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Abstract
Nanozyme is a promising field that offers the substitution for natural enzymes using various nanomaterials. Various nanoma-
terials with peroxidase-like activity were investigated. Among them, transition metal chalcogenides were explored as promis-
ing nanozymes due to their excellent enzyme-mimicking activities. However, ruthenium selenide has not been studied as a 
peroxidase mimic because of the difficulty for synthesis. Herein, we prepared ruthenium selenide nanomaterial with ordered 
mesoporous structure (P-RuSe2) employing KIT-6 silica as the template. The composition and structure of P-RuSe2 were fully 
characterized. Further, its peroxidase-like activity was investigated. P-RuSe2 possessed excellent peroxidase-mimicking activ-
ity, which catalyzed the oxidation of peroxidase substrates, including 3,3′,5,5′-tetramethylbenzidine, o-phenylenediamine, 
and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) in the presence of  H2O2. Moreover, P-RuSe2 exhibited higher 
peroxidase-like activity when compared with several representative nanozymes as well as bulk  RuSe2. To demonstrate its 
potential applications, the colorimetric detection systems for  H2O2 and glucose were successfully constructed based on 
P-RuSe2 nanozyme.

Keywords Nanozymes · Peroxidase mimics · Artificial enzymes · Ruthenium selenide · Bionanotechnology · Glucose 
bioassay

1 Introduction

Enzymes have high specificity and catalytic activity under 
mild conditions. However, they are easy to be deactivated 
under harsh conditions and their production is costly, which 
have hindered their practical applications [1]. Therefore, 
artificial enzymes with higher stability and lower cost 
have been developed to overcome these disadvantages 
[2]. Among them, nanomaterials with enzyme-like activi-
ties (i.e., nanozymes) have received considerable attention 
recently [1, 3–22]. Till now, numerous enzymes (such as 
peroxidase, oxidase, catalase, superoxide dismutase, and 
hydrolase) have been mimicked using various nanomate-
rials. [1] We are particularly interested in peroxidase-like 
nanozymes because of their use in biosensing, biomedical 
imaging, therapeutics, etc., [1, 23–34].  Fe3O4 nanoparti-
cles were first found to possess peroxidase-like activity [3]. 
Since then, various nanomaterials (such as carbon, metals, 
metal oxides, and transition metal chalcogenides) have been 
investigated to mimic peroxidases [35–40]. For example, 
transition metal chalcogenides (such as CuS,  WS2, NiTe, 
and  MoS2) have been explored as peroxidase mimics for 
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 H2O2 and glucose sensing [41–50]. Metallic ruthenium 
and iridium nanoparticles were also studied as peroxidase 
mimics, but their respective chalcogenides have yet been 
explored [30, 51–53]. This was partially because of the diffi-
culty in synthesizing nanostructured ruthenium (or iridium) 
chalcogenides. Recently, Goodenough and co-workers pre-
pared  RuSex nanoparticles using a supercritical-fluid (SCF) 
process [54]. Obviously, it is still challenging to develop a 
facile method to prepare ruthenium selenide nanomaterials 
with well-controlled morphology [55, 56]. To tackle this 
challenge, herein we reported the synthesis of porous  RuSe2 
nanoparticle and investigated its peroxidase-like activity.

Many factors can affect the activity of nanozymes, such 
as shape, composition, surface structure, etc., [40, 57–60]. 
Nanozymes with larger surface areas are considered more 
favorable for enhancing catalytic activity because more 
active sites would be exposed. The porous nanostructures 
can provide larger surface areas compared with the corre-
sponding bulk materials. In this regard, we envisioned that 
porous  RuSe2 nanoparticles may possess higher peroxidase-
like activity.

Hard template synthesis is a well-known strategy to pro-
duce porous nanomaterials with large surface area and uni-
form pore distribution. In this work, we chose cubic Ia3d 
mesoporous silica KIT-6 as a hard template to produce 
 RuSe2 material with 3D ordered porous network structure 
(P-RuSe2). We showed that P-RuSe2 possessed excellent per-
oxidase-mimicking activity, which was then used for sensing 
of glucose with the combination of glucose oxidase (GOx).

2  Experimental Section

2.1  Chemicals and Materials

RuCl3·xH2O, selenium powder, ethanol, n-butanol, hydro-
fluoric acid (40%), hydrochloric acid (37%), o-phenylen-
ediamine (OPD), and polyethylene oxide–polypropylene 
oxide–polyethylene (PEO-PPO-PEO, P123) were purchased 
from Sinopharm Chemical Reagent Co., Ltd. Hydrogen per-
oxide (30%), tetraethyl orthosilicate (TEOS), 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and 
3,3′,5,5′-tetramethylbenzidine dihydrochloride (TMB) were 
from Aladdin Chemical Reagent Co., Ltd. All chemical rea-
gents were utilized as received without any further purifica-
tion. All aqueous solutions were prepared using deionized 
water (18.2 MΩ•cm, Millipore).

2.2  Instrumentation

Scanning electron microscopy (SEM) images were obtained 
using a Zeiss Ultra55 microscopy. Transmission electron 
microscopy (TEM) images were collected on a JEM-200CX 

microscope at an acceleration voltage of 200 kV. Powder 
X-ray diffraction (XRD) data was obtained on a Rigaku 
Ultima diffractometer. X-ray photoelectron spectroscopy 
(XPS) data was collected on a PHI 5000 VersaProbe elec-
tron spectrometer. UV–visible absorption spectra were 
recorded with a TU-1900 spectrophotometer. Nitrogen 
adsorption–desorption isotherm was measured using a 
Quantachrome Autosorb-IQ-2C-TCD-VP analyzer, and 
the surface area and pore size were calculated with the 
Brunauer–Emmett–Teller (BET) method and the Barrett-
Joyner-Halenda model, respectively. Plate reader data was 
collected using a Tecan Infinite 200 Pro microplate reader.

2.3  Synthesis of Mesoporous KIT‑6 Silica Templates

KIT-6 silica was prepared according to the previous litera-
ture. [61] Briefly, 20 g of P123 and 34 mL of HCl solu-
tion were added to 720 mL of deionized water and stirred 
in a polypropylene bottle. After the P123 dissolved, 20 g 
of n-butanol was added and stirred at 34 °C for 1 h. The 
solution was stirred at 34 °C for another 24 h after adding 
43 g of TEOS. The product was collected by filtration and 
washed with deionized water. KIT-6 silica was obtained after 
calcination with 2 °C/min ramp to 550 °C for 5 h. The final 
product was dried overnight.

2.4  Synthesis of P‑RuSe2

1 g of  RuCl3·xH2O was dissolved into 10 mL of ethanol. 
Then, 1 g of calcined KIT-6 template was added into  RuCl3 
solution under stirring. The temperature of the solution was 
raised to 60 °C and stirred until ethanol evaporated. After 
loading into KIT-6 templates, the  RuCl3 salt was placed 
in one crucible, and 0.5 g selenium powder was placed in 
another crucible. These two crucibles were loaded into a 
quartz tube furnace, where the selenium powder was placed 
upstream. Then, the sample was heated to 550 °C at a ramp 
rate of 2 °C/min and maintained at 550 °C for 2 h under 
a forming gas of 10%  H2 in argon. Finally, P-RuSe2 was 
obtained by removing KIT-6 silica templates with HF solu-
tion (1 M).

2.5  Synthesis of Bulk‑RuSe2 (B‑RuSe2)

B-RuSe2 was obtained using the same protocol with P-RuSe2 
in the absence of the KIT-6 template.

2.6  Peroxidase‑Like Activity Measurements

P-RuSe2 nanozyme (1  mg/mL, 5 μL) was added into 
NaOAc–HOAc buffer (100 mM, pH 4.5) containing  H2O2 
(250 mM, 10 μL) and TMB (or OPD or ABTS) (25 mM, 
10 μL). The final volume of the mixture was adjusted 
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to 1 mL with the buffer solution. Then, the absorption 
spectra of the mixture were measured with a UV–visible 
spectrophotometer.

2.7  H2O2 and Glucose Assays

H2O2 assay was conducted as follows. P-RuSe2 nanozyme 
(100 μg/mL, 10 μL) was added into the buffer (70 μL, pH 
4.5), then  H2O2 with different concentrations (10 μL) and 
TMB (2.5 mM, 10 μL) were added. The reaction solution 
was well mixed immediately and then incubated at room 
temperature for 15 min. The absorbance at 652 nm of the 
reaction solution was then monitored with a microplate 
reader.

Glucose assay was conducted as follows. First, GOx 
(20 mg/mL, 10 μL) and the buffer (90 μL, pH 7.0) containing 
glucose with different concentrations were mixed and incu-
bated at 37 °C for 30 min. Then, the buffer (88 μL, pH 4.5), 
P-RuSe2 nanozyme (1 mg/mL, 2 μL) and TMB (2.5 mM, 
10 μL) were added, which was incubated for another 15 min 
reaction. The absorbance at 652 nm of the reaction solution 
was then monitored with a microplate reader.

3  Results and Discussion

3.1  Characterization of P‑RuSe2

To verify the 3D network structure of P-RuSe2, SEM imag-
ing was employed. As shown in Fig. 1a, ordered porous 

structures of P-RuSe2 were observed, which were composed 
of interconnected smaller nanoparticles. The XRD meas-
urement was carried out to confirm the purity and phase 
of P-RuSe2. As shown in Fig. 1b, the peaks at 30.1°, 33.7°, 
37.1°, 51.0°, and 58.1° matched well with the (200), (210), 
(211), (311), and (321) reflections of pyrite-type  RuSe2 
(JCPDS no. 80-0670), respectively. Note, a small peak at 
around 47° (as the * indicated) agreed with the crystal struc-
ture of  SeO2 (JCPDS no. 81-1001) appeared, which may 
be resulted from the oxidation of selenium powder during 
the synthesis process. To further characterize the 3D porous 
network morphology and crystal structure of P-RuSe2, TEM 
imaging was carried out. TEM image (Fig. 1c) demonstrated 
that the porous network nanostructure was composed of 
spherical nanoparticles with the diameter of about 5 nm. 
High-resolution TEM image (Fig. 1d) revealed the highly 
crystalline fringes of P-RuSe2.

The large surface area and high porosity are the critical 
feature of porous nanostructures. To study the porous nature 
of P-RuSe2, the  N2 adsorption and desorption isotherms were 
measured (Fig. 2a and 2b). The BET surface area of P-RuSe2 
was 131.70 m2 g‒1, and the BJH sorption pore volume was 
0.2 cm3 g‒1. The BET surface area of B-RuSe2 was only 
10.03 m2 g−1 (Supplementary Fig. 1). Meanwhile, the char-
acteristic jump attributed to the capillary condensation and 
the hysteresis loop of desorption curve of mesoporous struc-
tures were observed (Fig. 2a). The average pore diameter 
was about 6.1 nm using the BJH calculation model (Fig. 2b). 
The composition of P-RuSe2 was investigated using XPS 
spectroscopy. The atomic ratio of Ru and Se was around 

Fig. 1  a SEM image of 
P-RuSe2. b Powder XRD pat-
terns of P-RuSe2 and pyrite-
type  RuSe2 (JCPDS 80-0670). 
Low resolution (c) and high 
resolution (d) TEM images of 
P-RuSe2
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1:2 according to the area integration of the peaks of Ru 3p 
and Se 3d, indicating the  RuSe2 formulation. As shown in 
Fig. 2c, the spectrum of Ru 3p was deconvoluted into  Ru2+ 
and  Ru4+ at 462.06 eV and 462.78 eV, respectively.  Ru4+ 
was originated from  RuSe2, whereas  Ru2+ could be from 
RuSe (Fig. 2c and Supplementary Fig. 2) [62]. The Se 3d 
XPS spectrum (Fig. 2d) suggested that Se 3d was mainly 
at 54.81 eV, which was attributed to  Se2−. In addition, the 
peak at 58.63 eV was corresponding to the oxidation-state of 
Se  (Se4+), which revealed that little selenium was oxidized 
during the synthesis process and agreed well with the XRD 
pattern. The generation of selenium oxide could not only 
inhibit the further growth of  RuSe2 nanoparticles and was 
beneficial to the morphology control, but could also prevent 
the material from oxidation by oxygen in air or solution and 
improve the stability of P-RuSe2. [63].

3.2  Peroxidase‑Like Activity

To examine the peroxidase-like activity of P-RuSe2, typical 
colorimetric substrates of peroxidases (i.e., TMB, ABTS, 
and OPD) were used. As shown in Fig. 3, only the systems 

containing nanozyme, peroxidase substrates, and  H2O2 pro-
duced colored products and showed obvious absorbance at 
652 nm (TMBox), 418 nm (ABTSox), and 448 nm (OPDox), 
respectively. The result indicated that the catalytic oxidation 
of the substrates by P-RuSe2 in the presence of  H2O2. The 
nanozyme concentration-dependent activity was tested. The 
reaction rate increased with the increase of nanozyme con-
centration from 0 to 30 μg/mL (Supplementary Fig. 3a, b). 
Moreover, the pH- and temperature-dependent activity tests 
demonstrated that the optimum reaction pH and temperature 
were 4.5 and 60 °C, respectively (Supplementary Fig. 3c, d).

To obtain insights of the peroxidase-like activity of 
P-RuSe2, the steady-state kinetics was investigated (Supple-
mentary Fig. 4). With increasing the substrate concentration, 
the velocity increased gradually, and reached a plateau. This 
result showed that the nanozyme catalytic reaction obeyed 
the classic Michaelis–Menten kinetics. The kinetics parame-
ters are summarized in Supplementary Table 1. The Michae-
lis–Menten constant (Km) of TMB and  H2O2 were 1.207 mM 
and 0.936 mM, respectively, which indicated that the affin-
ity of P-RuSe2 to  H2O2 was higher than natural horseradish 
peroxidase (HRP) (3.700 mM) and the affinity to TMB was 

Fig. 2  a  N2 adsorption–desorption isotherm of P-RuSe2. b Pore size distribution curve of P-RuSe2. XPS spectra of Ru 3p (c) and Se 3d (d) of 
P-RuSe2
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lower than HRP (0.434 mM). Besides, the maximum initial 
velocity (vmax) of TMB and  H2O2 were 72.410 × 10‒8 Ms‒1 
and 13.193 × 10‒8 Ms‒1, which were larger than HRP and 
several representative nanozymes (Supplementary Table 1). 
Moreover, we have prepared bulk-RuSe2 (B-RuSe2), and 
measured its kinetic parameters for peroxidase-like activity 
(Supplementary Fig. 5, Supplementary Fig. 6 and Supple-
mentary Table 1). It is clear that B-RuSe2 exhibited higher 
vmax than nanozymes reported previously but lower than 
P-RuSe2. The result indicated that porous  RuSe2 was more 
promising candidate than other compounds for peroxidase-
like nanozymes and bulk  RuSe2.

3.3  H2O2 and Glucose Detection

Based on the excellent peroxidase-like activity of P-RuSe2, 
the analytical application for detection of  H2O2 and glucose 
were conducted.

Under the optimized conditions, we investigated the 
response to  H2O2 at the concentration below 1000 μM. 
As shown in Fig. 4, two linear ranges were observed (i.e., 
5‒200 μM and 200‒1000 μM). The relationships between 
UV–visible absorbance and  H2O2 concentration were well 

fitted by the equations: y = 5.12 × 10−4 x + 0.07 (R2 = 0.9975) 
and y = 1.15 × 10−4 x + 0.15 (R2 = 0.9990) (y and x repre-
sent absorbance at 652 nm and the  H2O2 concentration), 
respectively.

Then, the detection of glucose, a biologically important 
molecule, was carried out with the combination of GOx. 
Glucose was oxidized by oxygen to generate  H2O2 in the 
presence of GOx. Then, the as-produced  H2O2 reacted with 
the substrate TMB in the presence of P-RuSe2 to produce 
colorimetric signals. The absorbance at 652 nm showed 
gradual increase with increasing glucose concentration, 
and reached a plateau when the concentration was higher 
than 2000 μM (Fig. 5a). As shown in Fig. 5b, the linear 
relationship between the absorbance at 652 nm and glucose 
concentration in the range of 5‒250 μM was fitted well by 
the equation: y = 2.86 × 10−4 x + 0.05 (R2 = 0.9828) (y and x 
represented Absorbance at 652 nm and glucose concentra-
tion, respectively). The selectivity of the developed colori-
metric assay for glucose was investigated using other sugars 
such as sucrose, lactose, and fructose. As shown in Fig. 5c, 
the other glucose analogues with a high concentration of 
5 mM exhibited a negligible absorbance when compared 
with 1 mM glucose.

Fig. 3  Peroxidase-like activity of P-RuSe2. UV–visible spectra of (a) 
TMB-H2O2, (b) ABTS-H2O2, and (c) OPD-H2O2 systems, respec-
tively. Inset: the reacted solutions in presence of  H2O2, P-RuSe2, and 

peroxidase substrates. The concentrations of TMB, ABTS, and OPD 
were 0.25  mM, and the concentrations of P-RuSe2 and  H2O2 were 
5 μg/mL and 2.5 mM, respectively

Fig. 4  a Plot of absorbance at 652 nm versus  H2O2 concentration. The liner fitting in the range of 5‒200 μM (b) and 200‒1000 μM (c). Error 
bars indicate standard deviations of six independent measurements
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4  Conclusions

We prepared P-RuSe2 with 3D ordered mesoporous nano-
structures using KIT-6 silica templates and investigated its 
peroxidase-like activity. The experimental results showed 
that  RuSe2 possessed better peroxidase-like activity com-
pared with other representative nanozymes. Meanwhile, 
P-RuSe2 showed higher peroxidase-like activity than 
B-RuSe2, demonstrating the unique advantages of the porous 
nanostructure. We then used P-RuSe2 nanozyme to develop 
the detection systems for  H2O2 and glucose. The current 
study not only developed a synthetic method for P-RuSe2, 
but also expanded the nanomaterials for peroxidase mimics.
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