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A powerful enzymatic mimetic has been fabricated by employing graphene oxide (GO) nanocolloids to
disperse conductive carbon supports of hydrophobic carbon nanotubes (CNTs) before and after the
loading of Pt nanocatalysts. The resulting GOCNT-Pt nanocomposites could present improved aqueous
dispersion stability and Pt spatial distribution. Unexpectedly, they could show greatly enhanced
peroxidase-like catalysis and electrocatalysis activities in water, as evidenced in the colorimetric and
electrochemical investigations in comparison to some inorganic nanocatalysts commonly used.
Moreover, it is found that the new enzyme mimetics could exhibit peroxidase-like catalysis activity
comparable to natural enzymes; yet, they might circumvent some of their inherent problems in terms of
catalysis efficiency, electron transfer, environmental stability, and cost effectiveness. Also, sandwiched
electrochemical immunoassays have been successfully conducted using GOCNT-Pt as enzymatic tags.
Such a fabrication avenue of noble metal nanocatalysts loaded on well-dispersed conductive carbon
supports should be tailored for the design of different enzyme mimics promising the extensive catalysis
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1. Introduction

Enzymes have been widely used in industrial, environmental,
and medical fields, such as the catalytic oxidation of various
toxic organic species in wastewater treatments,"” and enzyme-
based sensing of numerous biomarkers of clinical and envi-
ronmental importance.** Natural enzymes, however, can suffer
from some serious disadvantages regarding easy thermal
denaturation, catalytic activity inhibition, and protease diges-
tion of enzymes. An additional challenge can be associated with
the enzymatic protein shells that can electrically insulate the
redox center of natural peroxidases.* Alternatively, considerable
efforts have been contributed to the studies on artificial enzyme
mimics,>® mostly known as peroxidase mimics including
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applications in environmental, medical, industrial, and particularly aqueous biosensing fields.

haematin,” hemin,® cytochrome,” and other organic and inor-
ganic mimics.'*> However, they may somewhat achieve limited
success in terms of catalysis efficiency, aqueous dispersion, and
conductivity especially for electrochemical applications.
Materials on a nanoscale can present unique physical and
chemical properties different from what they exhibit on a
macroscale. As the most known one, noble metals like platinum
(Pt) may be chemically inert at bulk scales but can serve as
catalysts at nanoscales. Most known are Pt nanoparticles (Pt
Nanos) that can present enzyme-like catalysis activity for
sensing H,0, or for scavenging superoxide free radicals.**** In
practical catalysis applications, however, the catalysis perfor-
mances of Pt Nanos are generally limited by their low dispersive
stability and partly blocked electron-transfer pathways or
catalysis-active sites by the surface modifiers necessary for
stabilizing high-energy surfaces of Pt nanomaterials in the
synthesis procedure. Moreover, carbon nanotubes (CNTSs) as an
important group of conductive nanomaterials have received
considerable interest for applications.”'® Due to their high
surface area, mechanical strength and excellent electric
conductivity, CNTs have been used as conductive electrode
materials and catalyst supports in constructing fuel cells,”” ™ or
as adsorption matrices and electron mediators for electro-
chemical sensor designs.”** Particularly, CNTs are widely
employed to support Pt nanocatalysts for heterogeneous
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electrocatalysis in fuel cells.””*®** They have also been
combined to fabricate the electrochemical platforms or load
various enzymes to facilitate the electrocatalysis detection of
glucose and/or H,O, at a low potential.***” Unfortunately, few
investigations have been systematically conducted on the
potential of CNT-supported Pt Nanos with peroxidase-like
catalysis activity.

Moreover, most of the catalysis reactions with enzymes or their
mimics are carried out in an aqueous system. The aqueous
catalysis performances and the large-scale catalysis applications
of CNT-supported Pt nanocatalysts, however, may be challenged
by the poor aqueous dispersion of hydrophobic carbon supports
and unfavorable distribution density of Pt nanocatalysts loaded
generally by high thermal treatments. Therefore, increasing
attention has been drawn to the improvement of the spatial
distribution and dispersion stability of CNT supports in water,
mostly known as the oxidation treatment®® and surfactant addi-
tion.” Gracefully successful as these studies are, such a dispersion
(or distribution) problem of CNT supports (or Pt nanocatalysts)
remains far from well solved to date. Recent years have witnessed
the rapid development of another amazing carbon material of
graphene in the modern materials science and biotech-
nology."***** Graphene has been used to attach Pt Nanos but to
achieve only enhanced electrocatalytic activities,>** while gra-
phene oxide (GO) nanosheets might exhibit peroxidase-like
catalysis."” Particularly, GO nanocolloids may serve as a wonderful
“surfactant” for CNTs to create a stable dispersion of nanocolloids
in water,*** because they are amphiphilic with an edge-to-center
distribution of hydrophilic and hydrophobic domains.*

(A)

(B)
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In the present work, a new enzyme mimic has been fabricated
by using GO nanocolloids to well disperse CNT supports before
and after loading Pt Nanos. Unexpectedly, the resulting GOCNT-
Pt nanocomposites could display high aqueous dispersion and
desirable distribution density of nanocatalysts, and especially
greatly enhanced peroxidase-like catalysis and electrocatalysis
activities. To the best of our knowledge, this finding was repor-
ted and systemically studied for the first time. The powerful
catalysis performances of GOCNT-Pt nanocomposites, here,
were characterized by colorimetric H,O, sensing and direct H,O,
electrochemistry, in comparison to CNT-and GO-supported Pt
Nanos and natural protein enzyme commonly used, including
the practical application as enzymatic labels for the sandwiched
electrochemical immunoassays.

2. Results and discussion

2.1. Synthesis and characterization of GOCNT-Pt
nanocomposites

The GOCNT-Pt nanocomposites have been fabricated by using
the impregnation method. GO nanocolloids were first employed
to well disperse CNTs to form the stable GOCNT suspension.
Then, Pt precursors were physically adsorbed onto the GOCNTs
followed by thermal treatment under an H, environment,
achieving GOCNT-Pt nanocomposites with 20 wt% Pt re-
dispersed in GO nanocolloids. Fig. 1 shows the topological
structures and dispersions of the as-prepared GOCNT-Pt nano-
composites characterized by a transmission electron microscope
(TEM), in comparison to the CNT-Pt nanocomposites fabricated

Fig.1 Typical TEM images of (A) CNTs, (B) GO, (C) CNT-Pt nanocomposites (inset: the photograph of suspension solution (right top)), and (D)
GOCNT-Pt nanocomposites in GO nanocolloids (inset: the amplified part of GOCNT-Pt (left top) and the photograph of suspension solution

(right top)).
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accordingly without GO nanosheets. One can note that Pt Nanos
could be well loaded onto the pristine CNT (Fig. 1A) and the GO
nanosheet (Fig. 1B) dispersed ones to yield CNT-Pt (Fig. 1C) and
GOCNT-Pt (Fig. 1D), respectively. As manifested in the TEM
images, however, the GOCNT-Pt could enable better spatial
distribution density of Pt nanocatalysts on the carbon supports
than the CNT-Pt. Also, the inseted photographs of their
suspension solution show that GOCNT-Pt nanocomposites
showed higher dispersion and stability than CNT-Pt ones that
seemed to be partly coagulated and stacked in water. Further-
more, comparable investigations of dispersion stabilities were
carried out for the GOCNT-Pt and CNT-Pt nanocomposites by
using dynamic light scattering (DLS) at a 90° scattering angle
(Fig. S1A, ESIY). It is found that the hydrodynamic diameters of
the GOCNT-Pt and CNT-Pt concentrated at ~175 nm and

(A)

(B)

H,0, concentrations (M), each with 1.0 mM TMB
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~188 nm, respectively, showing the difference in size distribu-
tion of GO-dispersed nanotube bundles in water. Moreover, the
time-dependent dispersion of the GOCNT-Pt and CNT-Pt
suspensions was evaluated by DLS and UV/vis spectrometry,
where the sample supernatants were taken out and monitored at
different time intervals (Fig. S1B, ESIT). As can be seen from the
DLS intensities and optical absorbance values (250 nm) over
time, the GOCNT-Pt could display much higher dispersion
stability than the CNT-Pt, confirming the vital role of the GO
“surfactant” in dispersing carbon supported Pt nanocomposites.
In addition, the high magnification view of the GOCNT-Pt (the
inset of Fig. 1D) clearly verifies that a single CNT bundle was
decorated with Pt Nanos of 3.0 + 0.5 nm with high dispersion
and favorable distribution density. Herein, high dispersion of Pt
nanocatalysts may help to improve their electrocatalytic

<= Pt Nanos

<4=—= HRP

<4=—= GOCNT-Pt

Fig. 2 Colorimetric investigations of peroxidase-like catalysis activities of GOCNT-Pt nanocomposites. (A) Comparison of catalytic redox
reactions for the TMB-H,O, substrate among CNTs, GOs, Pt Nanos, and the nanocomposites of GO—-Pt, CNT-Pt, and GOCNT-Pt consisting of
0.05 mg mL~* CNT or GO and/or 0.01 mg mL~! Pt Nanos. (B) Catalytic oxidization of various organic substrates (1.0 mM) of TMB, DAB, PPD, AP
and HQ using 0.05 mg mL™ GOCNT-Pt nanocomposites with 4.0 mM H,O,. (C) Comparison of colorimetric H,O, detection results among Pt
Nanos, HRP, and GOCNT-Pt nanocomposites using 1.0 mM TMB and different H,O, concentrations.
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activities as recognized in fuel cell technologies.**® Better mass
transports of electrons and reactants also enable rapid electron
shuttling and easy access of the reactants to their catalysis-active
sites.”” The synergetic effects of well dispersed carbon supports
of high conductivity and Pt Nanos of intrinsic catalysis activity
were thereby expected to facilitate both enhanced peroxidase-
like catalysis and electrocatalysis of GOCNT-Pt nanocomposites.

2.2. Colorimetric investigations of peroxidase-like catalysis
activities of GOCNT-Pt nanocomposites

The peroxidase-like catalysis activities of GOCNT-Pt nano-
composites were investigated by colorimetric tests with the
3,3',5,5"-tetramethylbenzidine (TMB)-H,0, substrate (Fig. 2A).

Herein, CNTs, GOs, Pt Nanos, CNT-Pt, and GO-Pt nano-
composites with the same carbon and/or Pt concentrations were
utilized for comparison. It was observed that the GOCNT-Pt
could catalyze H,0,-induced oxidization of TMB to yield a
visible deep blue color within 15 min, resulting in color density
much higher than those obtained for the Pt Nanos, CNT-Pt, and
GO-Pt. Herein, GOs and CNTs might present a slight catalysis
behavior to the TMB-H,0, substrate, which might be compa-
rably neglected. The results indicate that GOCNT-Pt nano-
composites could exhibit greatly enhanced peroxidase-like
catalysis activity in contrast to the component materials, of
which the supported Pt Nanos should be mainly responsible for
the catalysis event.

Furthermore, the enzymatic catalysis capabilities of GOCNT-
Pt nanocomposites were examined for the H,0,-induced oxi-
dization of several peroxidase substrates, including 3,3'-dia-
minobenzidine (DAB), p-phenylenediamine (PPD), p-
aminophenol (PAP), hydroquinone (HQ), and TMB. Fig. 2B
illustrates the typical photographs of the colorful products of
reactions. For example, the DAB solution changed to a brown
color with a little of the resultant precipitate in catalysis reac-
tions, and the PPD solution became a deep orange color. It is
thereby believed that the GOCNT-Pt nanocomposites can show
strong enzyme-catalytic behavior toward typical peroxidase
substrates, indicating that they can be harnessed for catalytic
degradation of toxic organic species so as to reduce their toxicity
in the environment.

Moreover, colorimetric detections of H,O, were performed
by using the GOCNT-Pt nanocomposites, when compared to Pt
Nanos and natural enzymes of horseradish peroxidase (HRP),
which are commonly used (Fig. 2C). One can find that the color
densities of the reaction products for both GOCNT-Pt nano-
composites and HRP can depend proportionally on H,0O,
concentrations ranging from 10”7 to 10 > M, which is much
more sensitive than the H,0, detection using Pt Nanos. More-
over, the peroxidase-like activities of GOCNT-Pt nano-
composites were characterized by the kinetic parameters, in
comparison to GO-Pt and CNT-Pt, including documented
HRP." Typical Michaelis—-Menten curves were plotted accord-
ingly (Fig. S2, ESIT). With the Lineweaver-Burk equation, the
Michaelis constant (K;,) and the maximal reaction velocity
(Vmax) were obtained and shown in Table S1, ESL.{ The apparent
K, value of the GOCNT-Pt (1.82 mM) with the H,O, substrate is
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lower than those of GO-Pt (4.24 mM), CNT-Pt (6.24 mM), and
HRP (3.7 mM) reported elsewhere," so is the apparent K;,, of the
GOCNT-Pt (0.075 mM) with the TMB substrate. The data
suggest that the GOCNT-Pt could present a higher affinity for
H,0, and TMB. Therefore, the as-developed inorganic nano-
catalysts can present catalysis performances comparable to
natural peroxidase; yet, they may circumvent some inherent
problems of natural enzymes.

Although many possible catalysis mechanisms have been
proposed for Pt-catalytic H,O, decomposition, the radical chain
mechanism is herein assumed with the initiation reaction of
OH-radical production catalyzed by Pt Nanos of a zero
valence.**** Herein, the proposed mechanism is detailed in
Scheme S1, ESIL.1 Pt Nanos on carbon supports were thought to
catalytically break the oxygen-oxygen bond of H,0, to give OH
radicals, which were stabilized at the surface of Pt Nanos.** The
resulting OH radicals would further react with TMB to yield the
blue reaction products. Obviously, GOCNT-supported Pt nano-
catalysts might also benefit from GOCNT-enhanced electron-
transferring ability and improved surface for easier access to the
substrates, thus facilitating the stronger catalysis perfor-
mances. In addition, colorimetric investigation of oxidase-like
activity of GOCNT-Pt nanocomposites was performed using
TMB in the presence and absence of oxygen (data not shown).
Also, they could catalyze the TMB oxidization to yield blue
products in the presence of dissolved oxygen serving as the
electron acceptor, showing the great potential of oxidase-like
functions of nanocatalysts.

2.3. Electrochemical investigations of electrocatalysis
activities of GOCNT-Pt nanocomposites

The electrocatalysis characteristics of the GOCNT-Pt nano-
composites were investigated using H,0, in the presence of
TMB, taking the component materials of CNTs and Pt Nanos,
CNT-Pt, and GO-Pt nanocomposites for comparison (Fig. 3).

Fig. 3A describes the typical voltammograms for detecting
2.0 mM H,O,. A well-defined pair of quasi-reversible redox
peaks was obtained for the GOCNT-Pt electrode, with the oxi-
dization and reduction potentials peaking at ~+ 0.11 V and ~+
0.021 V, respectively. Notably, the redox currents for the
GOCNT-Pt electrode are much higher than those of electrodes
modified with Pt Nanos, CNT-Pt, and GO-Pt, although they
might share the close peaking potentials presumably due to the
existence of Pt Nano catalysts. By comparison, the CNT-modi-
fied electrode exhibited a more positive shift of the redox peak
potentials in addition to significantly low current signals. More
importantly, the GOCNT-Pt electrode could allow the electro-
chemical detection of H,O, at a low potential, with voltam-
metric responses well proportional to H,O, concentrations
(Fig. 3B). Accordingly, the GOCNT-Pt catalysts can possess high
electrocatalysis towards H,O, reduction and organic substrate
oxidation.

The direct electroanalysis to H,O, using the GOCNT-Pt
modified electrode was also tested, in comparison with the
CNTs, Pt Nanos, CNT-Pt, and GO-Pt modified electrodes.
Fig. 4A depicts the typical voltammograms at different

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Electrochemical response to H,O, in the presence of TMB. (A) Comparison of typical voltammograms among the electrodes coated with
bare, CNTs, Pt Nanos, GO-Pt, CNT-Pt, and GOCNT-Pt nanocomposites in the PBS solutions containing 2.0 mM H,O, and 0.4 mM TMB,
scanning from — 0.6 to + 0.4 V at a scan rate of 0.10 V s™%. (B) Voltammograms at the GOCNT—Pt electrode for successive addition of 1.0 mM

H,0; in the presence of 0.4 mM TMB (red line for blank).

electrodes for the direct H,O, electrochemistry. As expected, a
great difference in voltammetric responses is obtained among
these electrodes in the absence of an electronic mediator. The
GOCNT-Pt modified electrode displayed the largest redox
response to H,0,, which is ~10 times larger than that of the
CNT modified electrodes commonly used. Particularly, a sharp
H,0, reduction peak was witnessed for the GOCNT-Pt electrode
at ~—0.18 V when detecting 2.0 mM H,0,. In contrast, the
potential peaks of other electrodes are much more negative, for
example, it could peak at ~—0.45 V for the CNT-modified one.
Fig. 4B manifests the voltammetric characteristics of the
GOCNT-Pt electrode with direct responses to successive

=
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additions of H,0,, where the H,O, reduction currents can
increase proportionally with H,O, levels.

In addition, the comparison of electrocatalysis capacity with
the natural enzyme (i.e., HRP) was also conducted. The elec-
trode modified with GOCNT-Pt nanocomposites was evaluated
in parallel with the electrode modified with pure HRP and CNT-
loaded HRP (CNT-HRP), where H,0, was detected in the pres-
ence and absence of the TMB mediator (Fig. S3A and B, ESIT).
Again, much higher current responses and better redox peaks
were obtained for the GOCNT-Pt electrode. The evidence indi-
cates that the GOCNT-Pt might possess higher electron-trans-
ferring and electrocatalysis abilities than the natural enzyme, in
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Fig. 4 Direct electrochemical responses to H,O,. (A) Comparison of typical voltammograms (the first scanning circle) among the electrodes
modified with bare, CNTs, Pt Nanos, CNT-Pt, GO-Pt, and GOCNT-Pt nanocomposites separately in the PBS buffer containing 2.0 mM H,O,
under the same scanning conditions as in Fig. 3; (B) voltammograms of direct responses of the GOCNT-Pt electrode to successive addition of

H,0, at a step of 1.0 mM (red line for 0.0 mM H,O,).
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electrochemical H,0, reduction, even though it was loaded on
conductive CNT supports. The exact mechanism underlying the
enhanced electrocatalysis of GOCNT-Pt nanocomposites has
not been well-understood so far, although Pt Nanos have been
well established as super catalysts to exert high electrocatalysis
effects on H,0, or glucose.***> Nevertheless, it is likely related to
some synergistic factors involving the unique structures of the
carbon supports of CNTs and GO nanosheets, and improved
spatial distribution and electron-transferring ability of Pt Nanos
on GOCNTs.*¢ Significantly, it confirms that metal-support
interactions can largely affect the activity of metal nanocatalysts
so supported. Since GO-dispersed CNTs have a better organized
graphitic structure, which is more ordered than that of carbon
black, the Pt-CNT interactions can change the crystal structures
of Pt nanocatalysts on GOCNTs towards greatly enhanced
electrocatalysis activity. On the one hand, the Pt products
formed on CNTs are defined as “interconnected” Pt Nanos,
which are more active than original Pt Nanos.*® On the other
hand, upon deposition, the finely dispersed Pt Nanos can bind
to carbon supports via bonding with ester and carbonyl O atoms
in the form of COO(Pt) and C(=O)CO(Pt), and the Pt-CNT
distribution density and surface structures can play a key role in
improving their electrocatalysis.*® Also, carbon supports with
delocalized 7 electrons of graphite sheets might help to
improve Pt surface properties and promote electron shuttling to
and from its catalysis active sites as aforementioned.

2.4. Preliminary catalysis-based sensing applications of
GOCNT-Pt nanocomposites

To further explore the application feasibility of the new enzyme
mimics, a H,O, sensor was fabricated with the GOCNT-Pt
nanocatalysts for the direct electrochemical H,0, sensing.
Fig. 5A manifests a current-time response curve recorded at an
applied potential of —0.2 V by successive additions of H,O,. The
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current responses reached a steady-state signal within ~5 s. The
steady-state calibration curve of H,0, responses for the
amperometric enzyme sensor is shown in Fig. 5B. Accordingly, a
linear range from 2.5 x 10 °to 1.0 x 10~ > M H,0, was achieved
for the direct H,O, detection. Moreover, the interferential
experiments of the H,0, sensor were conducted with the results
shown in Table S2, ESL.}

It was found that most of co-existing common molecules or
ions might show no interference for the determination of H,0,.
But obvious interferences were observed for glucose, ascorbic
acid and S>~ with considerably high concentrations, presum-
ably originating from those interferents that might inhibit the
catalysis activity of the Pt catalysts or take part in the redox
reactions. Also, 2.0 mM H,O0, was measured by the electrode
once a week for 10 weeks, and a relative standard deviation of
6.2% was obtained, showing a favorable reproducibility of the
analysis. In addition, the GOCNT-Pt electrode could work well
at different temperatures such as 40 °C, 60 °C and 90 °C, as well
as pH values of 1.0 to 14 (data not shown). The data prove that
GOCNT-Pt nanocomposites at the electrodes can retain high
catalysis stability over extreme operational environments.

Moreover, the coupling of natural peroxidases as amplifying
biocatalytic labels is a common paradigm in developing bio-
sensing devices. In this work, GOCNT-Pt catalysts were applied
as the enzyme labels for secondary antibodies for the electro-
chemical immunoassay of immunoglobulin G (IgG) by static
amperometric measurements (Fig. 6). Fig. 6A shows the results
of electrochemical IgG immunoassays, with bovine serum
albumin (BSA) serving as a control. One can note that the
sandwich immunoassays can illustrate static currents propor-
tional to IgGs with concentrations ranging from 5.0 to 625 pg
mL . Moreover, high detection specificity of the sandwich IgG
immunoassay is evident by the significantly low response to
BSA, as also reflected in the real-time static amperometric
responses (Fig. 6B). Therefore, the GOCNT-Pt nanocatalysts can
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(A) Typical current—time responses of the GOCNT-Pt electrode to H,O, successively added with a step of 0.2 mM at an applied

potential of —0.2 V. (B) The steady-state calibration curve of amperometric responses of the GOCNT-Pt sensor to H,O, with different
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Fig. 6 (A) Electrochemical sandwich immunoassays for IgGs of different concentrations using GOCNT-Pt labeled IgGAbs, taking 1.0 mg mL™*
BSA as a control (IgG-a to d corresponding to 5.0, 25, 125 and 625 ug mL ™). (B) Comparison of real-time static amperometric responses between

5.0 pg ML 1gG and 1.0 mg mL~! BSA when adding 8.8 mM H,O,.

be potentially employed as new catalytic labels of recognition
molecules for wide enzyme-based electrochemical and optical
sensing assays.

3. Experimental section

3.1. Materials and reagents

Graphene oxide (GO) nanosheets were obtained from Graphene
Supermarket (USA). Multiwalled carbon nanotubes (CNTs) with
~95% purity were obtained from NanoLab (Brighton, MA).
Mouse IgGs, anti-mouse IgG antibodies (IgGAbs), IgGAbs
labeled with horseradish peroxidase (HRP), bovine serum
albumin (BSA), Nafion (5.0%), ethyl(dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), HRP (EC
1.11.1.7), hexachloroplatinic acid, DL-dithiothreitol (DDT), gold
nanoparticles (10 nm in diameter), and peroxidase substrate
solution were the products of Sigma-Aldrich, including organic
substrates of 3,3',5,5'-tetramethylbenzidine (TMB), 3,3'-dia-
minobenzidine (DAB), p-phenylenediamine (PPD), p-amino-
phenol (PAP), and hydroquinone (HQ). Other reagents were of
analytical reagent grade.

3.2. Synthesis of GOCNT-Pt nanocomposites

The GO-dispersed CNTs (GOCNTs) were prepared with the mass
ratio of GO nanosheets to CNTs of 1:10. An appropriate
amount of CNTs was ultra-sonicated in deionized water for 30
min, and then GO solution was added into the CNT solution to
be further sonicated until a visually homogeneous dispersion
was formed. The resulting mixture was sonicated for 16 h (60 s
on and 5 s off cycles) and then centrifuged and washed to form
GOCNTSs.

Furthermore, GOCNT-Pt nanocomposites were synthesized
with the impregnation method using H, as the reducing agent.

Typically, an appropriate amount of hexachloroplatinic acid
was dissolved in acetone. GOCNTs with the required dosage

This journal is © The Royal Society of Chemistry 2014

were dispersed in an appropriate amount of Pt precursor solu-
tion under mild stirring. The mixture was then incubated in the
oven overnight at 100 °C. The mixture was further treated under
a H, environment for 2 h at 300 °C with a ramping rate of 0.5 °C
min ", The GOCNT-Pt catalysts (20 wt% Pt) so obtained were
collected and further were re-dispersed in GO nanocolloids in
the same ratio as above. Moreover, for the purpose of compar-
ison, pre-acidized GO, and CNT powders were treated by the
same way under the H, environment for 2 h at 300 °C, so did the
CNT-Pt and GO-Pt nanocomposites. TEM measurements
(Hitachi H-7000, Japan) were conducted for different materials
dispersed in 2-propanol. Moreover, the as-prepared GOCNT-Pt
nanocomposites were diluted to 1.0 mg mL™" in 2-propanol
containing 0.25% Nafion to be stored at 4 °C.

3.3. Evaluation of dispersion stabilities of GOCNT-Pt and
CNT-Pt nanocomposites

The dispersion stabilities of GOCNT-Pt and CNT-Pt nano-
composites were investigated comparably by using dynamic
light scattering (DLS) with a Zetasizer Nano ZS (Malvern
Instruments, UK) setup equipped with a helium-neon laser
(A = 632.8 nm, 4 mW) and a thermoelectric temperature
controller. The samples were diluted to a certain concentration
and sonicated for 1 h. DLS measurements were then performed
at a 90° scattering angle in a 3 x 3 mm quartz cuvette, in which
18 runs of 10 seconds were carried out for each of samples to
obtain the averaged nanotube sizes (hydrodynamic diameters).
Moreover, the time-dependent dispersion of the GOCNT-Pt and
CNT-Pt suspensions was monitored by DLS as well as UV/vis
measurements (UV-3600 spectrophotometer, Shimadzu, Japan).
The samples were well dispersed and placed over time. The
sample supernatants were carefully taken out at different time
intervals (2.0, 5.0, 10, 24, 48, 72, 120, and 192 h) for DLS and
UV/vis measurements separately. The DLS intensities of the
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meaningful size range of nanotubes and optical absorbance
values at 250 nm were recorded over time.

3.4. Preparation of CNT-HRP and GOCNT-Pt-labeled IgGAb
conjugates

The as-prepared CNTs and GOCNT-Pt powders were separately
dispersed to 1.0 mg mL™" in PBS buffer (pH 7.2) containing
0.50% Triton X-100, 100 mM EDC, and 80 mM NHS to be
chemically activated for 1 h, and then washed twice. To prepare
the CNT-HRP conjugate, the CNT suspensions were mixed with
20 mg mL~" HRP to be incubated overnight at 4 °C. Then, the
mixture was centrifuged and washed twice with PBS bulffer.
Subsequently, the resulting CNT-HRP conjugate was diluted to
1.0 mg mL ™' CNTs to be stored at 4 °C. Following the same
procedure, the GOCNT-Pt-labeled IgGAb conjugates were
prepared except for using 2.0 mg mL~" secondary IgGAbs.

3.5. Colorimetric catalysis tests

Colorimetric investigation of peroxidase-like activities of
GOCNT-Pt nanocomposites was performed using the
commercially-available TMB-H,0, substrate, when compared to
CNT, GO, Pt Nano, CNT-Pt, and GO-Pt nanocomposites of
certain concentrations indicated. Moreover, the catalytic oxi-
dization of some organic substrates including TMB, DAB, PPD,
PAP and HQ was conducted by using GOCNT-Pt nano-
composites. Each of the organic substrates (1.0 mM) was mixed
with 0.05 mg mL~" GOCNT-Pt nanocomposites and 4.0 mM
H,0, in N,-saturated PBS buffer to be reacted for 15 min to
produce different colors.

The colorimetric detections for H,0, with different concentra-
tions (1.0 x 10”7 to 1.0 x 10> M) were conducted in N,-saturated
PBS bulffer in the presence of 1.0 mM TMB separately using 0.05
mg mL~' GOCNT-Pt nanocomposites, 0.01 mg mL™* Pt Nanos,
and 0.01 mg mL ™' HRP. Moreover, the dynamics parameters (i.e.,
K and Vi) of GOCNT-Pt, CNT-Pt, and GO-Pt nanocomposites
were measured accordingly to plot Michaelis-Menten curves with
different concentrations of H,O, and TMB.

3.6. Electrochemical H,0, analysis

Electrochemical voltammetric measurements for the electro-
catalytic responses of the GOCNT-Pt modified electrodes to
H,0, were performed in the presence and absence of TMB
using an electrochemical analyzer CHI 760 (CH Instruments,
Austin, TX), which is connected to a personal computer. A three-
electrode configuration (CH Instruments) consisting of a glass
carbon (GC) working electrode, an Ag/AgCl reference electrode
and a platinum counter electrode was employed. Herein, the GC
working electrodes were polished and further coated with
GOCNT-Pt nanocomposites, compared with those modified
separately with CNTs, Pt Nanos, GO-Pt, and CNT-Pt nano-
composites or CNT-loaded HRP conjugates. In brief, each of the
stock nanomaterials (except for Pt Nano) was first diluted to
1.0 mg mL " in PBS buffer containing 0.25% Nafion. After being
dispersed by sonication, 5.0 pL of each of the nanomaterial
suspensions was dropped separately onto the polished GCE
electrodes to be incubated overnight at 4 °C. Following that,
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5.0 uL of 0.05% Nafion was added onto each of the electrodes
and left for 1 h at room temperature. The preparation of the Pt
Nano electrode was conducted accordingly but for using 0.2 mg
mL ' Pt Nano. Subsequently, the as-prepared electrodes were
used separately to detect 2.0 mM H,O, in a 5 mL voltammetric
cell with N,-saturated PBS buffer in the presence and absence of
0.4 mM TMB, scanning from —0.6 to +0.4 V at a scan rate of
0.10 V s '. Moreover, the current-time responses of the
GOCNT-Pt electrode toward successive additions of 0.2 mM
H,0, were obtained at an applied potential of —0.2 V. All
potentials were referred to the Ag/AgCl reference electrode.

3.7. Electrochemical immunoassays

Electrochemical sandwich immunoassays for IgGs with
different concentrations were conducted on gold electrodes (2
mm diameter, CH Instruments) using GOCNT-Pt catalysts and
secondary IgGAbs. Here, the gold electrodes were first dipped
into 2.0 mg mL " DDT for 2 h at room temperature and then
washed twice with PBS buffer. Furthermore, 5.0 uL of gold
nanoparticles were dropped onto it overnight, and then washed
twice. Following that, 5.0 pL IgGAbs (1.0 mg mL~ ") was injected
onto the electrodes to be incubated overnight at 4 °C, followed
by two washings. After being blocked by 10 mg mL " BSA, each
5.0 uL of IgG samples was introduced onto the electrodes to be
incubated for 1 h at 37 °C and then washed twice. Following
that, 5 uL of GOCNT-Pt-labeled IgGAbs was introduced onto the
electrodes to recognize the captured IgGs in the same way.
Subsequently, static amperometric measurements for the
resulting immunosensors were performed at an applied
potential of —0.2 V in PBS buffer.

4. Conclusions

Platinum (Pt) nanocatalysts supported on carbon nanotubes
(CNTs) have been well established to present high electro-
catalysis and power density. However, few investigations have
been conducted systematically on their peroxidase-like catalysis
activities especially their catalysis performances in water, which
could be challenged by the poor aqueous dispersion of hydro-
phobic carbon supports and the undesirable spatial distribu-
tion of Pt nanocatalysts loaded. In this work, hydrophobic CNTs
have been well dispersed in GO nanocolloids to achieve a stable
aqueous suspension as conductive supports for loading Pt
nanocatalysts. The resulting GOCNT-Pt nanocomposites were
re-dispersed in GO nanocolloids so as to obtain high aqueous
dispersion stability and good spatial distribution density of Pt
nanocatalysts. Importantly, colorimetric and electrochemical
investigations indicate that the developed inorganic nano-
catalysts could display much higher peroxidase-like catalysis
and electrocatalysis activities than some inorganic nano-
catalysts commonly used. Also, the so prepared enzyme mimic
could exhibit aqueous catalysis performances comparable to
protein peroxidase; yet, they may have some advantages over
natural enzymes in terms of higher catalysis efficiency, electron
transfer, aqueous stability, environmental robustness, and cost
effectiveness. They could catalyze the H,0,-induced oxidation
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of typical organic substrates, indicating the applications for
catalytic degradation of toxic organic species (i.e., phenols) so as
to reduce their toxicity in the environment. Moreover, electro-
chemical measurement results demonstrate that the GOCNT-Pt
nanocomposites could present stronger electrocatalysis than
natural enzymes (i.e., HRP) in the reduction of H,0, as well as
the oxidation of organic substrates like TMB. In addition,
sandwich-based immunoassays have been successfully per-
formed for model proteins of IgGs using GOCNT-Pt catalysts as
the enzymatic tags, indicating that they may promise very
attractive applications for enzyme-based aqueous assays and
biosensors, including the catalysis reactions that are mostly
carried out in water. Although more efforts will be necessarily
made to better understand at the molecular scale the catalysis
mechanism underlying for the carbon-supported Pt nano-
catalysts, such a preparation method for inorganic nano-
catalysts combining noble metal nanocatalysts and well-
dispersed conductive carbon supports may open a new door
toward the design of different “artificial enzymes”.
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