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The IrO2/rGO nanocomposites were prepared by hydrothermal method and 

showed high peroxidase-like activity, which could catalyze the oxidation of TMB to 

exhibit deep blue color in the presence of H2O2. In the catalytic oxidation process, the 

TMB molecules were firstly absorbed on the surface of reduced graphene oxide and 

donated lone-pair electrons to IrO2 nanoparticles supported on the surface of reduced 

graphene oxide, leading to an increased electron density of IrO2 nanoparticles. Then 

the electron-rich IrO2 nanoparticles transferred electrons to H2O2. Finally, TMB was 

oxidized into ox-TMB and turned into blue color, and the H2O2 was reduced to water. 

The colorimetric detection of biothiols was established on the basis of the inhibition 

peroxidase-like activity of IrO2/rGO.  
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Abstract 

In this work, we reported a novel nanozyme synthesized by decorating highly 

dispersed ultrafine IrO2 nanoparticles on reduced graphene oxide (rGO) nanosheets 

via a simple hydrothermal method. The as-prepared IrO2/rGO nanocomposites 

exhibited intrinsic peroxidase-like activity and could catalyze the oxidation of 

3,3',5,5'-tetramethylbenzidine (TMB) to produce blue product in the presence of H2O2. 

Catalytic kinetic of IrO2/rGO nanocomposites followed Michaelis-Menten behavior, 

exhibiting a higher affinity to TMB than horseradish peroxidase (HRP) enzyme. 

Catalytic mechanism studies suggested that the peroxidase-like activity of IrO2/rGO 

nanocomposites originated from their ability of electron transfer between substrate 

and H2O2. On the basis of high peroxidase-like activity of IrO2/rGO nanocomposites, 

a colorimetric strategy for rapid and sensitive detection of low weight biothiols was 
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developed. The colorimetric detection assays for low weight biothiols showed high 

selectivity against other amino acids. Therefore, the IrO2/rGO nanozyme is expected 

for promising potential applications in the biosensor, diagnostics and environment. 

 

Keywords: IrO2/rGO nanocomposites; nanozyme; peroxidase-like activity; 

colorimetric detection; low weight biothiols 

 

1. Introduction 

Due to the high specificity and efficiency, protein enzymes are significantly 

important in the applications of medicine, chemistry and environment[1, 2]. However, 

the intrinsic drawbacks of natural enzymes including high cost, low stability as well 

as difficult preparation and purification hinder their practical applications in 

industry[3]. Therefore, artificial enzyme mimics as alternatives to natural enzymes 

have been developed during the past few decades. Among them, nanozymes have 

attracted considerable attention due to the large surface-to-volume ratio and high 

catalytic activity[4, 5]. Since the first report that the iron magnetic nanoparticles have 

the intrinsic peroxidase-like activity[6], substantial progress has been achieved. A 

variety of nanomaterials with peroxidase-like activity have already emerged, such as 

noble metal nanoparticles[7], metal oxides[8], carbon nanomaterials[9, 10] and metal 

organic frameworks[11,12], which were applied in biosensor and environment. For 

instance, the colorimetric detection of bio-molecules, metal ions and bacteria based on 

their peroxidase-like activity have been developed[13], which benefits the advantages 

of rapidity, simplicity, low cost and a visual readout. 

IrO2 is one of the best electrocatalysts for the oxygen evolution reaction and has 
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been widely used in electrocatalytic application[14]. To achieve high catalytic activity 

and utilization efficiency, considerable efforts have been devoted to synthesize the 

IrO2 nanomaterials with controllable nanostructure[15, 16]. However, the IrO2 

nanoparticles are unstable and prone to aggregation, which significantly decreases 

their catalytic activity. To improve the stability, surfactants are usually introduced, 

which could occupy the active sites of catalyst and hinder the catalytic activity. The 

nanoparticles supported on substrates with large surface area was emerged as an 

alternative method to increase the stability of nanomaterials. Oakton et al[17] reported 

that IrO2 nanoparticles with diameter of 1~2 nm dispersed in TiO2 showed 1.6 times 

higher mass current density than the pure IrO2 nanoparticles for the oxygen evolution 

reaction. The nanocomposites usually exhibit enhanced catalytic activity due to the 

improved dispersity of catalyst, high surface area of substrate and the synergic effect 

between catalyst and substrate. However, the enzymatic property of IrO2 has been 

barely explored to our knowledge. Graphene oxide (GO) is an ideal substrate for 

nanocatalysts anchoring in water environment owing to its high surface area and 

remarkable hydrophilicity[18]. It was also reported that the GO or rGO possessed 

intrinsic peroxidase-like activity[19, 20]. Meanwhile, the high biocompatibility and 

low toxicity make GO or rGO as promising candidates for drug delivery and 

biosensor. Hence, the rational design of IrO2/rGO nanocomposites could provide a 

promising strategy to enhance the catalytic property of IrO2, and develop a new 

candidate of peroxidase-like nanozyme. 

Low weight biothiols play essential roles in the process of metabolism, including 
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cysteine (Cys), homocysteine (Hcy) and glutathione (GSH) [21]. The concentrations 

of Cys, Hcy and GSH in serum or plasma of healthy human bodies are approximately 

in the range of 200~300, 5~15, and 1~5 µM, respectively[22]. The abnormal levels of 

low weight biothiols are closely relevant to many diseases such as cardiovascular 

disease, Alzheimer’s disease, acquired immunodeficiency syndrome (AIDS) and 

cancer[23-25]. Therefore, the detection of low weight biothiols is considerable 

significant for clinical diagnosis and pathology. Despite good selectivity and low 

detection limit for low weight biothiols, conventional analytical techniques including 

high-performance liquid chromatography[26], fluorescence[27], electrochemistry[28] 

and mass spectrometry[29] usually suffer from some inherent issues such as 

expensive and bulky equipment and time-consuming. Hence, a sensitive and selective 

biosensor is appealing for the detection of low weight biothiols. 

In this work, we reported a facile way to prepare IrO2/rGO nanocomposites 

through hydrothermal method. The ultrafine IrO2 nanoparticles were highly dispersed 

on the surface of rGO nanosheets. Herein, we demonstrated that IrO2/rGO 

nanocomposites displayed enhanced intrinsic peroxidase-like activity owing to the 

effective catalyzing the oxidation reaction of peroxidase substrates such as 

3,3’,5,5’-tetramethylbenzidine (TMB), o-phenylenediamine (OPD) and 

2,2’-azinobis(3-ethylbenzo-thiazolline-6-sulfonic acid) diammonium salt (ABTS) in 

the presence of H2O2. A sensitive and selective colorimetric method for detection of 

low weight biothiols was also established based on the inhibition of peroxidase-like 

activity of IrO2/rGO nanocomposites. 
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2. Experimental 

2.1 Reagents and materials 

Iridium (�) chloride hydrate was purchased from Alfa Aesar (Shanghai, China). 

Graphite powder, ethanol, hydrogen peroxide solution (30%), dimethylsulfoxide 

(DMSO), acetic acid and sodium acetate trihydate were obtained from Aladdin 

Industrial Corporation (Shanghai, China). 3,3’,5,5’-tetramethylbenzidine (TMB), 

o-phenylenediamine (OPD) and 2,2’-azinobis(3-ethylbenzo-thiazolline-6-sulfonic 

acid) diammonium salt (ABTS) were bought from J&K Scientific Ltd (Beijing, 

China). Terephthalic acid (TA) was bought from Sinopharm Chemical Reagent Co., 

Ltd (Shanghai, China). Reduced cytochrome C (Cyt C) was supplied by Abcam 

(Shanghai, China). Cysteine (Cys), homocysteine (Hcy), glutathione (GSH), arginine 

(Arg), tryptophan (Trp), tyrosine (Tyr), alanine (Ala), proline (Pro), threonine (Thr), 

asparagine (Asn), isoleucine (Ile), glutamic (Glu), glutamine (Gln), valine (Val), 

leucine (Leu), aspartic (Asp), glycine (Gly), serine (Ser), lysine (Lys), methionine 

(Met), histidine (His) and phenylalanine (Phe) were purchased from Sigma-Aldrich 

(Shanghai, China). Bovine serum albumin (BSA) was supplied by Beijing Jingke 

Hongda Biotechnology Co., Ltd. All the chemicals were used as received without any 

further purification. And the ultrapure water with a resistivity of 18.25 MΩ·cm was 

supplied by a Millipore Ultrapure water system. 

2.2 Preparation of IrO2/rGO nanocomposites 

The GO nanosheets were synthesized from graphite powder by a modified 

Hummers method[30]. IrO2/rGO nanocomposites were fabricated by a hydrothermal 
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method. Typically, 20 mL GO dispersion (1 mg/mL) was mixed with 10 mL IrCl3 

solution (1 mg/mL) under vigorous stir. Then the mixture was ultrasonicated for 30 

min and transferred into a 50 mL Teflon-lined stainless-steel autoclave. The mixed 

solution in sealed autoclave was heated to 180� and held for 10 h. After being cooled 

to room temperature naturally, the obtained IrO2/rGO nanocomposites were separated 

by centrifugation and washed with ultrapure water for three times. The IrO2 

nanoparticles without support was prepared by the same process without GO. And the 

rGO was also prepared by the same process without IrCl3. 

2.3 Peroxidase-like activity of IrO2/rGO nanocomposites 

To investigate the peroxidase-like activity of IrO2/rGO nnaocomposites, the 

catalytic oxidation of TMB was carried out in the presence of H2O2 at room 

temperature. The experiments were performed in 1.5 ml tubes. In a typical experiment, 

10 µL of TMB (20 mM in DMSO), 10 µL of H2O2 (250 mM) and 15 µL of IrO2/rGO 

dispersion (IrO2 concentration 30 µg/mL identified by ICP-OES) were added into 

acetate buffer solution (0.1 M, pH = 4.0) with a final volume of 500 µL. After 10 min 

reaction, the absorbance intensity of reaction solution at 652 nm was monitored by an 

EnVision Multimode Plate Reader. The effects of pH (2.0~7.0), temperature 

(0~70 °C), H2O2 concentration (0~50 mM) and IrO2/rGO dosage (0~1.5 µg/mL) were 

evaluated to optimize the catalytic reaction conditions. The steady-state kinetic 

experiments with TMB were performed by fixing the amount of IrO2/rGO (0.45 µg: 

the concentration or amount of catalyst in this work was all calculated by IrO2 

amount.) and concentration of H2O2 (5 mM) with various TMB concentrations. 
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Typically, 465 µL of acetate buffer solution, 10 µL of H2O2 (250 mM), 15 µL of 

IrO2/rGO dispersion and 10 µL of TMB (different concentrations in DMSO) were 

added and mixed in 1.5 mL tubes. Then, 200 µL of the mixed solution was added into 

a 96 well plate and the absorbance intensities at 652 nm were recorded at different 

time intervals by a Multimode Plate Reader (EnVision). The initial reaction velocity 

was calculated from the equation: v = k/hε; where v is the initial velocity, k is the 

slope of the linear relationship between absorbance intensity and time at first few 

minutes, ε is the molar absorptivity of ox-TMB (39000 M-1·cm-1), and h is the height 

of solution. Similar kinetic experiments with H2O2 were carried out by varying the 

concentration of H2O2 with constant concentration of TMB (0.5 mM) and catalyst 

(0.45 µg). The Michaelis-Menten parameters were calculated from the linear fitting 

equation of Lineweaver-Burk plots[31]: 1/v = Km/vm (1/[S] + 1/Km); where v is the 

initial velocity, vm is the maximal reaction velocity, Km represents the 

Michaelis-Menten constant, and [S] is the concentration of substrate. 

2.4 The investigation of catalytic reaction mechanism   

2.4.1 The effect of iridium ions leaching 

Gumpelmayer et al[32] questioned the intrinsic peroxidase-like activity of Fe3O4 

and claimed that the peroxidase activity of Fe3O4 originated from iron ions (Fe2+ and 

Fe3+) leaching. To check the effect of iridium ions releasing, the IrO2/rGO (2 µg) was 

firstly added into 2 mL acetate buffer (0.1 M, pH = 4.0) and the solution was 

incubated for 1 h. After centrifugation at 10000 rpm for 20 min, 500 µL of the 

supernatant, 10 µL TMB and 10 µL H2O2 were added into a 1.5 mL tube and the 
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absorption spectrum was recorded by an EnVision Multimode Plate Reader from 500 

nm ~ 800 nm after 15 min reaction. 

2.4.2 Hydroxyl radicals test 

As a fluorescence probe, TA is usually used to verify the generation of hydroxyl 

radicals for the catalytic oxidation reaction in the presence of H2O2[33]. TA could 

capture hydroxyl radicals and produce high fluorescent 2-hydroxy terephthalic acid 

with the emission peak at 435 nm. Experimentally, 500 µL of acetate buffer (0.1 M, 

pH = 4) contained 5 mM H2O2, 0.5 mM TA and 1.2 µg IrO2/rGO catalyst was 

incubated for 30 min at room temperature. Then, the fluorescence spectrum of the 

solution at 350 nm ~ 600 nm was recorded by a fluorescence spectrophotometer with 

an excitation wavelength of 315 nm. The fluorescence spectra of solutions without 

IrO2/rGO or H2O2 were also measured at the same experimental conditions. 

2.4.3 Electron transfer experiment 

Cyt C was chosen to check the electron transfer role of IrO2/rGO 

nanocomposites because the Cyt C is an active reactant in the electron transfer 

process[34]. In our experiment, 50 µL reduced Cyt C and 1.2 µg IrO2/rGO catalyst 

was mixed in 440 µL acetate buffer (0.1 M, pH = 4.0) and incubated at room 

temperature for 4 h. The absorption spectrum of the solution was recorded by an 

EnVision Multimode Plate Reader. To exclude the effect of dissolved oxygen, the 

experiment was repeated under N2 atmosphere. The control experiment was evaluated 

at the same experimental conditions without IrO2/rGO nanocomposites. 

2.5 Colorimetric detection of low weight biothiols 
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Experimentally, 10 µL TMB (20 mM in DMSO), 10 µL H2O2 (250 mM), 0.45 µg 

IrO2/rGO catalyst and various concentration of biothiols (0~100 µM) were mixed in 

acetate buffer with final volume of 500 µL. The mixture was incubated at room 

temperature for 10 min and the absorbance intensity was monitored by the EnVision 

Multimode Plate Reader. The selective experiments was performed by comparing the 

color and absorbance intensity of the reaction solutions (10 µL TMB (20 mM in 

DMSO), 10 µL H2O2 (250 mM), 0.45 µg IrO2/rGO and 460 µL acetate buffer) with 

different kinds of amino acids at the concentration of 100 µM. To evaluate the 

practical application, the colorimetric detection of Cys in 5 wt% BSA and human 

serum solutions with concentration of Cys of 1 mM and 5 mM were carried out. The 

detection procedure was the same as the colorimetric assay in water. 

2.6 Characterization 

Transmission electron microscopy (TEM), high-resolution TEM (HRTEM), 

Energy Dispersive X-ray spectroscopy (EDS), high-angle annular dark-field scanning 

TEM (HAADF-STEM) and elemental mapping analysis were carried out on a 

transmission electron microscope (FEI Tecnai G2 F20, USA) operated at 200 kV to 

characterize the morphology and component of the prepared IrO2/rGO 

nanocomposites. The X-ray powder diffraction (XRD) was collected on a Bruker D8 

focus Powder X-ray Diffractometer with Cu Kα radiation at 2θ degree of 5~60°. The 

Raman spectra were collected by a Renishaw inVia plus Raman Spectrometer with 

excitation wavelength of 514 nm and acquisition time of 30 s for one measurement. 

X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Fisher 
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ESCALAB 250Xi X-ray photoelectron spectrometer. The zeta potentials of 

nanomaterials were measured on a Malvern Zeta Potential Analyzer (Zetasizer Nano 

ZS). The composition and concentration of IrO2/rGO dispersion were measured by an 

inductive coupled plasma optical emission spectroscopy (ICP-OES, Thermo Scientific, 

USA). The absorbance and absorption spectra of solutions were recorded on an 

EnVision Multimode Plate Reader (PerkinElmer, USA) at room temperature. The 

fluorescence measurements were evaluated by an F-4600 spectrofluorimeter (Hitachi, 

Japan) with an excitation wavelength of 315 nm and the excitation silt width and 

emission slit width 5 nm. 

3. Results and discussion 

3.1 Characterization of IrO2/rGO nanocomposites 

The TEM images (Fig. 1a) clearly demonstrated that the IrO2 nanoparticles with 

average size of 1.65 nm were uniformly supported on the surface of rGO, 

demonstrating the successful preparation of IrO2/rGO nanocomposites. The TEM 

images of GO and rGO were displayed in Fig. S1. GO showed a sheet-like 

morphology, which transformed to creased structure after hydrothermal reaction, 

indicating the formation of rGO. The color of GO also changed from light yellow to 

black (Fig. S2). The average size of IrO2 nanoparticles on the surface of rGO 

nanosheets was estimated to be 1.65 nm according to the particle size distribution by 

counting more than 200 nanoparticles (Fig. S3). As an efficient carrier, the rGO could 

effectively prevent the aggregation of IrO2 nanoparticles. The HRTEM (inset Fig. 1a) 

clearly showed the d-spacing value of 0.26 nm, which was consistent with the (101) 
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plane of IrO2 (JPDS No. 15-0870)[35]. The HAADF-STEM image and EDS 

elemental mapping analysis were employed for further investigating the morphology 

and composition of IrO2/rGO nanocomposites. The HAADF image (Fig.1c) clearly 

showed the ultrafine IrO2 nanoparticles uniformly dispersed on the surface of rGO 

nanosheets. The EDS elemental mapping analysis (Fig. S4 and Fig. 1d-g) showed the 

homogeneous C, O and Ir species, confirming the ultrafine IrO2 nanoparticles 

uniformly dispersed on the support. 

 

 

Fig.1 (a) TEM images of IrO2/rGO nanocomposites, inset the HRTEM image, (b) the 
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XRD patterns of GO, IrO2 and IrO2/rGO, (c) the HAADF image of IrO2/rGO and 

(d)-(f) the EDS elemental mapping images of IrO2/rGO with C, O and Ir species.  

 

The XRD patterns of GO nanosheets, IrO2 nanoparticles and IrO2/rGO 

nanocomposites were presented in Fig. 1b. A broad and weak diffraction peak of IrO2 

nanoparticles (Fig. 1b blue line) at 34.5° corresponded to the (101) plane of IrO2, 

which was consistent with the HRTEM analysis. A sharp diffraction peak of GO 

nanosheets was observed at 2θ degree of 12.5°, corresponding to the (001) plane[36]. 

However, no diffraction peak at 12.5° was observed in IrO2/rGO nanocomposites 

patterns, illustrating the reduction of GO at high temperature. According to the Raman 

spectra (Fig. S5), the ratio of D peak and G peak of GO and IrO2/rGO was 0.83 and 

0.95, respectively. The increase of D/G ratio also suggested the reduction of GO by 

hydrothermal reaction[37]. A new broad diffraction peak at 2θ of 25.4° appeared, 

which implied the poor order stacking of rGO nanosheets. There were no apparent 

IrO2 diffraction peaks due to the small particle size of IrO2. 
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Fig. 2 The XPS spectra of IrO2/rGO nanocomposites. (a) Survey spectrum, (b) the 

high resolution spectra of Ir 4f, (c) the high resolution spectra of C 1s and (d) the high 

resolution spectra of O 1s. 

X-ray photoelectron spectroscopy was employed to investigate the chemical 

states of IrO2/rGO nanocomposites. The survey spectrum with strong peak intensity of 

C, O and Ir species was given in Fig. 2a. The high resolution XPS spectra of Ir 4f, C 

1s and O 1s were further investigated. As shown in Fig. 2b, the peaks at 64.4 and 61.3 

eV could correspond to the binding energies of Ir 4f5/2 and Ir 4f7/2 of IrO2. The peaks 

at 65.0 and 66.6 eV could attribute to the satellite peaks of Ir 4f5/2 (IrO2) and the peak 

at 62.0 eV could be ascribed to the satellite peak of Ir 4f7/2 (IrO2). The 4f binding 

energy of IrO2 nanoparticles shifted 0.4 eV towards higher binding energy compared 

to the IrO2/rGO nanocomposites (Fig. S6a), which could be attributed to the Ir3+ ions 
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in IrO2 nanoparticles[38]. And the high resolution XPS spectra of Ir 4f of IrO2 

nanoparticles were presented at Fig. S6b. Fig. 2c presented the high resolution C 1s 

spectra of IrO2/rGO. The main peak at 284.5 eV was assigned to the C-C bond, and 

the peaks at binding energies of 285.8 and 288.4 eV were attributed to the C-O and 

O-C=O bonds of rGO[39]. The peaks at 533.3 eV and 532.2 eV were ascribed to 

O-C=O and C-O functional groups on rGO (Fig. 2d), and the peak located at 531.0 eV 

was indexed to the -OH groups on rGO and IrO2. The content of oxygen element in 

C-O and -OH significantly decreased compared to the O 1s spectra of GO (Fig. S7b), 

which also proved the reduction of GO after hydrothermal reaction, which was in 

consistence with the results of XRD patterns and Raman analysis. 

3.2 Peroxidase-like activity of IrO2/rGO nanocomposites 

The peroxidase-like activity of IrO2/rGO nanocomposites was evaluated by 

catalytic oxidation of several chromogenic substrates (such as TMB, OPD and ABTS) 

in the presence of H2O2. The solution color of TMB, OPD and ABTS changed from 

colorless to blue, orange and green respectively (Fig. 3a), which indicated the 

peroxidase-like activity of IrO2/rGO nanocomposites. The enzymatic activity of rGO, 

IrO2 nanoparticles, IrO2 and rGO mixture were further evaluated and compared with 

IrO2/rGO nanocomposites (Fig. 3b). After adding the IrO2/rGO, the reaction solution 

changed from colorless to deep blue color and exhibited a maximum absorbance at 

652 nm, revealing the high peroxidase-like activity of IrO2/rGO nanocomposites (Fig. 

3b-6). In contrast, the TMB and H2O2 reaction solution in the absence of catalysts 

showed negligible color change (Fig. 3b-2), suggesting that the IrO2/rGO 
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nanocomposites were responsible for the catalytic oxidation of TMB. The rGO 

nanosheets and IrO2 nanoparticles also showed peroxidase-like activity to some extent 

(Fig. 3b-3 and b-4). The absorbance of TMB solution at 652 nm with IrO2/rGO 

catalyst was the highest. Obviously, the catalytic activity of IrO2/rGO nanocomposites 

was much higher than IrO2 and rGO mixture, IrO2 nanoparticles or rGO nanosheets. 

The enhanced catalytic activity of IrO2/rGO nanocomposites mainly originated from 

the monodisperse IrO2 nanoparticles on the surface of rGO nanosheets, while the 

aggregation of IrO2 nanoparticles without support severely decreased the catalytic 

activity of IrO2 nanoparticles. The IrO2/rGO nanocomposites could not catalyze the 

oxidation of TMB in the absence of H2O2 (Fig. S8). All these results confirmed that 

the IrO2/rGO nanocomposites exhibited the intrinsic peroxidase-like activity. 

 

Fig. 3 (a) The photographs of TMB, OPD and ABTS solution after catalytic oxidation 

by IrO2/rGO nanocomposites in the presence of H2O2, and (b) UV-vis absorption 

spectra of (1): TMB, (2): TMB+H2O2, (3): TMB+rGO+H2O2, (4): TMB+IrO2+H2O2, 
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(5): TMB+H2O2+IrO2 and rGO mixture and (6): TMB+IrO2/rGO+H2O2 solution after 

mixing for 15 min (inset: the color change of the corresponding solutions). 

 

Similar to natural peroxidase and other nanozymes, the peroxidase-like activity 

of IrO2/rGO nanocomposites strongly depended on the reaction conditions including 

pH, temperature, reaction time and the concentrations of H2O2, TMB and catalyst. 

The optimal pH value was approximately 4.0, which was confirmed by varying the 

buffer pH value from 2.0 to 7.0 (Fig. S9a). The peroxidase-like activity of IrO2/rGO 

nanocomposites increased with temperature and reached the highest activity at 55 °C 

(Fig. S9b). The decrease activity of IrO2/rGO over 55°C might be assigned to the 

decomposition of oxidized TMB (ox-TMB)[40] and the color of solution was from 

blue to green at 55°C. To simplify the experiment, we carried out all the colorimetric 

reaction at room temperature. The catalytic activity increased with the concentration 

of H2O2 and no inhibition effect was observed at high concentration of H2O2 (Fig. 

S9c). Furthermore, the absorbance of reaction solution increased with the increase 

amount of IrO2/rGO catalyst and presented a linear relationship between the 

absorbance of oxidized TMB and the concentration of IrO2/rGO catalyst (Fig. S9d). 

The experiment parameters with pH value of 4.0 and concentrations of TMB 0.4 mM, 

H2O2 5 mM, and IrO2/rGO 0.9 µg/mL were chosen in the following colorimetric 

detection assay at room temperature. 

The peroxidase-like performance of the IrO2/rGO nanocomposites was further 

explored by the steady-state kinetics. The kinetic data were acquired by varying the 
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H2O2 concentrations at a constant TMB concentration and vice versa. The results were 

presented in Fig. 4. And the time-dependent absorbance changes at 652 nm were 

displayed in Fig. S10. The steady-state kinetics experiments of IrO2/rGO 

nanocomposites to OPD and ABTS were also carried out at the same procedure and 

the results were shown in Fig. S11 and Fig. S12. The relationship between the initial 

reaction rate and the concentration of substrate fitted well with the Michaelis-Menten 

equation. The Michaelis-Menten constant Km and the maximal reaction velocity vmax 

were calculated by the linear fitting equation of Lineweaver-Burk plot and listed in 

Table S1. It is believed that a smaller Km represents a higher affinity to the 

substrate[41]. The Km value of IrO2/rGO nanocomposites with TMB as the substrate 

(0.276 mM) was lower than that of HRP (0.434 mM)[6], suggesting an apparently 

higher affinity to TMB than HRP. The highest Km value of IrO2/rGO nanocomposites 

with ABTS (Table S1) implied the lowest affinity to ABTS compared to TMB and 

OPD, which could be attributed to the repulsion of the ABTS anions and negative 

surface charge of IrO2/rGO nanocomposites (Fig. S13). The Km value of the IrO2/rGO 

nanocomposites for H2O2 was 60 times higher than that of HRP (Table S1), indicating 

a lower affinity but higher endurance to H2O2. The above results declared that the 

IrO2/rGO nanocomposites possessed high peroxidase-like activity and were good 

potential candidates for enzymatic mimic. 
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Fig. 4 Steady-state kinetic assay of IrO2/rGO nanocomposites: TMB concentration (a) 

and H2O2 concentration (c) dependence of initial reaction velocity (v); Double 

reciprocal plots between reaction velocity and TMB concentration (b) and H2O2 

concentration (d). 

 

3.3 The mechanism of peroxidase-like activity of IrO2/rGO nanocomposites 

Fig. 5a showed the results of iridium ions leaching experiment. The absorbance 

intensity of ox-TMB solution with the iridium ions leaching for 1 h were comparable 

to the control experiment, which were negligible compared to intensity of the solution 

with IrO2/rGO nanocomposites. We presumed that the iridium ions had no effect on 

the oxidation of TMB or there were no iridium ions released in 0.1 M acetate buffer 

with pH value of 4.0. The experimental results demonstrated that the peroxidase-like 
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activity of IrO2/rGO nanocomposites did not originate from the iridium ions leaching. 

Besides metal ions releasing, the generation of hydroxyl radical and the electron 

transfer process are the two main pathways of catalytic oxidation. To clarify the 

catalytic mechanism of IrO2/rGO nanocomposites, terephthalic acid (TA), a 

fluorescence probe for hydroxyl radical, was firstly used to check the generation of 

hydroxyl radical. As shown in Fig. 5b, there was no fluorescence of TA at 435 nm 

without H2O2 (red line). A strong fluorescence peak at 435 nm was observed in TA 

and H2O2 reaction system, revealing the generation of hydroxyl radical by the 

intrinsic decomposition of H2O2. The fluorescence intensity decreased when rGO was 

added, which proved that rGO could quench the hydroxyl radical. When the IrO2/rGO 

nanocomposites were added into the TA and H2O2 reaction solution, the fluorescence 

intensity decreased significantly. The results declared that the IrO2/rGO catalyst could 

scavenge hydroxyl radicals rather than promoting the generation of them, which 

excluded the effect of hydroxyl radical on peroxidase-like activity of IrO2/rGO 

nanocomposites.  
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Fig. 5 The mechanism studies of peroxidase-like activity of IrO2/rGO. (a) Iridium ion 

leaching experiment: (1) TMB+H2O2, (2) TMB+H2O2 with iridium ions solution and 

(3) TMB+IrO2/rGO+H2O2, (b) fluorescence emission spectra of TA in different 

reaction solutions, (c) UV-vis absorption spectra of reduced Cyt C, Cyt C with 

IrO2/rGO and Cyt C with IrO2/rGO under N2 atmosphere and (d) schematic 

illustration of the mechanism of the peroxidase-like activity of IrO2/rGO 

nanocomposites. 

 

Cytochrome C (Cyt C) was chosen to verify the mediator role of the IrO2/rGO 

catalyst in the electron transfer process from TMB to H2O2. As shown in Fig. 5c, there 

were two intrinsic absorption peaks of reduced Cyt C at 520 nm and 550 nm. After 

incubation with IrO2/rGO for 4 h, the original two peaks disappeared with the 

evolution of a new absorption peak at 530 nm, suggesting that the Cyt C changed 
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from reduced state to oxidized state. The same results were obtained at nitrogen 

atmosphere, which excluded the effects of dissolved oxygen. The results clearly 

demonstrated the electron transfer from Cyt C to IrO2/rGO nanocomposites. Besides, 

the electron transfer abilities of IrO2 nanoparticles and rGO were also performed at 

the same experimental procedure. The reduced Cyt C was changed to oxidation state 

after incubation with IrO2 nanoparticles, while rGO had little effect on the 

oxidation/reduction state of Cyt C (Fig. S14). The peroxidase-like activity of 

IrO2/rGO nanocomposites could mainly originate from the electron transfer abilities 

of IrO2 nanoparticles on the surface of rGO.  

Based on the experimental results, we deduced that the IrO2/rGO 

nanocomposites performed as electron transfer mediators between TMB and H2O2 

and the mechanism could be illustrated by Fig. 5d. Firstly, the TMB molecule was 

adsorbed on the surface of rGO and donated lone-pair electrons to IrO2 nanoparticles 

supported on the surface of rGO, leading to an increased electron density of IrO2 

nanoparticles. Then the electron-rich IrO2 nanoparticles transferred electrons to H2O2, 

which accelerated the electron transfer from IrO2/rGO nanocomposites and TMB 

substrate. Finally, TMB was oxidized into ox-TMB and turned into blue color, and the 

H2O2 was reduced to water. 

3.4 Colorimetric detection of biothiols 

The color changes of TMB+H2O2+IrO2/rGO reaction solution were explored for 

the determination of biothiols based on the relationship between the absorbance 

intensity and the concentrations of biothiols. As shown in Fig. 6a, the color of the 
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reaction solution gradually changed from deep blue to colorless with the increase of 

Cys concentration. The absorption peak of ox-TMB at 652 nm decreased with the 

concentration of Cys increasing. The value of absorbance intensity at 652 nm 

exhibited a good linear relationship to the logarithm of Cys concentration in the range 

of 0.1~50 µM with a correlation coefficient (R2) of 0.99425 (Fig. 6b). The calculated 

detection limit for Cys was 40 nM at an S/N ratio of 3. The colorimetric detection of 

Hcy and GSH were also carried out under the same experimental conditions. Similar 

to Cys, the absorbance intensity of reaction solution and the logarithm of 

concentration of GSH and Hcy displayed good linear correlation in the concentration 

range of 0.1~50 µM (Fig. S15 and Fig. S16). The theoretical capability of detection 

for Hcy and GSH was 57 nM and 83 nM, respectively. Based on the value of 

theoretical capability, the sensitivity value of IrO2/rGO nanozyme responding to 

biothiols was Hcy > GSH > Cys. 

 

Fig. 6 (a) UV-vis absorption spectra of reaction solutions (TMB 0.4 mM, H2O2 5mM 

and IrO2/rGO 0.9 µg/mL) in the presence of various concentrations of Cys (inset: the 

corresponding photographs of reaction solutions). (b) The linear relationship between 

absorbance intensity and the logarithm of concentration of Cys after 15 min reaction. 
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In addition, the selectivity of the current approach was investigated by testing 

nineteen kinds of amino acids besides Cys, Hcy and GSH with the same concentration. 

Fig. 7 presented the absorbance and color change of the reaction solutions with 

different amino acids and low weight biothiols. Compared to the control experiment, 

the color of the solution were almost unchanged after adding the nineteen amino acids. 

However, the solutions were almost colorless after adding the Cys, Hcy and GSH, and 

the absorbance intensity declined significantly. The results demonstrated that the 

developed colorimetric sensor showed high selectivity for low weight biothiols. To 

explore the practical usability of the proposed colorimetric assay, we detected the 

concentration of Cys in 5 wt% BSA and human serum, respectively. As shown in 

Table S2, the experimental results agreed well with the added content in BSA. There 

was some difference between the detected amount of Cys and added content in serum 

samples, which could be attributed to the complicated components of serum. 

 

 

Fig. 7 Selectivity for low weight biothiols to other amino acids with all substances 

concentration of 50 µM, inset: photographic images of solution after 15 min reaction. 
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4. Conclusions 

The ultrafine IrO2/rGO nanocomposites with high intrinsic peroxidase mimetic 

properties were synthesized by a simple hydrothermal method without any surfactant. 

The peroxidase-like activity of IrO2/rGO catalyst depended on the pH, temperature 

and concentration of substrate similar to HRP. The steady-state kinetic study 

demonstrated that the peroxidase-like activity of IrO2/rGO nanocomposites followed 

the Michaelis-Menten theory. Mechanistic research suggested that the ability of 

IrO2/rGO nanocomposites acting as electron transfer mediators was responsible for 

the peroxidase mimetic property rather than the generation of hydroxyl radicals or 

iridium ions leaching. The colorimetric assays for sensitive and selective detection of 

low weight biothiols were established based on the induced inhibition of the 

peroxidase-like activity of IrO2/rGO nanocomposites. This work provided a novel 

material with high enzyme mimetic activity and showed promising application in 

biosensor.  
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IrO2 nanoparticles homogeneously supported on reduced graphene oxide 

 

The IrO2/rGO nanocomposites exhibited enhanced peroxidase-like activity 

 

The peroxidase-like activity originated from the electron transfer mechanism  

 

Sensitive and selective colorimetric detection of low-molecular-weight biothiols 


