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A B S T R A C T   

Nanozymes with enzyme-like characteristics have drawn wide interest but the catalytic activity and substrate 
selectivity of nanozymes still need improvement. Herein, Se-vacancy-rich TiSe2-x@Au nanocomposites are 
designed and demonstrated as nanozymes. The TiSe2-x@Au nanocomposites show excellent peroxidase-like ac
tivity and the chromogenic substrate p-phenylenediamine (PPD) can be selectively oxidized to compounds that 
exhibit an absorption peak at 413 nm that differs from that of self-oxidation or generally oxidized species, 
suggesting high catalytic activity and strong substrate selectivity. Theoretical calculations reveal that the PPD 
adsorption geometry at Se vacancies with an adsorption energy of − 3.00 eV shows a unique spatial configuration 
and charge distribution, thereby inhibiting the free reaction and promoting both the activity and selectivity in 
PPD oxidation. The TiSe2-x@Au colorimetric system exhibits a wide linear range of 0.015 mM–0.6 mM and a low 
detection limit of 0.0037 mM in the detection of glucose. The blood glucose detection performance for human 
serum samples is comparable to that of a commercial glucose meter in the hospital (relative standard deviation 
< 6%). Our findings demonstrate a new strategy for rapid and accurate detection of blood glucose and our results 
provide insights into the future design of nanozymes.   

1. Introduction 

Nanozymes are nanomaterials with enzyme-like characteristics (Wu 
et al., 2019). Compared with natural enzymes, artificial enzymes that 
combine the merits of natural enzymes and nanomaterials are consid
ered the next generation of enzyme mimics because of simple produc
tion, low cost, good environmental stability, and specific catalytic 
activity (Jiao et al., 2020; Sengupta et al., 2020; Song et al., 2020). Since 
Yan et al. reported Fe3O4 with intrinsic peroxidase-like activity in 2007 
(Gao et al., 2007), numerous nanomaterials have been demonstrated as 
nanozymes for different applications (Wu et al., 2019). For example, 
carbon quantum dots (Shamsipur et al., 2014), noble metals (Liu et al., 

2021; Xue et al., 2021), metal-organic frameworks (Zhang et al., 2019), 
and two-dimensional (2D) materials (Song et al., 2010; Wu et al., 2020; 
Yu et al., 2018) with peroxidase, catalase, oxidase, and superoxide dis
mutase activities have attracted interest in simulating the efficient cat
alytic characteristics of natural enzymes pertaining to the degradation of 
organic chemicals, cancer treatments as well as biosensing. Although 
advances have been made, the catalytic activity and substrate selectivity 
of nanozymes still needs improvement (Wu et al., 2019). In addition, 
self-oxidation of the substrates in air generally distorts the signals (Liang 
and Han, 2020) and can cause errors in colorimetric systems which 
depend on the oxidization of chromogenic substrates such as 3,3′,5, 
5′-tetramethylbenzidine (TMB), 2,2′-azino-bis 
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(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), o-phenylenediamine 
(OPD) and p-phenylenediamine (PPD), and so on (Li et al., 2020; Miao 
et al., 2019; Sengupta et al., 2020). Therefore, it is crucial to design and 
identify novel nanozymes with high catalytic activity and strong sub
strate selectivity. 

Recently, transition metal dichalcogenides (TMDs) with the unique 
sandwich-like structure and tunable electronic properties have been 
produced in different forms (Khan et al., 2021; Rohaizad et al., 2021; Xu 
et al., 2021) and have large potential in electronic devices, catalysts, and 
sensors (Choi et al., 2017; Rohaizad et al., 2021; Zhang et al., 2021). 
Several types of TMDs and their hybrids have been reported to have the 
peroxidase-like activity. For example, Yu et al. have synthesized mo
lybdenum disulfide (MoS2) nanoflakes with different modifications, and 
TMB and ABTS are used as chromogenic substrates in the colorimetric 
analysis of H2O2 and glucose (Yu et al., 2018). Chen et al. have 
demonstrated that tungsten selenide (WSe2) nanosheets possess 
peroxidase-like properties under acidic conditions and developed a 
sensitive and selective colorimetric method for glucose detection (Chen 
et al., 2017). By using Au nanoparticles (AuNPs), Hong et al. have 
designed a sensitive colorimetric analysis for the detection of glucose, 
and the peroxidase-like activity of the Au@WSe2 nanostructure is 
enhanced significantly by the synergistic catalytic effects of AuNPs and 
WSe2 nanosheets (Hong et al., 2021). Jiang et al. have proposed that 
dextran-decorated molybdenum selenide (MoSe2) can promote the 
peroxidase-like catalytic activity of MoSe2 nanosheets at neutral pH for 
high-performance colorimetric glucose detection (Jiang et al., 2020). 
Singh et al. have shown that Ce-substituted MoSe2 possesses high 
peroxidase-like activity as well as great affinity to TMB and H2O2, and 
the Ce-MoSe2 composites with persistent peroxidase-mimic are suitable 
for accurate colorimetric glucose detection in serum (Singh et al., 2022). 
Although these previous works suggest great potential for TMDs as 
nanozymes, the substrate selectivity for TMDs and self-oxidation of the 
substrates need improvement. Moreover, the cost of nanozymes should 
be considered. However, Mo and W metals are relatively expensive and 
thus cost-efficient TMD such as TiSe2 could be a better choice. 

Surface engineering such as the incorporation of internal or artificial 
active sites plays an important role in optimizing the physical and 
chemical properties of 2D materials (Hong et al., 2017; Jiao et al., 2020; 
Lu et al., 2016). Vacancies are typical local structural disorders of point 
defects with unique electronic states which localize electrons near the 
defect area and produce defect energy levels to form charge-capturing 
centers for catalysis in 2D materials (Chang et al., 2021; Ling et al., 
2021; Yao et al., 2020). The larger active surface area and enhanced 
electron transport resulting from rich vacancies improve the catalytic 
properties of 2D materials and endow some 2D materials with excellent 
enzyme-like activities (Shen et al., 2022). In addition, the adsorption 
behavior of substrates can be mediated by vacancy sites of TMDs and the 

vacancies have been proven to facilitate chemo-selectivity (Han et al., 
2018; Sun et al., 2019). The combination of vacancy-enhanced catalysis 
and chemo-selectivity may promote the catalytic activity and substrate 
selectivity of TMDs-based nanozymes. 

Diabetes mellitus (DM) is a chronic disease of abnormal elevated 
blood glucose caused by impaired insulin secretion by pancreatic β cells 
or peripheral insulin resistance (Kim et al., 2021; Pullano et al., 2022) 
and known to increase the risk of cancer, solid tumors, as well as he
matological malignancies (Gong et al., 2021; Hussein et al., 2019; Kyr
iakou et al., 2021; Via et al., 2020). Therefore, it is necessary to perform 
long-term, continuous, and real-time blood glucose monitoring. Herein, 
Se-vacancy-rich TiSe2-x@Au nanocomposites with high catalytic activity 
and strong substrate selectivity for glucose colorimetric detection are 
designed and demonstrated as nanozymes (Scheme 1). The 
peroxidase-like activity of the TiSe2-x@Au nanocomposites is investi
gated and the chromogenic substrate PPD is selectively oxidized to 
special compounds like quinone compounds which differ from 
self-oxidized or generally oxidized species. Experimental and compu
tational studies indicate the important roles of Se vacancies in the sub
strate selective reaction. By coupling with glucose oxidase (GOx), the 
TiSe2-x@Au colorimetric system produces satisfactory results in glucose 
detection such as a wide linear range and low detection limit. To eval
uate the practical feasibility, the TiSe2-x@Au nanocomposites are used 
on real human serum samples. The results reveal a new technique for the 
rapid and accurate detection of blood glucose and provide insights into 
the design of nanozymes with high catalytic activity and substrate 
selectivity. 

2. Materials and methods 

2.1. Materials 

Chemical and biological reagents. Glycine (Gly), p-phenylenedi
amine (PPD), glutathione (GSH), potassium chloride (KCl), sodium 
chloride (NaCl), zinc chloride (ZnCl2) and anhydrous magnesium sulfate 
(MgSO4), titanium powders, selenium particles, iodine, and chloroauric 
acid (HAuCl4•3H2O) were purchased from Aladdin (Shanghai, China). 
Anhydrous calcium chloride (CaCl2) was provided by Macklin 
(Shanghai, China) and D (+)-Glucose, urea, citric acid (CA), glucose 
oxidase (GOx), and sodium borohydride (NaBH4) were obtained from 
Sigma Aldrich. Hydrogen peroxide (H2O2, 30%), sucrose (Suc), N, N- 
dimethylformamide (DMF), and absolute ethanol were provided by 
Shanghai Lingfeng Chemical Reagent Co., Ltd. L-Ascorbic acid (AA), 
sodium hydroxide (NaOH), and barium hydroxide (Ba(OH)2) were 
purchased from Shanghai Hushi Chemical Co., Ltd. Sulfuric acid (H2SO4, 
98%) and the acetic acid/sodium acetate buffer (HAc-NaAc) were 
bought from Dongjiang Reagent. All the chemicals were used as received 

Scheme 1. (a) Synthesis of TiSe2-x and TiSe2-x@Au nanocomposites and (b) Schematic diagram of glucose detection.  
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and distilled water was used to prepare the solutions. 
Serum samples. The serum samples were collected from Zhanjiang 

Central Hospital, Guangdong Medical University (Zhanjiang, China). All 
the experiments were performed in accordance with the Guidelines of 
Clinical Sample Management Rules of Zhanjiang Central Hospital, 
Guangdong Medical University and approved by the Ethics Committee 
at Zhanjiang Central Hospital, Guangdong Medical University (IIT- 
2023-021-01). Before analysis, the samples were treated with Ba(OH)2 
and H2SO4 and diluted with distilled water (pH = 5.6). 

2.2. Synthesis of TiSe2-x nanosheets and TiSe2-x@Au nanocomposites 

Synthesis of TiSe2-x nanosheets. The TiSe2-x nanosheets were 
synthesized by a simple ultrasonic method using TiSe2 powders as the 
raw materials which were prepared by a modified chemical vapor 
transport method (Li et al., 2016). The titanium powders (0.9 g) and 
selenium particles (2.97 g) were sealed in a vacuum quartz tube with 
iodine (30 mg) as a transport agent and the tube was heated at 850 ◦C for 
1800 min. Subsequently, it cooled naturally to room temperature to 
obtain high-quality TiSe2 powders. After grinding in the DMF solution, 
the TiSe2 solution (1 mg/mL) was sonicated for 10 h at 600 W for 2 s 
with an interval of 4 s. The mixture was continuously sonicated in an 
ultrasonic bath for 5 h (300 W). Finally, the TiSe2-x solution was 
centrifuged at 5000 rpm for 10 min and the supernatant was centrifuged 
at 10,000 rpm for 10 min to acquire the TiSe2-x nanosheets which were 
re-dispersed in absolute ethanol for further use. 

Synthesis of TiSe2-x@Au nanocomposites. The TiSe2-x@Au nano
composites were synthesized by a simple reduction process using the 
TiSe2-x nanosheets. 100 μL of the TiSe2-x nanosheets (2.73 mg/mL) were 
added to 5 mL of the HAuCl4 (0.2 mM) solution at room temperature, 
followed by the addition of 150 μL of NaBH4 (10 mM) and stirring for 3 
min. The mixture was centrifuged at 8000 rpm for 5 min and the pre
cipitate was washed with distilled water, DMF, and absolute ethanol 
successively 2–3 times to remove excess HAuCl4. TiSe2-x@Au nano
composites were obtained and re-dispersed in 100 μL of absolute ethanol 
(4.09 mg/mL). The Au NPs were synthesized without the addition of 
TiSe2-x nanosheets. 

2.3. Peroxidase-like activity measurement 

The peroxidase-like activity of the TiSe2-x nanosheets and TiSe2- 

x@Au nanocomposites was determined in the presence of the chromo
genic substrate PPD and H2O2. 200 μL of PPD (20 mM) and 20 μL of 
H2O2 (50 mM) were added to a centrifuge tube, followed by the addition 
of 20 μL of TiSe2-x nanosheets (2.73 mg/mL) or TiSe2-x@Au nano
composites (4.09 mg/mL). Distilled water (260 μL) was added to reach a 
volume of 500 μL. The supernatant after the reaction was diluted 2 times 
and placed on a 96-well plate. The absorption spectra were recorded by 
the full wavelength microplate reader. 

2.4. Colorimetric H2O2 detection 

200 μL of PPD (50 mM), 20 μL of different concentrations of H2O2 
(0.1 mM, 0.5 mM, 1 mM, 3 mM, 5 mM, 8 mM, 10 mM, 12 mM, 12.5 mM, 
20 mM, 25 mM, 50 mM and 125 mM), 20 μL of TiSe2-x@Au nano
composites, and 260 μL of distilled water were added to the centrifuge 
tube sequentially, the final concentrations of H2O2 are 0.004 mM, 0.02 
mM, 0.04 mM, 0.12 mM, 0.2 mM, 0.32 mM, 0.4 mM, 0.48 mM, 0.5 mM, 
0.8 mM, 1 mM, 2 mM and 5 mM. After reacting at 40 ◦C for 40 min, the 
mixture was centrifuged at 10,000 rpm for 5 min and the supernatant 
was diluted 2 times and placed on a 96-well plate (200 μL). The absor
bance intensity at 413 nm was measured. 

2.5. Colorimetric glucose detection 

15 μL of different concentrations of glucose (0.5 mM, 1 mM, 2 mM, 4 

mM, 6 mM, 10 mM, 15 mM, 20 mM, 25 mM, 30 mM and 33.3 mM), 22.5 
μL of GOx (1 mg/mL) and 12.5 μL of distilled water were mixed and 
incubated in a dark environment at 40 ◦C for 30 min. 200 μL of PPD (50 
mM), 20 μL TiSe2-x@Au nanocomposites, and 230 μL of distilled water 
were added successively, the final concentrations of glucose are 0.015 
mM, 0.03 mM, 0.06 mM, 0.12 mM, 0.18 mM, 0.3 mM, 0.45 mM, 0.6 
mM, 0.75 mM, 0.9 mM and 1 mM. The reaction proceeded at 40 ◦C for 
40 min and the subsequent steps were the same as those in the previous 
H2O2 detection. The absorbance at 413 nm was measured. Another 
selectivity test for glucose was carried out by comparing with common 
interferences such as biomolecules and metal ions. 

2.6. Glucose detection in serum samples 

The human serum samples were treated with 0.1 M Ba(OH)2 and 0.1 
M H2SO4 (volume ratio 1:1) for 10 min and diluted 30 times with 
distilled water. The diluted serum samples were centrifuged at 10,000 
rpm for 20 min to separate the supernatant. Subsequently, 180 μL of 
GOx (1 mg/mL) and 60 μL of distilled water were added to the super
natant and incubated in a dark environment at 40 ◦C for 30 min. 200 μL 
of PPD (50 mM), 20 μL of TiSe2-x@Au nanocomposites and 80 μL of 
distilled water were added to 200 μL of the solution and reacted for 40 
min at 40 ◦C. The subsequent steps were the same as those in glucose 
detection and the absorbance at 413 nm was measured. 

2.7. Calculation 

The density-functional theory (DFT) calculation was performed 
using the Vienna ab initio simulation program (VASP) and the projected 
augmented wave (PAW) (BlÖchl, 1994) pseudopotentials and 
Perdew-Burke-Ernzerhof (PBE) functional were used (Perdew, et al., 
1996). The (001) surface of TiSe2 was cleaved with three atomic layers 
and modeled with a p(4 × 4) periodic slab. A vacuum layer of 20 Å 
between neighboring slabs was used to avoid self-interactions. The en
ergy cutoff was set as 450 eV for the plane-wave basis set. Brillouin zone 
sampling was restricted to the Monkhorst-Pack k-points sampling of 3 ×
3 × 1 and the convergence threshold for electronic steps in geometry 
optimization was 1 × 10− 5 eV. When the forces on each atom were 
below 0.02 eV/Å, the geometries were thought to converge. A frequency 
analysis was performed in the stable states in order to confirm that these 
represent genuine minima. All of the electronic energies were corrected 
for the zero-point energy (ZPE) contributions. 

2.8. Characterization 

Transmission electron microscopy (TEM), high-resolution TEM (HR- 
TEM), high-angle annular dark-field (HAADF) images, and elemental 
mappings were performed on the FEI Talos F200X at 200 kV (FEI, USA). 
Scanning electron microscopy (SEM) was conducted on the ZEISS 
SUPRA 55 (Carl Zeiss, Germany) and the atomic force microscopy (AFM) 
images were acquired on the Cypher S AFM (Asylum Research, USA). 
The powder X-ray diffraction (XRD) patterns were collected on a 
SmartLab X-ray diffractometer with Cu Kα radiation (40 kV, 30 mA) 
(Rigaku, Japan). The absorption spectra were acquired by UV-vis spec
trophotometry on the TU-1810 (Purkinje General Instrument Co. Ltd. 
Beijing, China) and full wavelength microplate reader (Multiskan Sky 
with Curette and Touch Screen, Thermo Fisher Scientific, USA). The 
mass spectra were acquired by time-of-flight mass spectrometry (TOF, 
Thermo Fisher, USA), and X-ray photoelectron spectroscopy (XPS) was 
conducted on the Thermo Fisher ESCALAB 250Xi (Thermo Fisher, USA). 
The electron paramagnetic resonance (EPR) measurement was per
formed on a Bruker ESP-300 spectrometer (Bruker, Germany). 
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Fig. 1. (a, b) TEM and HR-TEM images of the TiSe2-x nanosheets, (c, d) TEM and HR-TEM images of the TiSe2-x@Au nanocomposites, and (e) HAADF image and 
elemental maps of TiSe2-x@Au nanocomposites. 

Fig. 2. (a) XRD patterns, (b) XPS survey spectra, (c) Au 4f spectra, (d) EPR spectra of the TiSe2-x nanosheets and TiSe2-x@Au nanocomposites.  
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3. Results and discussion 

3.1. Characterization of TiSe2-x nanosheets and TiSe2-x@Au 
nanocomposites 

The as-prepared TiSe2 powders show a brown color and the typical 
layered structure according to SEM (Fig. S1a). The high crystal quality is 
confirmed by XRD. As shown in Fig. S1b, the XRD pattern of the TiSe2 
powders exhibits peaks at 29.71◦, 32.78◦, 42.08◦, 45.24◦, 51.60◦, 
54.70◦, and 61.70◦ corresponding to the (002), (101), (102), (003), 
(110), (103) and (004) planes, respectively (PDF#30–1383). Benefiting 
from the layered structure of TiSe2, the TiSe2-x nanosheets can be easily 
prepared by ultrasonic exfoliation. As shown by the AFM image 
(Fig. S2), the exfoliated TiSe2-x nanosheets have a thickness between 10 
nm and 45 nm. After the growth of AuNPs on TiSe2-x nanosheets, the 
color of the TiSe2-x nanosheets dispersion changes from grey-green to 
light purple (Fig. S3a), and a new absorption peak at 550 nm from 

AuNPs emerge (Fig. S3b), indicating that the TiSe2-x@Au nano
composites have been fabricated. 

The morphology of the TiSe2-x nanosheets and TiSe2-x@Au nano
composites is examined by TEM. The TiSe2-x nanosheets have a sheet- 
like structure (Fig. 1a) with a lattice spacing of 0.18 nm corresponding 
to the (110) plane of TiSe2 (Fig. 1b) (Zhang et al., 2018). Compared with 
the TiSe2-x nanosheets, the TiSe2-x@Au nanocomposites are decorated 
with dense AuNPs on the surface of the TiSe2-x nanosheets (Fig. 1c) and 
the lattice spacing of 0.23 nm stems from the (111) plane of Au (Fig. 1d) 
(Liu et al., 2020). The high-angle annular dark-field (HAADF) image and 
elemental maps are presented in Fig. 1e. The strong HAADF image 
contrast agrees with the different elements of Au and TiSe2-x and the 
distributions of Ti, Se, and Au confirm the successful fabrication of the 
TiSe2-x@Au nanocomposites. 

The crystal structure of the TiSe2-x nanosheets and TiSe2-x@Au 
nanocomposites is studied by XRD. As shown in Fig. 2a, the broad peaks 
of the (002), (101), (102), (110) and (103) crystalline planes belong to 

Fig. 3. (a) UV-vis spectra and photos of PPD, PPD + H2O2, PPD + TiSe2-x, H2O2 + TiSe2-x, PPD + H2O2 + TiSe2-x, PPD + H2O2 + TiSe2-x@Au and PPD + H2O2 + Au 
(Inset: self-oxidation of PPD); TOF spectra of (b) blank control, (c) PPD solution, (d) PPD + H2O2 system product, (e) PPD + H2O2 + TiSe2-x@Au system product. 
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TiSe2 in the TiSe2-x nanosheets, suggesting retainment of the parent 
structure. Moreover, the (111), (200), (220), and (311) crystalline 
planes of AuNPs (PDF#65–2870) as well as the (002) plane of TiSe2 of 
the TiSe2-x@Au nanocomposites can be observed. XPS is used to deter
mine the compositions of the TiSe2-x nanosheets and TiSe2-x@Au 
nanocomposites (Fig. 2b, c and Fig. S4). Ti and Se are detected from the 
TiSe2-x nanosheets and Ti, Se, and Au from the TiSe2-x@Au nano
composites (Fig. 2b). Fig. 2c shows two peaks at 84.1 eV and 87.8 eV 
from the TiSe2-x@Au nanocomposites for Au 4 f7/2 and Au 4 f5/2, 
respectively, but no Au peaks can be found from the TiSe2-x nanosheets. 
The ratios of Ti to Se in both the TiSe2-x nanosheets and TiSe2-x@Au 
nanocomposites are close to 1, which is larger than that of TiSe2, indi
cating the introduction of Se vacancies. The abundant vacancies may be 
created by the long-time sonication process (Cai et al., 2018). The Ti 2p 
and Se 3d spectra of the TiSe2-x@Au nanocomposites shift to lower 
binding energies compared to the TiSe2-x nanosheets (Fig. S4), sug
gesting more Se vacancies (Shen et al., 2022). This is confirmed by the 
EPR spectra. The TiSe2-x@Au nanocomposites show a stronger EPR 
signal with a g value of 2.003 than the TiSe2-x nanosheets (Fig. 2d), 
indicating that hybridization of AuNPs facilitates the generation of Se 
vacancies. All these results suggest the successful synthesis of the 
Se-vacancy-rich TiSe2-x nanosheets and TiSe2-x@Au nanocomposites. 

3.2. Peroxidase-like activity of TiSe2-x nanosheets and TiSe2-x@Au 
nanocomposites 

The peroxidase-like activity of the TiSe2-x nanosheets and TiSe2- 

x@Au nanocomposites are investigated using PPD. It has been reported 
that oxPPD (oxidized form of PPD) exists in the forms of free base and 
protonated species with absorption peaks at 460 nm and 530 nm–540 
nm, respectively, and the broad absorbance at 500 nm–510 nm is 
believed to be due to the two forms of oxPPD (Cheng et al., 2019; Sun 
et al., 2018; Zhang et al., 2017). However, the self-oxidation of PPD 
under ambient conditions also contributes to the absorption peak at 460 
nm (inset in Fig. 3a) and may bring uncertainties to the final colori
metric results. In this work, a special oxPPD absorption peak at 413 nm 
is observed (Fig. 3a). Under the same conditions, compared with PPD, 
PPD + H2O2, PPD + TiSe2-x, and H2O2 + TiSe2-x, the PPD + H2O2 +

TiSe2-x, PPD + H2O2 + TiSe2-x@Au and PPD + H2O2 + Au show sig
nificant changes from colorless to brown-yellow and light-yellow 
(Fig. 3a), respectively. It should be noted that the PPD + H2O2 + Au 
only exhibits a broad absorption peak at around 460 nm, suggesting that 
the AuNPs have no selectivity in the oxidation of PPD compared with 
self-oxidation of PPD. Moreover, the absorption intensity at 413 nm of 
PPD + H2O2 + TiSe2-x@Au is about twice that of PPD + H2O2 + TiSe2-x, 
indicating a higher catalytic ability for the TiSe2-x@Au nanocomposites. 
The high catalytic ability of TiSe2-x@Au nanocomposites is probably due 
to the enhanced electron transport resulting from rich vacancies and 
decorated AuNPs as well as the quantum effect of the nanocomposites 
(Hong et al., 2021; Shen et al., 2022). This selective reaction can avoid 
the interference from possible self-oxidation of PPD and the TiSe2-x@Au 
nanocomposites can serve as nanozymes. 

To explore the mechanism of the specific reaction, the products of 
the PPD solution, PPD+H2O2, and PPD+H2O2+TiSe2-x@Au are 
analyzed by TOF. Compared with the blank control group (Fig. 3b), 
multiple peaks at m/z 108, 399, 502, and 610 are observed from the PPD 
solution (Fig. 3c), and the intensity increases. New peaks at m/z 319 and 
366 are observed in the presence of H2O2 indicative of oxidation and 
polymerization of PPD molecules (Fig. 3d). As for the TiSe2-x@Au 
nanocomposites, new peaks at m/z 122, 230, 302, 334, 423, and 439 are 
observed from the colorimetric solution, and the intensity of the peaks at 
m/z 108 and 319 are higher than those of the PPD + H2O2 system (about 
10 times enhancement) (Fig. 3e). Moreover, the intensity of the peaks at 
m/z 399, 502, and 610 decreases by about four times, suggesting the 
high catalytic ability and selectivity of the TiSe2-x@Au nanocomposites. 
These results indicate that a special reaction pathway in the presence of 

TiSe2-x@Au nanocomposites and the common pathway is inhibited. 
Generally, the oxidized products of PPD are mainly red-purple Ban
drowski’s base (BB) and yellow quinone compounds (Ritter and 
Schmitz, 1929). BB is susceptible to the pH and can be further oxidized 
to oxides. In the acidic environment, the concentration of quinone 
compounds is larger than that of BB (Ritter and Schmitz, 1929). In 
addition, the oxidized products of PPD may polymerize in various forms 
as the spatial configurations of oxide substrates changes, resulting in 
multiple new ion peaks (Durgaryan et al., 2013; Li et al., 2007; Urban 
et al., 2006). Therefore, it is believed that the absorption peak at 413 nm 
may arise from selectively oxidized yellow quinone compounds and 
various forms of oxPPD polymers. 

DFT calculations are performed to understand the selectivity origin 
of Se vacancies in PPD oxidation. The (001) surface on TiSe2 is shown in 
Fig. 4a and the Se-vacancy structure of TiSe2-x is simulated by removing 
a Se atom (Fig. 4b). The adsorption of PPD on TiSe2 and TiSe2-x is then 
investigated and two adsorption geometries (Parallel and Vertical) are 
calculated on TiSe2. Seven adsorption geometries caused by Se vacancies 
including three parallel adsorption sites (Parallel 1–2, Parallel 2–7 and 
Parallel 6–34) and four vertical adsorption sites (Vertical 1–2, Vertical 6- 
2, Vertical 6-3 and Vertical 2–7) are optimized. The adsorption energies 
of PPD on these sites are shown in Table S1 and Table S2. The PPD 
prefers to adsorb vertically on TiSe2 with an adsorption energy of − 2.82 
eV as shown in Fig. 4c. Compared with TiSe2, Fig. 4d shows the vertical 
6-3 adsorption geometry at an oblique angle with an adsorption energy 
of − 3.00 eV for TiSe2-x after structural optimization. The smaller 
adsorption energy of PPD on TiSe2-x suggests that the PPD molecule 
prefers to adsorb in the presence of Se vacancies. It should be noted that 
one end of the tilted PPD molecule almost inserts into the Se vacancy and 
only the remaining end can contact the free PPD molecules. This unique 
spatial configuration (6-3) of PPD on TiSe2-x undoubtedly increases the 
steric hindrance for the contacting among free PPD molecules and in
hibits the free reaction between PPD molecules. This may be responsible 
for the selective reaction by TiSe2-x. Differential charge density of PPD 
adsorption on TiSe2 and TiSe2-x further confirms the charge distributions 
(Fig. 4e and f). As shown, the charges accumulate around the PPD 
molecule on TiSe2-x more than on TiSe2, indicating that the charges can 
transfer more easily from the Se vacancy to PPD, which is agreement 

Fig. 4. (a, b) Simulated structures of TiSe2 and possible adsorption Se sites 
(1–7) in TiSe2-x, (c, d) Optimized geometries of PPD adsorbed on TiSe2 and 
TiSe2-x, and (e, f) Corresponding differential charge density of PPD adsorption 
on TiSe2 and TiSe2-x. The yellow and cyan regions represent electron accumu
lation and electron depletion, respectively. 
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with the stronger adsorption on TiSe2-x. On the other hand, the more 
easily transferred charges in Se-vacancy rich TiSe2-x promote the selec
tive reaction better compared to the back site of TiSe2 (Chang et al., 
2021). 

Therefore, it is believed that the absorbance at 413 nm is caused by 
the selective catalysis of PPD by TiSe2-x or TiSe2-x@Au. In other words, 
TiSe2-x has the peroxidase-like activity, and TiSe2-x@Au further en
hances the catalytic effect due to rapid charge transfer of AuNPs and 
synergistic quantum effects and hybrid structures (Liu et al., 2012, 
2020). The enhanced selective catalysis of the TiSe2-x@Au nano
composites improves the sensitivity of the colorimetric method. 

3.3. Colorimetric H2O2 detection and glucose detection 

Experiments for the concentration of TiSe2-x@Au nanocomposites, 
concentration of PPD, pH, reaction temperature, reaction time, and 
concentration of GOx are carried out to explore the optimal catalytic 
conditions (Fig. S5). With increasing volume of TiSe2-x@Au, the con
centration of PPD, pH, temperature, and reaction time, the absorption 
intensities at 413 nm increase quickly in a certain range and then 
become relatively stable so that the optimal parameters can be identi
fied. The concentration of GOx is determined to be 1 mg/mL to ensure 
good catalytic effects. It should be noted that the TiSe2-x becomes 
amorphous after reaction (Fig. S6a) while the TiSe2-x@Au nano
composites show great stability as the crystal planes of TiSe2-x@Au 
nanocomposites are intact before and after the reaction (Fig. S6b), 
indicating the decoration of AuNPs can also enhance the stability of 
TiSe2-x. To highlight the reusability of the TiSe2-x@Au nanocomposites, 
the TiSe2-x@Au nanocomposites were collected after the reaction by 
centrifugation. The recycled TiSe2-x@Au nanocomposites exhibit slight 
reduction in catalytic performance for the second cycle as the absorption 
intensity at 413 nm only reduces by 3.2% (Fig. S6c). The further 
reduction of catalytic performance for more cycles could be due to the 
aggregation or degradation of TiSe2-x@Au nanocomposites. 

The TiSe2-x@Au colorimetric system is assessed with different con
centrations of H2O2 or glucose under the optimized conditions (20 μL 

TiSe2-x@Au nanocomposites, 50 mM PPD, pH 5.6, 40 ◦C, 40 min and 1 
mg/mL GOx). In 5 mM H2O2, the color of PPD + H2O2 + TiSe2-x@Au 
changes from colorless to brown-yellow and deepens gradually. The 
absorption intensity at 413 nm increases with addition of H2O2 (Fig. 5a). 
As shown in Fig. 5b and c, the catalytic system for H2O2 exhibits a good 
linear relationship in the range of 0.004 mM–1 mM. The corresponding 
equation is y = 1.6534x + 0.0874 (R2 = 99.85%) with a detection limit 
(LOD) of 0.0024 mM (LOD = 3s/κ, s = 0.001297, and κ = 1.6534, where 
s represents the standard deviation of 10 blank groups and κ represents 
the slope in the linear relationship). Additionally, Fig. 5b shows a slope 
difference at higher concentration of H2O2, indicating that another re
action occurs with further addition of H2O2. It may be due to the 
different reaction states of the nanomaterials with H2O2 because it is 
easier for H2O2 to react with TiSe2-x@Au at low concentrations (Mi et al., 
2018; Peng et al., 2019; Song et al., 2020). 

Encouraged by the superior sensitivity of the TiSe2-x@Au colori
metric system for H2O2, the detection of glucose follows the reaction (1):  

Glucose + O2 → H2O2 + Gluconic acid.                                             (1) 

As GOx catalyzes glucose to form H2O2 and gluconic acid, the 
generated H2O2 is proportional to the original concentration of glucose. 
Subsequently, with reference to the linear detection range of H2O2, the 
detection ability of glucose in the range of 0 mM–1 mM of the TiSe2- 

x@Au catalytic system is studied. The color change and absorbance 
evolution with increasing concentrations of glucose are similar to those 
of H2O2 (Fig. 5d). Fig. 5e and f show that the linear range is 0.015 
mM–0.6 mM with the equation y = 0.9834x + 0.0916 (R2 = 99.79%) 
with the LOD of 0.0037 mM (LOD = 3s/κ, s = 0.001198, and κ =
0.9834), which is superior to that of most other nanomaterials-based 
glucose colorimetric methods (Table S3). Also, the reaction time is 
comparable to other colorimetric methods. 

3.4. Glucose detection in human serum 

The common potential interferences in serum such as biomolecules 
(Suc, Gly, AA, GSH, CA, and urea) and metal ions (K+, Na+, Ca2+, Mg2+, 

Fig. 5. (a) UV–vis spectra and corresponding photos of different concentrations of H2O2 (concentrations from bottom to top: 0.004, 0.02, 0.04, 0.12, 0.2, 0.32, 0.4, 
0.48, 0.5, 0.8, 1, 2, 5 mM) for the TiSe2-x@Au colorimetric system; (b) Changes in the peak intensity at 413 nm with increasing concentration of H2O2 (n = 3); (c) 
Linear plot of the absorbance at 413 nm versus concentration of H2O2 (n = 3); (d) UV-vis spectra and corresponding photos of different concentrations of glucose 
(concentrations from bottom to top: 0.015, 0.03, 0.06, 0.12, 0.18, 0.3, 0.45, 0.6, 0.75, 0.9, 1 mM) in the TiSe2-x@Au colorimetric system; (e) Changes in the peak 
intensity at 413 nm with increasing concentration of glucose (n = 3); (f) Linear plot of the absorbance at 413 nm versus glucose concentration (n = 3). 
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and Zn2+) are set as the control groups to demonstrate the specificity of 
the TiSe2-x@Au catalytic system. Compared with the significant absor
bance by glucose, the common interferences do not show noticeable 
absorbance at 413 nm even though the concentration (6 mM) is 10 times 
that of glucose (0.6 mM) (Fig. S7). The difference in the absorbance at 
413 nm between glucose and the common interferences is significant (p 
< 0.05), revealing that the TiSe2-x@Au catalytic system has a specific 
glucose detection capability. 

This colorimetric method is further applied to the detection of blood 
glucose in human serum samples. A linear relationship between the 
absorption intensity at 413 nm and blood glucose is established for the 
TiSe2-x@Au system by analyzing 7 serum samples with known glucose 
concentrations determined by a commercial blood glucose meter from 
the hospital. As shown in Fig. S8a, the absorption at 413 nm increases 
gradually with blood glucose concentration, and the linear range from 
0.12 mM to 0.52 mM can be fitted by the equation y = 0.4881x + 0.0812 
(R2 = 99.43%) (Fig. S8b). Afterward, 12 serum samples with unknown 
glucose concentrations are measured based on the calibration chart. 
Fig. S8c shows that the 12 serum samples all produce obvious absorption 
peaks at 413 nm and the intensities are converted into glucose con
centrations (Table 1). Compared with those measured in the hospital, 
the results obtained by the TiSe2-x@Au system are highly consistent with 
a relative standard deviation (RSD) of less than 6%), suggesting that this 
colorimetric method has great accuracy and prospect in clinical blood 
glucose monitoring. 

4. Conclusion 

A simple and sensitive colorimetric method is designed and 
demonstrated for glucose detection using Se-vacancy-rich TiSe2-x@Au 
nanocomposites as nanozymes. The TiSe2-x@Au nanocomposites are 
synthesized by an easy reduction technique. Compared with TiSe2-x 
nanosheets, the Se-vacancy-rich TiSe2-x@Au nanocomposites exhibit 
enhanced peroxidase-like activity to selectively catalyze PPD to oxPPD 
which shows an absorption peak at 413 nm in the presence of H2O2, and 
visible changes from colorless to brown. This selective reaction avoids 
the interference by possible self-oxidation of PPD. Theoretical calcula
tions reveal that the Se vacancies inhibit the free reaction and promote 
both the activity and selectivity of PPD oxidation. By coupling with GOx, 
the TiSe2-x@Au colorimetric system exhibits a wide linear range of 0.015 
mM–0.6 mM and a low LOD of 0.0037 mM in glucose detection. The 
clinical feasibility is confirmed with human serum samples and the 
performance is comparable to that of a commercial glucose meter. The 
colorimetric system has great potential in clinical application and the 
results provide insights into the future design of nanozymes. 
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Fig. S1. (a) SEM image of TiSe2 powders (inset showing a photo of the TiSe2 powders) 

and (b) XRD pattern of TiSe2 powders. 
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Fig. S2. (a) AFM image of TiSe2-x nanosheets and (b) Thickness line scan of TiSe2-x 

nanosheets. 
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Fig. S3. (a) Photo of TiSe2-x nanosheets and TiSe2-x@Au nanocomposites dispersed in 

DMF and (b) UV-vis spectra of TiSe2-x nanosheets (blue line) and TiSe2-x@Au 

nanocomposites (red line). 
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Fig. S4. XPS Ti 2p and Se 3d spectra of TiSe2-x nanosheets and TiSe2-x@Au 

nanocomposites.  
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Fig. S5. Optimized experiments of the TiSe2-x@Au colorimetric system: (a) 

Concentration of TiSe2-x@Au nanocomposites (n=3), (b) Concentration of PPD (n=3), 

(c) pH (n=3), (d) Reaction temperature (n=3), (e) Reaction time (n=3), and (f) 

Concentration of GOx. 

 

The optimal concentration of TiSe2-x@Au in the reaction is determined by 

adjusting the volume of TiSe2-x@Au with a fixed concentration.  As shown in Fig. S5a, 

the absorbance at 413 nm increases linearly until the volume of TiSe2-x@Au is 20 μL.  

Therefore, a volume of 20 μL is chosen as the optimal value.  Similarly, when the 

concentration of PPD increases to 50 mM, the absorbance rises to a stable plateau (Fig. 

S5b) and 50 mM PPD is the optimum value for the colorimetric reaction.  The pH 

range is adjusted by distilled water or HAc-NaAc buffer and NaOH solution.  As 
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shown in Fig. S5c, the absorbance at 413 nm is the largest in an acidic solution (pH = 

5.6 measured by an acidity meter).  Therefore, 5.6 is the optimum pH.  Similar 

phenomenon has been reported in previous work (Jiang et al., 2020), and this could be 

due to the adsorbed state and the stability difference of the PPD under different pH.  

The absorbance at 413 nm increases gradually from 25 °C to 60 °C (Fig. S5d) and the 

optimal temperature is determined to be 40 °C because GOx can better catalyze the 

oxidation of glucose between 30 °C and 40 °C to promote the subsequent experiments.  

In the presence of 0.5 mM H2O2, the reaction time of the PPD + H2O2 + TiSe2-x@Au 

system is varied continuously under the aforementioned optimized conditions and the 

absorbance becomes after 40 min (Fig. S5e).  Hence, 40 min is the optimal reaction 

time of the colorimetric system.  Finally, the concentration of GOx is investigated in 

the range between 0.1 mg/mL and 10 mg/mL.  With the exception of 0.1 mg/mL GOx, 

there is no significant difference in the absorbance for the other concentrations of GOx 

(Fig. S5f).  To ensure good catalytic effects, the amount of enzyme should be reduced 

as much as possible and the concentration of GOx is determined to be 1 mg/mL. 
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Fig. S6. (a, b) XRD patterns of TiSe2-x and TiSe2-x@Au before (blue line) and after (red 

line) the reaction. (c) Recycling of the TiSe2-x@Au for the selective reaction.  The 

intensity ratio at 413 nm for 5 cycles.  
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Table S1. DFT-optimized adsorption energies of PPD adsorbing on TiSe2 for two 

adsorption geometries: parallel and vertical. 

 

Adsorption sites Adsorption Energies (eV) 

Parallel -0.63 

Vertical -2.82 
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Table S2. DFT-optimized adsorption energies of PPD adsorbing on TiSe2-x for seven 

adsorption geometries: parallel 1-2, parallel 2-7, parallel 6-34, vertical 1-2, vertical 6-

2, vertical 6-3, and vertical 2-7. 

 

Adsorption sites Adsorption Energies (eV) 

Parallel 1-2 0.71 

Parallel 2-7 0.56 

Parallel 6-34 0.80 

Vertical 1-2 -2.73 

Vertical 6-2 -2.86 

Vertical 6-3 -3.00 

Vertical 2-7 -2.84 

 

 

 

 

 

 

 

  



11 
 

Table S3. Comparison of nanomaterials-based colorimetric methods for glucose 

detection. 

Nanomaterials Substrates 
Absorbance 

peak (nm) 

Reaction 

time (min) 

Linear range 

(mM) 

LOD 

(mM) 
Refs. 

Ti3C2 NSs TMB 652 - 0.01 - 0.32 0.00882 
(Wu et al., 

2020) 

Cu-Ag-RGO TMB 652 30 0.001 - 0.03 0.00382 
(Darabdhara 

et al., 2017) 

WSe2 NSs TMB 652 - 0.01 - 0.06 0.01 
(Chen et al., 

2017) 

Au@WSe2 TMB 652 30 0.01 - 0.5 0.00366 
(Hong et al., 

2021) 

MoSe2 NSs TMB 652 - 0.04 - 0.4 0.028 
(Jiang et al., 

2020) 

Ce-MoSe2 NSs TMB 652 35 0.01 - 0.05 0.00169 
(Singh et al., 

2022) 

Cys-MoS2 NFs ABTS 414 30 0.05 - 1 0.03351 
(Yu et al., 

2018) 

CoOOH@Cu 

NSs 
OPD 450 20 0.025 - 2.5 0.00738 

(Cheng et al., 

2022) 

OSiNDs PPD 510 20 0.0005 - 0.5 0.00036 
(Li et al., 

2020) 

TiSe2-x@Au PPD 413 40 0.015 - 0.6 0.0037 This work 
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Fig. S7. Specificity of the TiSe2-x@Au catalytic system for glucose detection (Glucose 

concentration = 0.6 mM; interference concentration = 6 mM) (n=3).  
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Fig. S8 (a) UV–vis spectra versus blood glucose concentrations in the serum samples 

for the TiSe2-x@Au colorimetric system, (b) Linear plot of absorption intensity at 413 

nm versus blood glucose concentration (n=3), and (c) Changes of peak intensity at 413 

nm for different blood glucose concentrations in the serum samples.  
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