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Pt nanoparticles have been actively researched as enzyme mimetic nanomaterials for bioanalysis, catalysis and
environment treatment over the past years. However, the general issues with individual Pt nanoparticles are
stabilization and reproducibility, which lead to the search of Pt based nanocomposite to enhance their activity. In

Colorimetry this work, we developed a novel kind of surfactant-free nanocomposites (Pt-PIL-MWCNTSs) containing Pt
H202 . . . TR .
Glucose nanodots highly dispersed on polymerized ionic liquid wrapped multi-walled carbon nanotubes, and demon-

strated their intrinsic peroxidase-like activity for use in colorimetric detection of hydrogen peroxide and glucose.
The Pt-PIL-MWCNTs were characterized by transmission electron microscopy (TEM), scanning electron micro-
scopy (SEM) and X-ray photoelectron spectroscopy (XPS). The as-prepared Pt-PIL-MWCNTs were used to catalyze
the oxidation of a peroxidase substrate 3,3,5,5-tetramethylbenzidine (TMB) by HO3 to the oxidized colored
product. Based on the excellent catalytic activity of Pt-PIL-MWCNTs, two colorimetric sensors for detecting HyOo
and glucose, respectively, were constructed with a wide linear range of 10-1000 pM (for H2O2) and 160-900 pM
(for glucose), as well as a relative lower limit of detection [5.5 pM (for Hy02) and 50 uM (for glucose)]. The
excellent performance of the sensor exhibited that the Pt-PIL-MWCNTSs composite could be used as a promising
mimetic peroxidase for applications in biosensing.

1. Introduction

Due to the high substrate specificity and extraordinary catalytic ef-
ficiency under mild conditions, enzymes have been extensively studied
and found applications in medicine, chemical industry, food processing
and ariculture. However, the natural enzymes inevitably suffer from
several serious drawbacks such as easy thermal denaturation, high-cost
in preparation and separation, harsh catalysis reaction condition, and
possible protease digestion, thus seriously restricting their widespread.
To overcome these challenges, considerable efforts have been channeled
toward discovering and developing new enzyme mimetics during the
last few years. These enzyme mimetics are considered as the materials
that bear enzyme-like activities while have excellent advantages of
tunable structures, high stability, lower cost, and mature synthetic
routes [1]. Among them, peroxidase-mimicking enzyme have been
explored at a rapidly growing rate because of their unique potential in
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disease diagnostics and therapy [2] Up to date, various mimetic per-
oxidases have been developed based on cyclodextrins, porphyrins,
polymers, and supramolecules, which mimicked the structures and
enzyme-like catalytic activities of enzymes [3,4]. Nevertheless, their
unsatisfactory activity and complex synthesis have pushed scientists to
identify novel and easily prepared substances with excellent catalytic
activity as peroxidase mimetics.

During recent years, the growing filed of nanotechnogy has resulted
in the exploitation of nanostructured materials as mimetic peroxidases,
which has been defined as nanozyme [5]. In 2007, the Fe304 magnetic
nanoparticles were demonstrated for the first time to possess intrinsic
enzyme activity similar to that found in natural peroxidases [6]. After-
wards, other nanomaterials like carbon-based nanostructures [7-9],
Co4N nanowires [10], V205 nanowires [11], MnOy nanowires [12],
Co304 nanoplates [13], Metal-organic frameworks (MOFs) [14,15],
noble-metal nanostructures [16-18] and so on, have been reported to
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possess unique intrinsic peroxidase-like catalytic activity.

As a potential catalyst at nanoscale, noble metal platinum (Pt)
element has been extensively explored for its enzyme-like catalysis ac-
tivity in biological detection or superoxide free radicals elimination
[19]. Until now, several Pt nanomaterials have been reported to possess
peroxidase enzyme mimetic activities [20-22]. Small Pt nanostructures
with high specific surface area are of particular importance for the
efficient catalysis and sensitive detection. However, the small Pt nano-
structure tends to aggregation, which leads to performance deteriora-
tion. So a support is often needed to keep them in a well-dispersed state
[23]. Multi-walled carbon nanotubes (MWCNTs) are a class of promising
one-dimensional nanomaterials. Due to their large active surface area,
good conductivity and chemical stability, MWCNTs have been used as
host materials for the distribution of noble nanoparticles [24]. For the
MWCNTs without surface modification, there are insufficient binding
sites for anchoring the precursors of Pt, which usually leads to poor
dispersion and large Pt NPs. Therefore, much attention has been paid to
the synthesis of PtNPs on functionalized MWCNTs.

In our previous report, we have reported a tunable thermal-
initiation-free radical approach to homogeneously fabricate the sur-
faces of MWCNTs with thickness controllable polymeric ionic liquid
(PIL). By using the imidazole group-containing ionic liquid as precursor,
the surfaces of PIL-MWCNTs are terminated with abundant positive
charges and increase the hydrophilicity of MWCNTSs. In addition, the PIL
film can serve as anchiriong points for the immobilization of Pt pre-
cursors on the surface of MWCNTSs [25].

In this paper, we synthesis the ultra-fine Pt nanodots on the surface of
PIL-MWCNTs using a surfactant-free method. The as-prepared Pt-PIL-
MWCNTs can catalyze the oxidation of the peroxidase substrate 3, 3, 5,
5-tetramethylbenzidine (TMB) in the presence of HyO5 to exhibit a blue
color change in aqueous solutions, which could be used as a colorimetric
method for HyO, and glucose determination.

2. Experiment
2.1. Reagents and apparatus

Pristine-MWCNTs (length 5-15 pm, diameter 20-40 nm) were pur-
chased from Shenzhen Nanotech Port Co. Ltd., China. 3-ethy-1-vinylimi-
dazolium tetrafluoroborate ([VEIM] BF,4) was purchased from Lanzhou
Green ILS, LICP. CAS. China. 2, 2-azobisisobutyronitrile (AIBN) was
purchased from Sinopharm Chemical Reagent Co., Ltd. Chloroplatinic
acid (HpPtClg), 3,3,5,5-tetramethylbenzidine (TMB), Horseradish
peroxidase (HRP), and glucose oxidases (GOx) were purchased from
Sigma. Hydrogen peroxide (H202, 30%), glucose, fructose, lactose, and
maltose were obtained from Beijing Chemical Reagent Company. All
chemicals were of analytical grade and ultra-pure water was used for
making the solutions. Phosphate buffer solution (0.1 M) was prepared by
mixing the 0.1 M NayHPO4 and 0.1 M NaH,PO4, and the pH was
adjusted by HCl or NaOH. All solutions were freshly prepared before
each experiment.

UV-vis absorption spectra were recorded on a GBC Cintra 10e
UV-vis spectrophotometer (Australia). Scanning electron microscopy
(SEM) images were recorded on s-4800, Hitachi. Transmission electron
microscope (TEM) images were recorded on TECNAI F20. X-ray
photoelectron spectroscopy (XPS) was performed on ESCALAB 250.
Cyclic voltammetry (CV) and chronoamperometry were performed on a
CHI 660A Electrochemical Workstation (CH Instrument, USA) with a
conventional three-electrode system. Pt-PIL-MWCNTSs modified glassy
carbon electrode (GCE) was used as working electrode. A platinum wire
was applied as the counter electrode and a saturated calomel electrode
(SCE) served as reference electrode. All potential values given below
were referred to SCE.
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2.2. Preparation of the Pt-PIL-MWCNTs

PIL-MWCNTs were synthesized according to our previously reported
work [25]. Briefly, 120.0 mg pristine MWCNTSs was dispersed in 20.0 mL
methanol. After ultrasonication for 30 min, 180 pL of [VEIM] BF4
monomer was added to the above mixed solution. 20.0 mg AIBN was
then added into the mixture as the initiators in the thermal-initiation-
free radical polymerization reaction. The mixture was ultrasonicated
for another 30 min and then transferred to a 50.0 mL round-bottomed
flask equipped with a condenser and magnetic stirrer. After the
mixture was refluxed for 10 h at 353 K under vigorous stirring and Ny
protection, the precipitate was filtered with a nylon 66 membrane, and
washed with methanol and ethanol several times to thoroughly remove
IL monomer on the MWCNT surface. The final products were dried in a
vacuum oven at 333 K, resulting PIL-MWCNTs. To achieve Pt nanodots
binding on PIL-MWCNTs surface, 20.0 mg of PIL-MWCNTSs was mixed
with 176.0 pL HyPtClg (193.08 mM) in 30.0 mL ethylene glycol. The pH
of the solution was adjusted slightly less than 10.0 by dropping 0.1 M
NaOH in ethylene glycol. After being sonicated for 30 min, the solution
was placed in the microwave oven for 180 s (power: 700 W, Galanz). The
product was collected and dried in an oven at 333 K, resulting Pt-PIL-
MWCNTs. The synthetic route for the Pt-PIL-MWCNTs was shown in
Fig. 1.

2.3. Kinetic analysis and relative activity comparison

To evaluate the catalytic activity of Pt-PIL-MWCNTs, the steady-state
kinetic parameters were determined by using HoO, and TMB as sub-
strates under the optimal conditions. The reaction was carried out at
40 °C in a 4 mL tube with Pt-PIL-MWCNTs or HRP in 2.0 mL phosphate
buffer solution (0.1 M, pH4.0) in the presence of HoOy (50.0 mM) or
TMB (500.0 pM). The assays were carried out by varying concentration
of TMB at a fixed concentration of H5O5 or vice versa. The reaction ki-
netics measurements were carried out by recording the absorption value
at 652 nm with a 1 min interval in scanning kinetics mode.

2.4. H30; and glucose detection using Pt-PIL-MWCNTs as peroxidase
mimic

A typical colorimetric analysis for HyO5 was realized as follows.
Firstly, 100.0 pL of TMB (10.0 mM), 10.0 pL of Pt-PIL-MWCNTSs (1.0 mg
mL™) and 50.0 uL of Hy0, with different concentrations were added
into 2.0 mL of phosphate buffer solution (0.1 M, pH 4.0). Secondly, the
mixed solution was incubated in 40 °C water bath for 20 min. Finally,
the resultant solution was used further for absorption spectroscopy
measurement.

Glucose detection was realized as follows: 20.0 pL of GOx (20 mg
mL 1) and 80.0 pL of glucose with different concentrations in phosphate
buffer solution (0.1 M, pH 7.0) were incubated at 35 °C in water bath for
20 min. Then, 30 pL of TMB (10.0 mM), 25 pL of Pt-PIL-MWCNTs (1.0
mg mLfl), and 1.0 mL of phosphate buffer solution (0.1 M, pH 4.0) were
added into the above solution, and the final mixture was further incu-
bated at 40 °C for 20 min. Finally, the resulting solution was taken for
absorption spectroscopy measurement. At the same time, the control
experiments were run with fructose, maltose and lactose instead of
glucose in a similar way.

To learn the specificity of Pt-PIL-MWCNTs towards glucose detec-
tion, fructose, maltose and lactose were used to replace glucose to
perform the measurements under conditions in detail to above.

3. Results and discussion
3.1. Characterization of the Pt-PIL-MWCNTs

A representative low magnification SEM image of Pt-PIL-MWCNTs
and corresponding C and Pt mapping were shown in Fig. 2A. The as-
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Pt-PIL-MWCNTs

Fig. 1. Schematic diagram of the preparation processes of Pt-PIL-MWCNTs.
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Fig. 2. (A) Lower magnified SEM image of Pt-PIL-MWCNTs (i) and the corresponding C (ii) and Pt (iii) mapping images. (B) TEM images of Pt-PIL-MWCNTs (i-ii) at
different magnification. (C) XPS of Bls (i), F1s (ii), N1s (iii) and Pt 4f (iv) of Pt-PIL-MWCNTs.

prepared Pt-PIL-MWCNTs were agglomerated, and no obvious Pt
nanodots were observed in this sample (Fig. 2A(i)). Energy dispersive X-
ray (EDX) elemental mappings of C and Pt in this sample were displayed
in Fig. 2A (ii)-(iii); homogeneous dispersions of C and Pt elements in Pt-
PIL-MWCNTs were all observed. Fig. 2B (i)-(ii) showed the the high
magnification TEM images of the Pt-PIL-MWCNTSs. As shown, TEM im-
ages confirmed that the PIL-MWCNTs were decorated successfully with
many well-dispersed PtNPs. The average size of Pt NPs was as small as
around 3 nm.

The modification of MWCNTs by PIL was further confirmed by XPS
as shown in Fig. 2C. The values of binding energies obtained for Bls and
F1s were located at 197.4 eV (Fig. 2C (i)) and 684.4 eV (Fig. 2C (ii)),
demonstrating the presence of BF; anion of PIL on the surface of
MWCNTs. The N1s peak appeared at 402.5 eV (Fig. 2C (iii)), clearly

demonstrating the existence of imidazolium ring of PIL on the surface of
MWCNTs. The presence of Bls, N1s and Fls confirmed the successful
modification of PIL on MWCNTs surfaces via the thermal-initiation-free
radial polymerization approach. The Pt 4f 7/2 and 4f 5/2 lines appeared
at 71.5 eV and 74.8 eV (Fig. C (iv)) respectively, which supported the
conclusion that Pt-PIL-MWCNTs nanohybrids had been successfully
achieved.

3.2. The peroxidase-like catalytic activity of Pt-PIL-MWCNTs

To investigate the peroxidase-like catalytic activity of the Pt-PIL-
MWCNTs, the Pt-PIL-MWCNTs-catalyzed reaction of peroxidase sub-
strate TMB with HoO, was tested. The activity was compared with PIL-
MWCNTs and blank. As shown in the inset of Fig. 3A, the Pt-PIL-
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Fig. 3. (A) Typical absorption spectra of blank (1), PIL-MWCNTs (2) and Pt-PIL-MWCNTs (3). Inset of Fig. 3(A) the color of corresponding solutions. (B) The kinetic
curves measuring theabsence at 652 nm vs. time of blank (1), PIL-MWCNTs (2) and Pt-PIL-MWCNTs (3) in the presence of 100 mM H,05 and 500 uM TMB in

phosphate buffer solution (0.1 M, pH 4.0).

MWCNTs can catalyze the oxidation of TMB by Hy05 to produce the
typical blue color, indicating that Pt-PIL-MWCNTs had peroxidase-like
catalytic activity. The catalytic reaction could be detected by moni-
toring TMB absorbance change at 652 nm, resulting from the catalytic
oxidation product of TMB, as shown in Fig. 3A (curve 3). However, the
PIL-MWCNTs almost cannot catalyze the oxidation of TMB by H20; as
the same as the blank. Fig. 3B showed that the change of absorbance at
652 nm with reaction time. With the addition of Pt-PIL-MWCNTSs, the
absorbance change was greatly improved. As for PIL-MWCNTs and
blank, the absorbance was unchanged. The results indicated that the
mimetic peroxidase activity of Pt-PIL-MWCNTs was derived from Pt
nanodots. The NPs-based peroxidase mimics in previous reports were
mainly composed of metal ion compounds, in which the enzyme-like
activity was debated owing to the valence variations of metal ions
[26,27]. In the case of Pt nanodots, Pt has a zero valence. Therefore, the
catalytic mechanism is different from aforementioned NPs. It is well
known that Pt is the super catalyst for hydrogen peroxide reduction in
electrocatalytic processes [28,29]. We investigated the electrocatalytic
behavior of Pt-PIL-MWCNTs toward the electrochemical reduction of
H503. As shown in Fig. S1 (Supplementary Information), upon addition
of Hy0,, obvious current at —0.2 V was found for Pt-PIL-MWCNTSs
modified GCE. The result suggested that Pt-PIL-MWCNTs possess an
electrocatalytic ability to the reduction of HyO» through promoting
electron transfer between the GCE and HyO0s. Thus, it is very likely that
the nature of peroxidase mimicking activity of our Pt-PIL-MWCNTs was
attributed to their ability of facilitating electron transfer between TMB
and H202.

The catalytic activity of Pt-PIL-MWCNTs was, like HRP, dependent
on pH, temperature and H;O; concentration. We measured the
peroxidase-like activity of Pt-PIL-MWCNTs while vary the pH from 2 to
10, the temperature from 20 °C to 55 °C, and the HyO, concentration
from 0 to 1000.0 mM and compared the results with the activity found in
HRP over the same range of parameters. The effects of these three pa-
rameters on the catalytic relative activity of TMB oxidation were shown
in Fig. S2(A-C). As shown in Fig. S2(A), the maximum catalytic activity
of Pt-PIL-MWCNTs and HRP were all obtained at pH 4.0. Fig.S3(A)
showed that the solution appears with no color change at pH > 5.0, but
obviously exhibits blue color at pH 4.0. Furthermore, it is found that the
blue products are unstable as the acidity of the solution increased,
because the blue products are further oxidized to yield yellow imide at
pH 2.0 and pH 3.0. Accordingly, pH 4.0 was used in the following ex-
periments. Fig.S3(B) showed the influence of catalytic reaction tem-
perature upon the catalytic efficiency of Pt-PIL-MWCNTs. For Pt-PIL-

MWCNTs, the optimal temperature was 40 °C. If the temperature kept
increasing, the catalytic activity of Pt-PIL-MWCNTs decreased, due to
the decomposition of HyO, And the optimal temperature for HRP was
30 °C. Compared with HRP, Pt-PIL-MWCNTs was insensitivity to the
reaction temperature. Fig.S2(C) showed that the Pt-PIL-MWCNTs
required a HyO2 concentration two level of magnitude higher than
HRP to reach the maximal level of peroxidase activity. However, further
increase in the HyO5 concentration inhibited the peroxidase-like activity
of the Pt-PIL-MWCNTs. The optimal H;O, concentration for Pt-PIL-
MWCNTs was 200.0 mM.

3.3. Kinetic analysis of Pt-PIL-MWCNTs as peroxidase mimics

To further investigate the mechanism of peroxidase-like catalytic
property of Pt-PIL-MWCNTs, the apparent steady-state kinetics param-
eters for the mimetic peroxidase reaction were determined. The corre-
sponding kinetic data were obtained by varying one substrate
concentrations while fixing the other substrate concentration constant.
As shown in Fig. S4(A-B), within the suitable range of either substrate
concentration, typical Michaelis-Menten curves were obtained for Pt-
PIL-MWCNTs by dividing the absorbance by the molar absorption co-
efficient (39,000 M lem™) of TMB-derived oxidation product. The
related data were fitted to the Michaelis-Menten model. The Michealis-
Menten constant (Ky,), which is an indicator of enzyme affinity for its
substrate, was obtained by using Lineweaver-Burk plot:

1 (K, 1 1
(62 () 62)
where v is the initial velocity, [S] is the concentration of the substrate,
and Vpax is the maximal reaction velocity and Km is the Michaelis
constant. The corresponding kinetic parameters were compiled in
Table S1. As a control, the peroxidase reaction performances of HRP
were also measured. From Table S1, one can see that with HyO4 as the
substrate, the apparent Km value of Pt-PIL-MWCNTs is significantly
higher than that for HRP. This results is consistent with the fact that a
higher HyO5 concentration was required to achieve maximal activity for
Pt-PIL-MWCNTs. While with TMB as the substate, the Km value of Pt-
PIL-MWCNTs is similar to that of HRP, suggesting a comparable affin-
ity to TMB for Pt-PIL-MWCNTs and HRP.
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3.4. Determination of H202 and glucose using the peroxidase like
catalytic reaction of Pt-PIL-MWCNTs

Based on the intrinsic peroxidase-like activity of Pt-PIL-MWCNTs, an
efficient and fast colorimetric method for the detection of H,O, was
created under optimum assay conditions. As shown in Fig. 4A, the
absorbance of the oxidized TMB at 652 nm increased gradually with the
increase of Hy02 concentration. From Fig. S5A, the absorbance at 652
nm showed a good linear relationship with the concentration of HyOy
ranging from 10 to 1000 uM and a detection limit of 5.5 uM (S/N = 3).

Since glucose can be oxidized to produce gluconic and H2O; after the
reaction with GOx and Oo, so a highly selective and sensitive glucose
colorimetric method can be established by using above TMB system. As
presented in Fig. 4B, the absorbance at 652 nm increased with the
increased glucose concentration. The typical linear response between
absorbance and concentration of glucose in a range from 160 to 900 pM
(Fig. S5B) was obtained. The detection limit was calculated to be 50 pM
(S/N = 3). Moreover, we compared peroxidase mimic performance of
Pt-PIL-MWCNTs with other nanomaterials using colorimetric detection
of HoO5 and glucose, which was shown in Table S2. It was found that the
developed method in this study was comparable or more sensitive than
some previously proposed systems.

The selectivity of the proposed method was also studied. The
absorbance responses of three glucose analogs, lactose, fructose, and
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maltose, were monitored and compared with that of glucose. Fig. 4C
showed that the addition of 0.9 mM glucose results in a remarkable
increase in absorbance. Moreover, the blue color change induced by
glucose can be easily distinguished by the naked eyes. In contrast,
negligible absorbance change was observed even after adding 9 mM
fructose, lactose, or maltose. This indicated that the present biosensing
system had high selectivity for glucose.

To explore the biocompatibility and the feasibility of Pt-PIL-
MWCNTs sensing system in practical applications, detection of glucose
in human blood serum samples were further performed. In our experi-
ments, the concentrations of glucose for two diluted human blood serum
samples were estimated to be 4.55 + 0.12 mM (n = 3) and 8.69 + 0.20
mM (n = 3), which are in good agreement with the values (4.60 and
8.60 mM) measured by the School Hospital of Jilin University. The
relative standard deviation of three repeated measurements was within
the range of 1.79-3.13%. All these results demonstrated that the
colorimetric method based on Pt-PIL-MWCNTs is precision, biocom-
patible and reliable on practical determination of glucose for future
practical in both healthy persons and diabetic patients.

4. Conclusion

In summary, Pt-PIL-MWCNTSs nanozyme was prepared and investi-
gated as peroxidase mimetics. The catalytic oxidation of substrate TMB
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Fig. 4. (A) UV-vis absorption spectra of Pt-PIL-MWCNTs in the presence of 0.01, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 mM H,0,. (B) UV-vis absorption spectra of Pt-
PIL-MWCNTs in the presence of 0.16, 0.2, 0.3, 0.4, 0.6, 0.7, and 0.9 mM glucose. (C) The absorbance at 652 nm of the system with lactose, fructose, maltose (the
concentration of each interferent was 9 mM), while the concentration of glucose was 0.9 mM. Inset of Fig. 4(C): Color change with the corresponding substances
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with Hy05 using the Pt-PIL-MWCNTs was realized. The Pt-PIL-MWCNTs
nanozyme provided a colorimetric assay which showed good response
towards HyO5 detection. Given the promising results, a sensitive and
selective analytical platform for glucose detection was fabricated based
on GOx and the as-prepared Pt-PIL-MWCNTs nanozyme. The glucose
sensor system constructed in the study was shown to be anti-
intereference from other spices. More importantly, the Pt-PIL-
MWCNTs nanozyme could rival natural enzymes due to its easy prepa-
ration, robustness, and stability. Above all, our work provides a new
nanozyme that may display important applications in environment
chemistry, biotechnology and medicine.
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