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Abstract:



Cerium coordination polymer (CeCP) was synthesized with 1,3,5-benzenetricarboxylic acid as the ligand. By using the carboxyl groups on the surface of CeCP as the anchors, platinum nanoparticles were formed on CeCP forming the composite CeCP@Pt. The composite was characterized by measuring TEM images, and EDS and XPS spectra. CeCP@Pt was used to catalyze the oxidation of 3,3,5,5-tetramethylbenzidine in the presence of H2O2. The activity assay demonstrated that CeCP@Pt exhibited an activity similar to that of horseradish peroxidase, but with a much higher activity. CeCP@Pt was utilized to detect nitroaniline, being able to detect trace amount of nitroaniline (>3.125 × 10−4 mg/mL).
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1. Introduction


Peroxidases have been extensively used in environmental, pharmaceutical, biomedical, agricultural, biochemical applications [1]. Natural peroxidases have demonstrated their high catalytic activity and substrate specificity in the presence of H2O2 [2]. However, environmental changes can easily cause the loss of catalytic activity and substrate specificity of natural peroxidases. Nanomaterials such as enzyme mimetics are stable and easy to prepare and store. The research in artificial enzymes is highly significant for developing efficient catalysts. Various nanomaterials have been synthesized and utilized as peroxidase mimics, including Cu2+-Modified graphene oxide nanoparticles [3], nanodiamond–gold nanocomposites [1], nano-MoS2 [4], Pd–Ir Core–Shell nanocubes [5], and CeO2 on TiO2 nanocomposite [6]. Platinum composites have also been extensively investigated as peroxidase mimics, Pt–DNA complexes for detection of H2O2 and glucose [7], platinum/gold nanoparticles for detection of mercury ions [8], Platinum on graphene oxide for electrocatalysis [9] and for cysteine detection [10], Au@Ag@Pt nanoparticles for Raman sensing [11], dendrimer-encapsulated Pt for colorimetric analyses [12], enhanced peroxidase mimetic activity by carbon dots–Pt nanocomposites [13], platinum nanoparticles for detection of DNA sequence [14], platinum/carbon dot hybrid nanoparticles for detection of protein phosphorylation [15], and Palladium nanoparticles on CoFe2O4 nanotubes for detection of hydrogen peroxide [16]. Despite the great achievements, developing efficient nano-sized peroxidase mimics is always pursued in order to improve the catalytic performance of peroxidase mimics.



Nitroanilines are environmentally toxic. They are commonly generated by azo dyes undergoing degradation in dye contaminated wastewater [17]. Among the most commonly used methods for monitoring and detecting nitroanilines is chromatography [18,19]. High-performance liquid chromatography is able to analyze low concentrations of nitroanilines. Generally, a long time is needed to obtain the analyzed results. Fluorescence sensors were also investigated for detecting nitroaniline [20].



In this work, Cerium coordination polymer (CeCP) was synthesized using 1,3,5-benzenetricarboxylic acid as the ligand. Platinum nanoparticles were formed and deposited on the surface of CeCP. The nanocomposite CeCP@Pt was investigated for the peroxidase-like activity. The activity of the peroxidase mimic was evaluated using the peroxidase substrate 3,3,5,5-tetramethylbenzidine (TMB) in the presence of H2O2. By measuring UV-vis spectra, using CeCP@Pt to oxidize the mixture of 3,3,5,5-tetramethylbenzidine (TMB) and nitroaniline in the presence of H2O2, the nitroaniline concentration can be determined. Thus, this method can be used to detect low concentrations of nitroaniline.




2. Results and Discussion


2.1. Characterization of Pt Deposited Ce Coordination Polymer


Different CeCP to H2PtCl6 mass ratios were used for the preparation of CeCP@Pt. The Pt content of the obtained CeCP@Pt was 5.4%, 10%, 19.9%, 32.6%, and 52.7%, respectively, and was examined using inductively coupled plasma atomic emission spectrometric analysis. TEM images for the samples of CeCP and CeCP@Pt are shown in Figure 1a–f. CeCP itself exhibited a rod-like morphology (Figure 1a). The carboxyl groups on the surface of CeCP were used as anchors, the Pt nanoparticles were formed in situ on CeCP. After loading Pt, CeCP kept its original morphology. The Pt nanoparticles were well distributed on the surface of CeCP. The size of Pt nanoparticles was affected by the amounts loaded. With more Pt deposited on CeCP, larger Pt nanoparticles were formed. The size-distributions of Pt nanoparticles are shown in Figure 2a–e, and the averaged sizes of the Pt nanoparticles are listed in Table 1.


Figure 1. TEM images for CeCP and CeCP@Pt with different loading of Pt. (a) CeCP; (b) CeCP@Pt (5.4%); (c) CeCP@Pt (10%); (d) CeCP@Pt (19.9%); (e) CeCP@Pt (32.6%); (f) CeCP@Pt (52.7%). The numbers in brackets indicate the weight percentage of Pt.
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Figure 2. Pt particle size distribution of various samples. (a) CeCP@Pt (5.4%); (b) CeCP@Pt (10%); (c) CeCP@Pt (19.9%); (d) CeCP@Pt (32.6%); (e) CeCP@Pt (52.7%). The numbers in brackets indicate the weight percentage of Pt.
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Table 1. Average size of Pt particles.







	
Percentage of Pt Loaded (%)

	
Average Size of Pt Particle (nm)






	
5.4

	
4.5




	
10

	
5.8




	
19.9

	
8.5




	
32.6

	
11.0




	
52.7

	
14.5










Energy-dispersive X-ray spectroscopy (EDS) was used to analyze the elements [21]. The obtained EDS spectra are shown in Figure 3a–f. Figure 3a is the control for CeCP with peaks for C at 0.235 keV, O at 0.52 keV, and Ce at 4.85 and 5.28 keV [21]. The spectra in Figure 3b–f are for the CeCP@Pt samples with different loading of Pt. The peaks for Pt appeared at 2.66, 9.44, and 11.13 keV [22], confirming the deposition of Pt on CeCP. When loading more Pt, the peak intensity of Pt increased relatively, as shown in Figure 3b–f. The percentage of Pt is indicated in the brackets of the subtitle, and was determined by inductively coupled plasma (ICP) atomic emission spectrometric analysis [23]. X-ray photoelectron spectroscopy (XPS) spectra were also measured for the samples, as shown in Figure 4. For the CeCP@Pt samples, Pt peaks appeared. With more Pt deposited on CeCP, the peak intensity for Pt increased.


Figure 3. EDS spectra for CeCP@Pt with different loading of Pt. (a) CeCP; (b) CeCP@Pt (5.4%); (c) CeCP@Pt (10%); (d) CeCP@Pt (19.9%); (e) CeCP@Pt (32.6%); (f) CeCP@Pt (52.7%). The numbers in brackets indicate the weight percentage of Pt.
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Figure 4. XPS spectra for CeCP@Pt with different loading of Pt. The numbers in brackets indicate the weight percentage of Pt.
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2.2. Peroxidase Activity of CeCP@Pt


The peroxidase-like activity of CECP@Pt was investigated, by performing catalytic oxidation of the substrate 3,5,3’5’-tetramethylbenzidine (TMB) in the presence of H2O2 [7]. UV-vis spectra were measured for the solutions. As shown in Figure 5b, the blue color was observed upon the addition of CeCP@Pt to the TMB solution in the presence of H2O2; while the color change was not observed with the addition of CeCP. The appearance of the blue color was ascribed to the catalytic oxidation of TMB forming blue color product. The control sample of the CeCP@Pt solution itself was colorless. Upon the addition of CeCP@Pt, the peak absorbance at 652 nm appeared during the incubation (Figure 5a), while there was no peak absorbance at 652 nm in the absence of CeCP@Pt (Figure 5a). Only adding CeCP did not result in the absorbance at 652 nm (Figure 5a), which indicates that the oxidation of TMB is not caused by CeCP. These results confirmed that the oxidation of TMB in the presence of H2O2 is ascribed to the Pt nanoparticles loaded on CeCP. The above results demonstrate that the synthesized CeCP@Pt exhibited intrinsic peroxidase-like activity.


Figure 5. (a) UV-vis spectra and (b) photographs for various systems. Systems: (A) 200 mM H2O2 + 0.0832 mM TMB + 0.00017 mg/mLCeCP@Pt; (B) 200 mM H2O2 + 0.0832 mM TMB; (C) 200 mM H2O2 + 0.0832 mM TMB + 0.00017 mg/mLCeCP; (D) 0.00017 mg/mL CeCP@Pt + H2O2. All the reactions were carried out in a citrate buffer (pH 4) at room temperature for 8 min.
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The effect of the Pt particle size on the activity was investigated. The same amount of Pt was used for each investigation. Figure 6a,b shows that the CeCP@Pt with a smaller size of Pt particle exhibited a larger activity. For the investigated systems, the catalyst CeCP@Pt with a Pt particle size of 4.5 nm exhibited the largest activity among the samples.


Figure 6. Effect of particle size on the peroxidase-like activity of CeCP@Pt. (a) UV-vis spectra; (b) relative activity. Reaction conditions: TMB 0.0832 mM, H2O2 200 mM, citrate buffer (5 mL, pH 4), room temperature. Catalysts: 0.8 μg CeCP@Pt (5.4%), 0.4 μg CeCP@Pt (10%), 0.2 μg CeCP@Pt (19.9%), 0.15 μg CeCP@Pt (32.6%), 0.8 μg CeCP@Pt (52.7%).
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It was found that the activity of CeCP@Pt is dependent on H2O2 concentration and pH condition, and temperature, in accordance with the enzyme horseradish peroxidase and other peroxidase-mimetic nanomaterials. The optimal pH condition is pH 4.0, being close to the values of horseradish peroxidase and other peroxidase mimics. Under this pH condition, CeCP@Pt exhibited the largest activity (Figure 7a,b). Figure 8a,b shows that the optimal temperature for CeCP@Pt is 35 °C. Peroxidase enzyme catalyzes the transfer of electrons from hydrogen peroxide to a colorimetric indicator. Hydrogen peroxide has an oxidative damage to enzymes. That is the reason that the peroxidase enzyme is generally used under low hydrogen peroxide concentration. The activity of CeCP@Pt under different hydrogen peroxide concentrations was investigated. Figure 9a,b shows that CeCP@Pt exhibited activity for a wide H2O2 concentration range. While horseradish peroxidase can only tolerate low H2O2 concentration.


Figure 7. Effect of pH condition on the peroxidase-like activity of CeCP@Pt. (a) UV-vis spectra; (b) relative activity. Reaction conditions: TMB 0.832 mM, H2O2 800 mM, citrate buffer (5 mL), 0.8 μg CeCP@Pt.
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Figure 8. (a) UV-vis spectra of system of CeCP@Pt + TMB + H2O2 at different temperatures. (b) Relative activity at different temperatures; Reaction conditions: TMB 0.832 mM, H2O2 800 mM, citrate buffer (pH 4, 5 mL), 0.8 μg CeCP@Pt.
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Figure 9. Effect of the concentration of H2O2 on the peroxidase-like activity of CeCP@Pt. (a) UV-vis spectra; (b) relative activity. Reaction conditions: TMB 0.832 mM, citrate buffer (5 mL, pH 4), 0.8 μg CeCP@Pt.
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Under optimal conditions, apparent steady-state kinetics for the TMB oxidation reaction were investigated; the peroxidase-like activity of CeCP@Pt was compared with that of horseradish peroxidase and other peroxidase mimics. As shown in Figure 10a,b, the Michaelis-Menten curves were obtained for CeCP@Pt catalysis over a range of TMB and H2O2 concentrations. Based on the plots for the TMB and H2O2 concentrations (Figure 10a,b), the Michaelis-Menten constant kcat, which was used to measure the catalysis efficiency [24], was obtained. The apparent kcat value of CeCP@Pt with TMB was found to be 1.19 × 109 s−1, which is superior to that of horseradish peroxidase and most other peroxidase-mimetic nanomaterials (Table 2). Additionally, it was found that CeCP@Pt exhibited a typical Michaelis–Menten curve for the H2O2 substrate. The apparent kcat value of CeCP@Pt with H2O2 was found to be 0.947 × 109 s−1, which is superior to that of horseradish peroxidase and most other peroxidase-mimetic nanomaterials. The above results indicate that the synthesized CeCP@Pt exhibited peroxidase-like activity, superior to that of horseradish peroxidase and most other peroxidase-mimetic nanomaterials, towards the typical peroxidase substrate TMB.


Figure 10. Steady-state kinetic assays of CeCP@Pt. Michaelis–Menten plots for the TMB substrate (a) and for the H2O2 substrate (b). Reaction conditions: (a) H2O2 800 mM, citrate buffer (5 mL, pH 4), 0.8 μg CeCP@Pt; (b) TMB 0.832 mM, citrate buffer (5 mL, pH 4), 0.8 μg CeCP@Pt.
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Table 2. Michaelis–Menten kinetics parameters.







	
Catalyst

	
Substrate

	
Km [mM]

	
Vmax [Ms−1]

	
Kcat [s−1]

	
Refrences






	
Au@Pd particles

	
TMB

	
0.17

	
2.00 × 10−6

	
2.1 × 104

	
[6]




	
H2O2

	
1100

	
4.40 × 10−6

	
4.6 × 104

	
[6]




	
HRP

	
TMB

	
0.434

	
10 × 10−8

	
0.4 × 104

	
[25]




	
H2O2

	
3.70

	
8.71 × 10−8

	
0.348 × 104

	
[25]




	
Fe3O4 particles

	
TMB

	
0.098

	
3.4 × 10−8

	
3.0 × 104

	
[25]




	
H2O2

	
150

	
9.8 × 10−8

	
8.6 × 104

	
[25]




	
Pt particles

	
TMB

	
1.2

	
1.30 × 10−6

	
2.3 × 104

	
[26]




	
H2O2

	
770

	
1.9 × 10−6

	
1.6 × 104

	
[26]




	
Pd-Ir cubes

	
TMB

	
0.13

	
6.5 × 10−8

	
1.90 × 106

	
[27]




	
H2O2

	
340

	
5.1 × 10−8

	
1.50 × 106

	
[27]




	
ZnFe2O4

	
TMB

	
0.85

	
1.33 × 10−7

	
4.36 × 1010

	
[28]




	
H2O2

	
1.66

	
7.74 × 10−8

	
2.54 × 1010

	
[28]




	
CeCP@Pt

	
TMB

	
0.4585

	
7.71 × 10−6

	
1.19 × 109

	
This work




	
H2O2

	
92.7

	
9.69 × 10−6

	
0.947 × 109

	
This work











2.3. Detection of Nitroaniline by CeCP@Pt


As described above, CeCP@Pt exhibited peroxidase-like activity. The solution of CeCP@Pt + H2O2 + TMB has an adsorption at 652 nm due to the oxidized TMB. When nitroaniline was added to the solution of CeCP@Pt + H2O2 + TMB, some H2O2 was used to oxidize nitroaniline, and less TMB was oxidized. Thus, the adsorption at 652 nm was reduced (Figure 11a). The adsorption difference at 652 nm between the solutions CeCP@Pt + H2O2 + TMB and CeCP@Pt + H2O2 + TMB + nitroaniline can be used to detect the amount of nitroaniline. The adsorption difference versus the nitroaniline concentration is shown in Figure 11b, which shows a linear relationship between the adsorption and the concentration. The low limit for the detected nitroaniline concentration is 3.125 × 10−4 mg/mL, which is lower than some published results [20] and comparable to other’s work [29].


Figure 11. (a) UV-vis spectra of CeCP@Pt + H2O2 + TMB and CeCP@Pt + H2O2 + TMB + nitroaniline (0.01 mg/mL); (b) Absorption difference versus nitroaniline concentration. Reaction conditions: 0.04 mg CeCP@Pt, 0.832 mM TMB, 20 mM H2O2, pH 4, 35 °C, solution volume 5 mL.
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In previously published articles, Ce-based materials were used as oxidase mimetics. This is because the Ce was in oxidized states, such as CeO2. While in CeCP, Ce ions are coordinated with the ligand 1,3,5-benzenetricarboxylic acid, not in oxidized states. The oxidase function of CeCP@Pt arises from the Pt particles loaded on CeCP. The detection of nitrocellulose using CeCP@Pt is based on following mechanism. When H2O2 was added to the solution, the H2O2 oxidized the nitroaniline. As a result, less H2O2 was available to oxidize TMB under the catalysis of CeCP@Pt. This led to a smaller UV-vis absorbance at 652 nm. By a comparison of the UV-vis absorbance between the systems CeCP@Pt + TMB + H2O2 and CeCP@Pt + TMB + H2O2 + nitroaniline, the concentration of nitroaniline can be determined.





3. Experimental Section


3.1. Materials


Ce (NO3)3·6H2O, 1,3,5-benzenetricarboxylic acid, chloroplatinic acid, citrate, and NaBH4 were purchased from Sigma-Aldrich (Shanghai, China).




3.2. Preparation of CeCP@Pt


2.17 g Ce(NO3)3·6H2O was dissolved in 45 mL H2O, the solution was designated as solution A. 1.05 g 1,3,5-benzenetricarboxylic acid was dissolved in 15 mL ethanol/water (v:v = 1:1), the solution was designated as solution B. At 60 °C under stirring, solution A was added dropwise to solution B, and the stirring was carried out for 2 h. Then the mixture was cooled to room temperature. The mixture was then filtered, washed first with water and then with ethanol until the filtrate being neutral. The synthesized CeCP was finally dried at 60 °C under vacuum for 12 h.



CeCP@Pt nanocomposites were prepared using CeCP and chloroplatinic acid hydrate (H2PtCl6). Different CeCP to H2PtCl6 mass ratios were used. 5 mg CeCP was dispersed in 40 mL ethanol and sonicated for 10 min. Then 0.23, 0.27, 0.54, 0.81, and 1.35 mL of the solutions of chloroplatinic acid (15.8 mg/mL) were separately added dropwise and sonicated for 10 min. Then the freshly prepared sodium borohydride solution (NaBH4, 30 mM, 1 mL) was added and sonicated for 5 min. Under the sonication, CeCP can be well dispersed. The resulting products were centrifuged (7000 rpm for 20 min) and washed with ultrapure water by filtration through 450 nm pore size membrane. The centrifugation and washing steps were repeated 3 times.




3.3. Measurement of Peroxidase Activity of CeCP@Pt


UV-vis adsorption was recorded every minute on a Shimadzu UV2550-PC spectrophotometer. The intensity at 652 nm was monitored for calculation of peroxidase activity.



The initial rate of the reaction can be obtained by the following equation:
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(1)






[image: there is no content]



(2)




where A652 is the intensity of the absorption peak at 652 nm, ε the molar absorption coefficient of the product ([image: there is no content] M−1 cm−1), L the optical path (1 cm), Cp the concentration of the product, t the time, [image: there is no content] the initial rate.



The percentage conversion (X) can be obtained by using the following equation:
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(3)






X = (Aend − Ainit)/Ainit × 100



(4)




where A is the theoretical absorbance of the product if the conversion rate is equal to 100%, CTMB the concentration of the substrate. Ainit is the absorbance of the product at initial time and Aend is the absorbance at the end of the reaction.




3.4. Characterization


The morphology of CeCP@Pt was observed by transmission electron microscopy (TEM) images, which were recorded on a FEI Tecnai G2 F20 S-TWIN instrument. XPS spectra were measured using an X-ray photoelectron spectrometer (Thermo VG ESCALAB250, Beijing, China). The measurement was carried out at a pressure of 2 × 10−9 Pa. Mg KX-ray was used as the excitation source. The weight percentage of Pt in the CeCP@Pt composite was analyzed by energy dispersive X-ray spectroscopy (EDS) using a JEOL JSM-6700F microscope and determined by inductively coupled plasma (ICP) atomic emission spectrometric analysis (PerkinElmer OPTIMA 3300DV, Waltham, MA, USA).





4. Conclusions


The CeCP@Pt nanocomposite exhibited a high peroxidase-like activity. Cerium coordination polymer (CeCP) was synthesized with 1,3,5-benzenetricarboxylic acid as the ligand. By using the carboxyl groups on the surface of CeCP as the anchors, platinum nanoparticles were formed on CeCP forming the composite CeCP@Pt. The composite was characterized by measuring TEM images, EDS spectra, and XPS spectra. CeCP@Pt was used to catalyze the oxidation of 3,3,5,5-tetramethylbenzidine with H2O2 as cosubstrate. The activity assay demonstrated that CeCP@Pt exhibited an activity similar to that of horseradish peroxidase, but with a much higher activity. CeCP@Pt was utilized to detect nitroaniline, being able to detect trace amount of nitroaniline (>3.125 × 10−4 mg/mL).
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