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Peroxidases are present widely in microorganisms and plants, and catalyze many reactions. However,
the activity of natural peroxidases is susceptible to external conditions. We prepared carbon
nanoparticles (CNPs) using an environmentally friendly and simple method. These CNPs were
demonstrated to possess intrinsic peroxidase-like activity. CNPs could catalyze the reaction of
a peroxidase substrate, 3,3,5,5-tetramethylbenzidine (TMB), in the presence of H,O, to produce
a blue solution at 652 nm. CNPs exhibited higher peroxidase activity than that of other carbon-based
nanomaterials. Moreover, CNPs retained their high peroxidase activity after being reused several
times. Glutathione (GSH) can change the blue color of oxidized TMB into a colorless hue at 652 nm.
Based on this fact, qualitative and quantitative approaches were employed to detect GSH using

Received 14th October 2021 a colorimetric method. This method showed a broad detection range (2.5-50 pM) with a limit of
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detection of 0.26 pM. This method was shown to be accurate for GSH detection in a cell culture

DOI: 10.1035/d1ra07601a medium compared with that using a commercial assay kit. Our findings could facilitate application of
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1 Introduction

Enzymes are produced by living cells. An enzyme is highly
specific and has high catalytic efficiency for its substrate.
Peroxidases are a large group of enzymes which have a role in
various biological processes. Peroxidases catalyze the oxidation
of substrates with hydrogen peroxide as the electron acceptor.*
A peroxidase exists mainly in the peroxisome of the carrier with
iron porphyrin as the auxiliary group. A peroxidase can catalyze
hydrogen peroxide (H,O,), the oxidation of phenols and
amines, and the oxidation products of hydrocarbons. However,
the storage conditions for commercial peroxidases are rigorous
(—20 °C) and the cost of production is extremely high.
Recently, great efforts have been made to synthesize
nanomaterial-based mimetic enzymes (“nanozymes”) due to
their superiority over natural enzymes, such as excellent
stability, cost-effectiveness, and environmentally friendly
production.” Nanozymes, with their large specific surface area,
exhibit excellent peroxidase catalytic activity, such as for metal
oxides,>® carbon nanomaterials,*® metal-organic frame-
works® and composite materials (e.g., Co;0,4 complex,*® CeO,-
wrapped Ag,S microspheres). These peroxidase-like entities
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can oxidize the substrate 3,3,5,5-tetramethylbenzidine (TMB)
in the presence of H,O, with a color change from colorless to
blue.

Recently, graphite-based conductive nanomaterials or N-
doped carbon nanomaterials (e.g., carbon nanotubes,*” gra-
phene oxide (GO),” carbon nanodots®) have been applied
extensively in electrochemical energy-storage or catalysis
areas,”™ and been found to possess intrinsic peroxidase
mimetic activity. Preparation of carbon nanomaterials is cost-
effective and environmentally friendly. Carbon-based nano-
materials are low cost and easy to obtain. These features
broaden their application in bioassays and medical-diagnostic
areas, such as detection of dopamine," glucose,®'® r-lactic
acid," and glutathione (GSH).'®* Carbon nanoparticles (CNPs)
have been exploited due to their good biocompatibility in bio-
logical and biomedical areas in recent years. They have been
used as probes for biomolecule detection in cells,> dual-
palladium and mercury sensors for live-cell imaging,* and
oral vaccine adjuvants.?> CNPs with sp>-bonded carbon atoms
have been prepared via electrochemical oxidation of graphite in
deionized water.”® In addition, CNPs have good solubility in
water due to abundant of carboxyl and hydroxy functional
groups on their surface. CNPs possess abundant surface sites
with many functional groups and excellent electron-transport
properties, which enable them donate or accept electrons. The
outstanding electron-transfer performance of CNPs may enable
them to display excellent peroxidase-mimicking activity and can
be used to detect H,O,-related bioactive molecules. Few studies
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have focused on whether CNPs possess peroxidase-like catalytic
activity.

GSH is a vital tripeptide thiol antioxidant. It is present widely
in cells and involved in many metabolic processes.'® It plays an
important part in the biochemical defense system in the human
body by removing free radicals, protecting protein structure and
enzyme activity, and regulating immune function.** Various
methods have been developed for GSH detection: chromatog-
raphy,” mass spectrometry,” absorbance spectroscopy,”
capillary electrophoresis,”® and immunoiluminescence.*
Among these methods, absorbance spectroscopy (also called
a “colorimetric” method) has received increasing attention due
to its low cost as well as its quick and easy operation. The
sulfhydryl group in GSH, cysteine (Cys), and homocysteine (Hcy)
can cause fading of the color of a reaction solution (mimic
enzyme + TMB + H,0, system).>*** The change in color intensity
varies with the amount of thiol agents. Based on this reaction
mechanism, a colorimetric method for detection of GSH was
established.

In the present study, CNPs were found to possess peroxidase-
like activity. They displayed considerable catalytic activity to TMB
compared with that of horseradish peroxidase (HRP) according
to kinetic studies. Based on the peroxidase-like activity of CNPs,
a convenient and rapid method for colorimetric detection of the
cellular GSH level was proposed (Scheme 1). The chemical reac-
tion could be monitored by the naked eye as well as recorded by
an ultraviolet-visible (UV-vis) spectrometer. These results indicate
that CNPs can be used widely in biomedical areas.

2 Experimental
2.1 Materials

GSH and these types of amino acid were purchased from Acros
Organics (The Hague, Belgium). TMB was obtained from TCI
(Shanghai) Development (Shanghai, China). H,0, was from
Aladdin (Shanghai, China). GO and multiwalled carbon nano-
tubes (MWCNTSs) were purchased from Timesnano (Chengdu,
China). CNPs were prepared according to the method described
by Chen and colleagues.?® The solution of CNPs was 3 mg mL ™.
A commercial GSH assay kit was purchased from Solarbio
Science & Technology (Beijing, China).
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2.2 Measurement of catalytic activity

In this assay, the reaction parameters were identical to those of
a previous report® with some modification. Briefly, 100 pL of
TMB solution (15 mM in dimethyl sulfoxide) and 20 uL of H,0,
(30%) were added to phosphate-buffered saline (PBS), followed
by addition of a 20 L aliquot of CNPs suspension (3 mg mL ™)
and the total volume made up to 2 mL. After 5 min, the
absorbance at 652 nm was measured by a UV-vis spectropho-
tometer (Cary 300; Agilent Technologies, Santa Clara, CA, USA).
For measurement of the optimum pH value, the pH value was
set as 4.0, 5.0, 6.0, or 7.0. Kinetic measurements were recorded
in time-course mode by monitoring the absorbance change at
652 nm with different concentrations of CNPs. The catalytic
activity of carbon-based nanomaterials was determined with
a fixed concentration (30.0 ug mL™"), including CNPs(E) (i.e.,
CNPs solution mixed with ethanol at 1:2 (v/v) followed by
removal of ethanol from the solution), GO, and MWCNTSs on
a UV-vis spectrophotometer without a time delay. The reus-
ability of CNPs was evaluated by catalyzing TMB and centrifu-
gation to collect the blue reaction solution after 5 min for four
times. The Michaelis-Menten constant was calculated accord-
K 1 + L, where v is
Vmax € Vimax

the initial velocity, K, is the Michaelis constant, V.. is the
maximal reaction velocity, and C is the substrate concentration.*

. . 1
ing to the Lineweaver-Burk plot: v

2.3 Detection of GSH

Briefly, 20 uL of GSH at different concentrations was added to
solution 0, 2.5, 5, 10, 15, 20, 25, 50, 100, 150, 200 and 400 pmol
L~". The other parameters were set the same as for measure-
ment of catalytic activity, and the total volume was made up to
2 mL (pH = 4.0). After 5 min, the absorbance change at 652 nm
was measured by UV-vis spectrophotometry. HepG2 cells were
treated with various concentrations of nicotine for 12 h to
evaluate GSH production in the cell culture medium.

3 Results and discussion
3.1 Optimization of experimental conditions

CNPs were prepared via an electrochemical oxidization method
according to our previous study.* The physicochemical

HC, CHy

HC cHy

TMB(coIorIesS)

glutathione

oxTMB(blue color)

Scheme 1 GSH detection based on the catalytic activity of CNPs (schematic).
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Fig. 1

properties of CNPs were characterized by different methods.
CNPs had an average diameter of 30 nm and carried a potential
of —25 mv. H,0, could be reduced to generate OH" by CNPs,
along with oxidation of TMB into oxTMB with a blue color,
which could be observed by recording absorbance changes at
652 nm (Fig. 1A). This result indicated that CNPs possessed
peroxidase catalytic activity. Like peroxidases, the catalytic
activity of CNPs was dependent upon pH, and the optimal pH
was 4.0. This pH value is consistent with the value for natural
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(A) Changes in absorbance of the catalytic reaction upon varying the pH value. (B) Reaction kinetics during the first 15 min at 652 nm using
different concentrations of CNPs in PBS (pH 4.0) at room temperature.

HRP.*' The absorbance changes of the catalytic reaction of CNPs
were time-dependent during the first 10 min, and then reached
an equilibrium (=15 pg mL™") (Fig. 1B). The reaction rate
increased with an increasing CNPs concentration. Then, the
reaction rate decreased to a certain extent after 5 min (probably
due to adsorption by CNPs) at CNPs =22.5 pg mL . The
peroxidase-like activity of CNPs stems from its own intrinsic
property. Peroxidases are sensitive to temperature and liable to

CNPs CNPs(E) GO MWCNTs

upe‘“a‘e *

A 3
supe“"a‘e Supema\e’l Supe‘“a‘e

Fig. 2 (A) Reaction kinetics at 652 nm with CNPs, CNPs(E), GO, and MWCNTs at a fixed concentration of 30.0 ug mL™tin PBS (pH 4.0) at room
temperature. (B) Typical photographs of TMB in catalytic reaction solutions oxidized by four carbon-based nanomaterials at pH 4.0 at room
temperature. (C) Changes in absorbance of the catalytic reaction at the end of each cycle. The supernatant was collected for absorbance
measurement. CNPs were reused for the next cycle, and the experiment was carried out for four consecutive cycles. (D) Typical photographs of
the catalytic reaction solutions during the four cycles at pH 4.0 at room temperature.
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Fig. 3 Steady-state kinetics of CNPs (30 pg mL™) in 2 mL of PBS (pH = 4.0). (A) Variation of the TMB concentration with a fixed H,O,
concentration of 5.0 mM. (C) Variation of the H,O, concentration with a fixed TMB concentration of 0.75 mM. (B, D) Double-reciprocal plots of

affinity activity of CNPs towards TMB or H,O,.

inactivation. Compared with peroxidases and other nano-
particles, CNPs are low-cost, easily accessible, and stable.?*?

Structural analyses of CNPs revealed that they possessed
a nanocrystalline core of graphitic sp> carbon atoms, func-
tionalized with peripheral hydroxy and carboxylic/carbonyl
moieties.*® Functionalization of graphene surfaces with
carboxylic groups is vital for the reduction of H,O, according to
density functional theory. Hence, a similar effect may occur on
CNPs due to functionalized carboxylic/carbonyl moieties.
Hence, we deduced that the catalytic mechanism likely origi-
nated from an increase in the electron density and mobility on
the surface of CNPs because of electron transfer from lone-pair
electrons in the amino groups of TMB to CNPs, as well as few
layers of graphene and GO.***

3.2 Comparison and reusability of CNPs

CNPs exhibited higher catalytic activity than that of other
carbon-based nanomaterials at the same concentration,
including CNPs(E), GO and MWCNTs (Fig. 2A). The catalytic
activity of CNPs(E) was decreased compared with that of CNPs.
Moreover, the catalytic activity of CNPs was increased almost
tenfold compared with that of GO and MWCNTs. These results
may be due to the unique structure and dispersity of carbon-
based nanomaterials, and the latter improved interactions
with substrates to some extent.*> CNPs of average diameter
30 nm had excellent dispersity in aqueous solution compared
with that of the three other materials in the order CNPs >
CNPs(E) > GO > MWCNTs. In addition, the functional groups on
the surface accelerated the electron transfer from CNPs to H,O,,

598 | RSC Adv, 2022, 12, 595-601

compared with that using GO and MWCNTSs. CNPs appeared to
aggregate and precipitate after 30 min (Fig. 2B). CNPs were
reusable during the catalytic reaction. Even though CNPs were
recycled four times, they continued to exhibit high catalytic
activity (Fig. 2C and D).

3.3 Steady-state kinetics of CNPs

The catalytic-reaction mechanism of CNPs was analyzed by
measuring steady-state kinetic parameters.*® Double-reciprocal
plots of initial velocity were obtained by fixing one substrate
concentration, and the concentration of the second substrate
varied. V.« and K;,, were obtained according to the Lineweaver-
Burk plot® (Fig. 3). As shown in Table 1, the K;,, of CNPs with
TMB as the substrate was 0.198 mM, similar to that of HRP (K,
= 0.434 mM) at pH = 4.0, which indicated that CNPs had higher
affinity to the TMB substrate than the HRP substrate. The K;;, of

Table 1 Comparison of the kinetic parameters of CNPs with those
reported for GO-COOH, FezO4 nanoparticles, and HRP

Catalyst Substrate K, (mM) Vinax (107M s71)
CNPs TMB 0.198 & 0.052  4.478 + 0.858
CNPs H,O0, 1.112 + 0.062  1.872 + 0.040
GO-COOH™® TMB 0.024 + 0.001  3.450 + 0.310
GO-COOH™® H,0, 3.990 + 0.670  3.850 % 0.220
Fe;0, nanoparticles®® TMB 0.098 3.440

Fe;0, nanoparticles®®  H,0, 154.000 9.780

HRP*® TMB 0.434 1.000

HRP*® H,0, 3.700 0.871

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Changes in absorbance for TMB catalyzed by CNPs in the absence or presence of GSH (pH = 4.0). (B) Dose—-response plot for GSH

measurement. AA = Ag — Amax. Where Ag is the absorbance of the catalytic reaction for CNPs and A, is the absorbance with GSH at 652 nm. The

inset shows a linear curve for GSH.

CNPs (1.112 £ 0.062) with H,0, was less than half of that for
HRP. A metal catalyst was not doped in CNPs, so the catalytic
effect was attributed to the electronic structure of CNPs, due to
provision of electrons originally from the graphene structure
(for which the fast electron transfer was confirmed by electro-
chemical characterization).*

3.4 GSH detection

We wished to determine the reducing ability of GSH against
the catalytic action of TMB. Hence, the colorimetric change at
an absorbance at 652 nm was documented for GSH detection.
The changes in absorption at 652 nm were observed in the
catalytic reaction using different concentrations of GSH
(Fig. 4A). The maximum absorption decreased with increasing
concentrations of GSH, which indicated that oxTMB could be
reduced to TMB by GSH. The GSH concentration could be
determined by CNPs at a wide concentration range (2.5-50 pM)
with a limit of detection (LoD) of 0.26 p M (Fig. 4B, inset). This
LoD range indicated that CNPs could be applied widely in
biological fields for GSH detection. Other types of nanozyme-
detection systems are summarized in Table 2. Comparison
of our CNP-based system for GSH detection with that in
previous reports (Table 2) revealed our system to have a rela-
tively lower LoD and wider linear range.

In the GSH-detection system, CNPs catalyze H,0, decom-
position to generate ‘OH radicals. Then, "OH radicals can
oxidize the colorless TMB into blue ox-TMB, and ox-TMB can be

reduced by GSH to form TMB again (Scheme 1). Besides, the
abundant active oxygen species (COOH, OH) on the surface of
CNPs layers act as catalytic sites, just like enzymes. Therefore,
the structural stability for CNPs had a negligible effect after GSH
detection.

3.5 Selectivity of our colorimetric method for GSH detection

To evaluate the selectivity of our colorimetric method for GSH
detection, the effects of amino acids (Gln, Asp, Met, Phe, Val,
Ser, Cys) were investigated under identical conditions. The
inhibitory effect of GSH was much stronger than that of the
other substances tested (Fig. 5). The reducing ability of Cys was
stronger than that of other amino acids but weaker than that of
GSH. Cys could also decrease the absorbance at 652 nm upon
addition to the CNPs reaction system, which suggested that the
thiol agent was responsible for the catalytic reduction of
oxidized TMB into a colorless solution.*” In biological samples,
the concentration of Cys (micromolar level) is far lower than the
concentration of GSH (millimolar level). Therefore, these
results indicated that the influence of amino acids for GSH
detection was negligible. GSH detection using a colorimetric
approach had excellent selectivity when using biological
samples.

3.6 Detection of GSH in a real sample

We wished to verify the applicability of our method for GSH
detection in real samples. Hence, the GSH concentration in

Table 2 Comparison of "nanozymes” using a colorimetric method for GSH detection

Linearity range

Materials Catalytic property LOD (uM) (M) Ref.
C030,-MMT Peroxidase-like activity 0.088 0.1-20.0 27
TiO,/MoS, hybrid nanofibers Peroxidase-like activity 0.10 0.05-1.00 30
H2TCPP-C09S8 Peroxidase-like activity 0.194 0.3-10.0 38
nanocomposites

CuS-PDA-Au composite Peroxidase-like activity 0.42 0.5-100 3
Co,N-HPC Oxidase-like activity 0.036 0.05-30 39

CNPs Peroxidase-like activity 0.26 2.5-50 This work

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Comparison of GSH detection using our method based on the
peroxidase-like activity of CNPs with a commercial GSH assay kit. Error
bars denote the standard deviation of three independent
measurements.

HepG2 cell culture medium was measured after treatment with
different concentrations of nicotine. Our colorimetric method
for GSH detection was applied to real samples. HepGz2 cells were
treated with various concentrations of nicotine for 12 h to
evaluate GSH production in the cell culture medium. The
culture medium was collected for the GSH assay. The GSH
concentration varied upon nicotine treatment compared with
that in the control group (Fig. 6). A commercial GSH assay kit
was employed as a control, and extracellular GSH levels were
evaluated by our method: an obvious difference between the two
methods was not observed. These results indicated that our
colorimetric method for GSH detection was reliable and accu-
rate. Compared with the commercial GSH assay kit, our method
was time-saving, low-cost, and easy to use. In addition, the
reagents in our method did not need to be stored under difficult
conditions.
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4 Conclusions

Our results demonstrated that CNPs possess peroxidase activity
and that their catalytic activity is strongly affected by pH. A pH
of 4 is the optimum value for the catalytic reaction. The
peroxidase catalytic activity of CNPs was 12-times higher than
that of GO and MWCNTs at an identical concentration (30.0 pg
mL ™). CNPs could be recycled four times yet continue to retain
their catalytic activity. CNPs had the same catalytic activity as
that of TMB and HRP. Moreover, a convenient method for
colorimetric detection of GSH was developed, which could be
applied to real samples. These CNPs displayed promising
applications for colorimetric sensing in biological fields.
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