co on SWNTSs’
peroxidase-mimicking activity was tested. Other metal residues may have different
effects. Zhu and coworkers indeed found that Fe content in the helical CNTs played
an important role in their catalytic activities [40]. As shown in Fig. 2.11, the more
Fe content of helical CNT was, the higher its peroxidase-mimicking activity of
helical CNT was. Even for the helical CNT with the lowest amount of Fe, its
activity was still higher than that of MWNTSs (multiwalled CNTs). Zhu’s and Qu’s
results suggest that more systematic studies are needed to decipher the exact
mechanisms of CNTs’ enzyme-mimicking activities. Zhu et al. then fabricated an
electrochemical sensor using the helical CNTs as peroxidase mimic for H,O,
detection [40].

Like graphene, the decoration of CNTs could also synergistically enhance their
peroxidase-mimicking activities. When MWNTs were decorated with magnetic
silica nanoparticles, the decorated MWNTs exhibited higher peroxidase-mimicking
activity compared with the individual components (i.e., MWNTs and magnetic
silica nanoparticles, respectively) [41]. Since the decoration of magnetic silica
nanoparticles onto MWNTs was achieved by the Cu**-mediated click chemistry, a
colorimetric assay for Cu®* was proposed (Fig. 2.12). The decorated MWNTSs
could be concentrated by a magnet and then used to oxidize TMB to its colored
products. On the other hand, the undecorated MWNTs would be washed away and
only the magnetic silica nanoparticles would be concentrated by a magnet. The
latter exhibited much lower catalytic activity compared with the decorated
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Fig. 2.11 Peroxidase-mimicking activity of helical CNTs. a SEM (scanning electron microscopy)
image of helical CNTs. b Peroxidase-mimicking activities of helical CNTs with different Fe
contents as well as MWNTs. The catalytic reaction without CNTs was shown as a control.
Adapted from Ref. [40], Copyright 2011, with permission from John Wiley and Sons

MWNTs. Via such a sensing strategy, high sensitive and selective detection of Cu**

has been carried out [41].
Other decorated CNTs with synergistically enhanced peroxidase-mimicking
activities have also been developed and used to detect biologically important targets
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Fig. 2.12 Cu®" detection using magnetic silica nanoparticles clicked on MWNTs. a The sensing
mechanism. b The time-dependent absorbance changes in the absence (black) or presence of
different concentration of Cu?*. ¢ Calibration curve for variable concentrations of Cu**. The error
bars represent the standard deviation of three measurements. Reprinted from Ref. [41], Copyright
2010, with permission from Royal Society of Chemistry
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(also see Tables Al and A2). For example, when MWNTs were filled with Prussian
blue nanoparticles, the formed nanozyme has been used for colorimetric detection
of H,O, [42]. When the nanozyme was further combined with glucose oxidase, it
has been successfully used for glucose detection with a linear range of 1 UM to
1.0 mM and a detection limit of 200 nM. The potential practical application was
demonstrated by detecting glucose in serum samples, showing satisfactory recov-
eries of 94-106 % [42]. Cholesterol levels in milk powder were evaluated by using
ZnO nanoparticles-decorated CNTs as a peroxidase mimic [43]. Cholesterol was
catalytically oxidized with cholesterol oxidase to produce H,O,, which was then
used for oxidizing ABTS into the colored product with the nanozyme.
A colorimetric approach to detection of D-alanine was developed by using Au
nanoparticles-decorated SWNTs as a peroxidase mimic [44]. D-alanine was cat-
alytically oxidized with D-amino acids oxidase to produce H,O, for the further
oxidation of TMB. The proposed approach showed high selectivity and high sen-
sitivity toward D-alanine detection.

A paper-based immunoassay was developed using ZnFe,O,4-decorated MWNTSs
as a peroxidase mimic [45]. Carcinoembryonic antigen (CEA) was chosen due to its
correlation with cancer. The nanozymes-based immunoassay exhibited high sen-
sitivity and robustness. More, the immunoassay has been used to detect CEA in
clinical serum samples, showing consistent results compared with a commercialized
ELISA method [45].

2.3.2 Carbon Nanotubes as Other Enzyme Mimics

As discussed above, it has been established that fullerenes can efficiently scavenge
radicals due to their SOD-mimicking activities. Thus, it is reasonable to investigate
the radical scavenging activities of CNTs. Tour and coworkers have studied the
radical scavenging activities of several SWNTs (Fig. 2.13) [37]. They used butylated
hydroxytoluene (BHT), a phenolic antioxidant, to modify the SWNTs. The anchored
BHT would endow the SWNTs with radical scavenging activities. Pristine SWNT
(SWNT-1) was not water soluble. Therefore, it was solubilized by either wrapping a
polymer (such as Pluronic for SWNT-2) or introducing carboxyl moieties by mixed
acid treatment/cleavage (i.e., SWNT-3). SWNT-3 was further modified with PEG
(poly(ethylene glycol)) to produce SWNT-4, which was soluble in buffer.

The radical scavenging activities were evaluated by comparing with Trolox, a
vitamin E derivate. The TME (Trolox mass equivalence) values were then deter-
mined. Unexpectedly, SWNT-4 without BHT modification exhibited nearly 40
times higher activity (Fig. 2.14). This indicated that SWNTSs alone could act as
antioxidants. For SWNT-5, amine-BHT was assembled via electrostatic interac-
tions while amine-BHT was covalently conjugated for SWNT-6. Since electrostatic
binding was more efficient than the covalent binding, more amine-BHT should bind
onto SWNT-5 than SWNT-6. As expected, SWNT-5 showed higher radical
scavenging activity than SWNT-6 did (Fig. 2.14). For SWNT-2 and SWNT-7, one
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Fig. 2.13 SWNTs used for scavenging radicals. Adapted from Ref. [37], Copyright 2009, with
permission from American Chemical Society

would expect that SWNT-7 would have higher activity since it had extra BHT
moieties. Surprisingly, SWNT-7 exhibited lower activity when compared with
SWNT-2 (Fig. 2.14) [37]. This unexpected result indicated that pristine SWNTs
had higher radical scavenging activities than BHT. This study demonstrated that
SWNTs could act as potent antioxidant without acute cellular toxicity.
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Fig. 2.14 Radical scavenging activities (i.e., the TME values) of the SWNTs studied. Cgo-5 was
also included for a comparison. Adapted from Ref. [37], Copyright 2009, with permission from
American Chemical Society
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Note that though it has established that fullerenes act as SOD mimic to scavenge
radicals, whether CNTs share a similar SOD mimetic mechanism still remains to be
investigated.

2.4 Other Carbon-Based Nanomaterials

Other carbon-based nanomaterials (such as carbon nanohorn, carbon nanodots,
carbon nanoclusters, etc.) have also been used to mimic peroxidase and other
enzymes [46-58].

2.4.1 Other Carbon Nanomaterials as Peroxidase Mimics

Several groups studied the peroxidase-mimicking activities of carbon nanohorns,
carbon nanodots, etc. [46—48, 50-52, 58, 59]

For instance, Xu and coworkers demonstrated that carboxyl-functionalized
single-walled carbon nanohorns exhibited peroxidase-like activity (Fig. 2.15) [46].
When the nanozyme was further combined with glucose oxidase, a facile colori-
metric assay for glucose was developed. Carbon nanodots with an average size of
2.5 nm also showed peroxidase-mimicking activity and have been used for glucose
sensing (Fig. 2.15¢) [51]. The peroxidase-like activity of selenium-doped graphitic
carbon nitride nanosheets was demonstrated and further explored for xanthine
detection when facilitated with xanthine oxidase [52].

Using [Cu3(BTC),] (BTC = 1,3,5-benzene tricarboxylate) as a precursor, copper
nanoparticles-decorated carbon nanocomposite was fabricated via a one-pot ther-
molysis method (Fig. 2.15d) [47]. It demonstrated that the nanocomposite exhibited
peroxidase mimetic activity. Ascorbic acid, a biologically important antioxidant,
could competitively inhibit the catalytic oxidation of peroxidase substrate (such as
TMB in this study). Based on this inhibition phenomenon, a colorimetric method
for ascorbic acid was developed [47, 60]. The ascorbic acid content in tablets has
been successfully determined with the nanozyme-based method [47].

2.4.2 Other Carbon Nanomaterials as SOD Mimics

The SOD-mimicking activities of nitrogen-doped carbon nanodots have been
studied [58]. It demonstrated that primary amine were the optimal reagents for
nitrogen doping. When the obtained nitrogen-doped carbon nanodots were added to
H,O,-treated cells, they would enhance the cell viability in a concentration-
dependent manner. It suggested that the nitrogen-doped carbon nanotdots protect
cells from H,0,-induced injury by eliminating the ROS and stimulating the native
SOD expression [58].
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Fig. 2.15 Carbon nanomaterials as peroxidase mimics. a Single-walled carbon nanohorns as
peroxidase mimic and b their use for glucose detection. ¢ Carbon nanodots as peroxidase mimics.
d Copper nanoparticles-decorated carbon as peroxidase mimics. a and b Reprinted from Ref. [46],
Copyright 2015, with permission from Royal Society of Chemistry. ¢ Reprinted from Ref. [51],
Copyright 2011, with permission from Royal Society of Chemistry. d Reprinted from Ref. [47],
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