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ABSTRACT

Silver nanoparticles were synthesized and then characterized by different characterization methods. The as-prepared 
nanozymes were found to be uniform in size and morphology with a mean size as small as 11.8 nm and high 
peroxidase-like activity. Considering the high intrinsic peroxidase-like activity of silver nanoparticles, the time 
course studies were performed toward both reversible and irreversible nanozyme-mediated oxidation reactions. 
3,3’,5,5’-Tetramethylbenzidine (TMB) and 3,3’-Diaminobenzidine (DAB) were selected as model substrates to study 
the reversible and irreversible oxidations, in order. The results revealed that the maximal activity of the silver 
nanozymes was achieved within 3.0 min toward TMB oxidation while regarding DAB, the steady-state plateau was 
observed after a reaction time as long as 25.0 min, indicating that the active nodes of the silver nanoparticles were 
completely saturated by TMB molecules 6.5-fold faster than the DAB molecules. Regarding time-dependent activity 
measurements, the nanozyme activity reached about 32% of its maximal activity toward DAB oxidation after a long 
oxidation time of 300 sec while for TMB oxidation, 32% of maximal nanozyme activity was observed after 30 sec 
(i.e., 10.0-fold faster than that of DAB). More precisely, the magnified slope (i.e., rate of change) of the initial linear 
portion of the reaction time curve of TMB oxidation (slope=0.6286) shows about a 10-fold higher reaction rate 
than the DAB oxidation (slope=0.0636). As a consequence, the as-prepared silver nanoparticles are more efficient 
oxidizing catalysts for the oxidation of TMB than DAB. 
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nanozymes can catalyze the oxidation of peroxidase substrates to their 
corresponding colored products, they have been used for analytical 
purposes [1-7]. Usually 3,3’,5,5’-Tetramethylbenzidine (TMB) and 
3,3’-Diaminobenzidine (DAB) substrates have been used as the 
peroxidase substrates, and their corresponding oxidation products 
were utilized as the analytical probes for sensing aims [1-7]. In this 
regard, a wide variety of nanozymatic nanosensors were reported 
in the literature for determining different analytes, for instance, 
amino acids (such as cysteine and tryptophan), antioxidants (e.g., 
glutathione), heavy metals (e.g., mercury), explosives, sugars (e.g., 
glucose), enzyme substrates (e.g., xanthine), hydrogen peroxide, 
and so on [25-31]. However, regarding the majority of these 
nanozyme-based sensors, the analytical probe systems are based on 
TMB oxidation and the analytical probe is the blue cation radicals 
resulting from nanozyme-mediated oxidation of TMB molecules 
[2]. The sensing is based on probing the absorbance of blue-colored 
analytical probes as a function of analyte concentration for the 

INTRODUCTION

Nanozymes or nanoparticles with excellent enzyme-like activity 
are attracted much attention due to their stability and higher 
efficiency compared to natural enzymes [1-7]. Natural enzymes 
show several disadvantages such as low stability (thermal and 
narrow pH range) [8]. For overcoming these drawbacks, the enzyme 
immobilization process has been developed [9-13]. The recent 
progress in nanochemistry and material science opens a new door 
for developing high-performance nano-supports such as Metal-
Organic Frameworks (MOFs), catalytic materials, and nanoparticles 
with enzyme-like activity [14-20]. Several of the above-mentioned 
nanoparticles reveal high peroxidase-like activity which can be used 
instead of enzymes in the reactions. Recently, nanozymes had been 
used for different applications for instance, analytical sensing of 
species, biocatalysis of reactions instead of natural enzymes, water 
treatment, dye degradation, sensing, and detection [21-24]. Since 
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mixed for 20 minutes at room temperature. The synthesis process was 

hours at the ambient temperature. After this time, the AgNP’s were 
collected and stored at 4.0 ± 1.0 ℃.

Time course study of oxidation reactions

To do the oxidation reactions, DAB and TMB were utilized as 
peroxidase substrates. Regarding the DAB oxidation process, 80.0 
μL silver nanoparticles, 200.0 μL DAB solution, and 40.0 μL of 30% 
hydrogen peroxide were introduced into 680.0 μL phosphate buffer 
(pH=7.0 ± 0.1), followed by incubation for different times intervals 
over 5-30 minutes at room temperature. The colored products of the 
oxidation process with different incubation times were analyzed by 
UV-Vis spectrophotometer at 460.0 nm for monitoring resulted DAB-
ox and calculation of the nanozymatic relative activity. For probing the 
TMB oxidation, 80.0 μL of nanozyme solution, 200.0 μL of TMB, and 
40.0 μL of 30% hydrogen peroxide were added into 680.0 μL acetate 
buffer (pH=4.0 ± 0.1). The resulting mixtures were then incubated at 
ambient conditions for different time intervals over 0.5-10.0 minutes. 
After a certain reaction time, the resulting blue-colored TMB-ox was 
analyzed by recording its absorbance at 650.0 nm. It is notable that the 
relative nanozymatic activity (%) was calculated based on the following 
formula; 

Instrumentation for material characterization

A CTChromTech UV 3300 UV-Visible spectrophotometer was 
utilized for time course studies. The TEM image and DLS pattern of 
the designed nanozymes were recorded by an EL10C Zeiss transmission 
electron microscope operating at an accelerating voltage of 80 kV 
and a Shimadzu SALD-301 V particle size analyzer model, in order. 
The XRD spectrum of the designed nanozymes was obtained using a 
Rigaku D/max-3C (Japan) with Cu-Kα (λ=1.54 nm) radiation power.

RESULTS AND DISCUSSION

Characterization of silver nanozymes

TEM imaging for evaluation of size and morphology: Silver nanoparticles 
were synthesized and then characterized for their size and morphological 
properties. In this regard, the TEM image of the as-prepared 
nanozyme was recorded (Figure 1), as shown in this figure, the as-
prepared silver nanoparticles showed uniform morphology with 
spherical particles. In addition, the as-prepared nanozymes showed a 
narrow size distribution over 8.3-12.6 nm with an average size of 11.4 nm. 

Hydrogen Peroxide (HP) detection and for the HP-based nanozyme 
sensors. In fact, the HP-based nanozymatic sensors are a class of 
nanozyme-based sensors for indirect detection of some analytes 

released from the reaction of the analyte with a certain reactant, as 
reported [2,4,23,30]. Besides the native absorbance of the analytical 
probe, the variation of the absorbance in the presence and the 
absence of a certain analyte had to be used as an analytical index 
for the quantification of different analytes using the nanozymatic 
sensors [3,7]. Besides the TMB, after the first report [7], of the 
application of DAB as a more stable probe than the TMB for 
developing nanozyme-based sensors with higher response stability 
and accuracy that the unstable responses of the resulted from 
cation radicals from TMB, several works were reported for DAB-

n-electron irreversible oxidation of 3,3′-Diaminobenzidine (DAB) 
to a stable brown colored indamine polymer rather than common 
cation radicals resulting from TMB [3,4,6,23]. Since the focus of 
the nanozyme field is on their application in different fields such as 
sensing and detection, the reports on the biochemical behavior of 
nanozyme-based systems are on limitation. As it is well-known that 
among different nanomaterials with intrinsic enzyme-like activity, 
noble metal nanoparticles such as gold and silver nanoparticles 
are considered excellent alternatives for the enzymes and had been 
widely used for different nanozymatic applications [32-37]. Hence, 
evaluation of their enzyme-like activity, biochemical properties, rate 
of nanozymatic reactions, and other enzymatic characteristics is 
necessary. Recently, our research group investigated the biochemical 
behavior and stability of gold nanoparticles toward nanozyme-
catalyzed reactions [38]. Besides, in another report, the kinetic 
performances of BSA-gold nanozymes were evaluated for oxidation 
of different substrates, TMB and DAB [39]. Herein, considering the 
high intrinsic peroxidase-like activity of silver nanoparticles [40], 
the time course progress of oxidation of TMB and DAB over silver 
nanoparticles as peroxidase alternatives was studied. In this regard, 
silver nanoparticles were synthesized and then characterized by 
TEM, DLS, XRD, and UV-visible spectrophotometry. Considering 
the high intrinsic peroxidase-like activity of silver nanoparticles, 
the time course studies were performed toward both reversible 
and irreversible nanozyme-mediated oxidation reactions. TMB and 
DAB were selected as model substrates for studying the reversible 
and irreversible oxidations, in order. To explore a more precise and 
accurate comparison between TMB and DAB oxidation process 
over silver nanoparticles, the initial linear portion of the reaction 
time curve of both substrates was constructed and their linear 
equations were provided as an accurate index for evaluating the 
difference of their reaction rate [41]. The main objective of this 
study is to find compressive insight into the nanozymatic reaction 
rates over nanosilvers and their relation with substrate nature 
and oxidation mechanism (reversible or irreversible) using time 
course studies as a reliable index for this aim. Overall, the results 
of this work exhibited that the oxidation of TMB more efficiently 
proceeded over silver nanoparticles than DAB. 

MATERIALS AND METHODS

Synthesis of AgNPs 

The synthesis was performed based on the process reported by 

mixed with 5.0 mL sodium citrate (10.0 mM). Afterward, 89.0 mL 
DI water was added to the mixture, and the resulting solution was 

Figure 1: TEM image of the as-prepared silver nanoparticles.

(e.g., triacetone-triperoxide and glucose)  their conversion 

followed by the quick addition of NaBH4 (8.8 mg) and stirring for 2.0 

Hormozi Jangi et al [34]. To do this, 5.0 mL of 10.0 mM AgNO3 was 

via to hydrogen peroxide or  monitoring the hydrogen peroxide 
via 

based nanozymatic sensors for sensing of several analytes the via 
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Time-course progress of TMB oxidation over silver 
nanoparticles

To evaluate the peroxidase-like activity of the as-prepared AgNPs, 
the oxidation of TMB was performed by hydrogen peroxide in 
the presence of AgNPs as peroxidase mimics. In this regard, the 
time course studies were performed by probing the blue-colored 

the plot of oxidation of TMB in the presence of AgNPs as a 
function of time was constructed by plotting the absorbance at 
650.0 nm as a function of reaction time (Figure 5A). As can be 
seen from this figure, the AgNPs can catalyze the oxidation of 
TMB to form a blue-colored product with a maximum absorbance 
at 650.0 nm. Based on the time-course studies, the oxidation of 
TMB was quickly proceeded by AgNPs, and the absorbance at 650 
nm reached to 1.9 after a short reaction time of 3.0 minutes. To 
explore more precise on reporting of the nanozymatic activity of 
the as-prepared silver nanozymes toward nanozyme-catalyzed TMB 
oxidation as a function of incubation time, the relative activity of 
the as-prepared silver nanozymes was also quantified and utilized 
for investigating the effect of incubation (reaction) time on the 
TMB oxidation process and consequently on producing the 
corresponding blue-colored cation radicals of TMB (i.e., TMB-
ox) (Figure 5B). According to these results, after a long oxidation 
time as long as five minutes, the nanozyme activity reached about 
32% of its maximal activity toward DAB oxidation. The oxidation 
process slowly proceeded and the nanozyme activity reached about 
54% after 12.0 minutes. The maximal activity of silver nanozymes 
was obtained after 20 minutes toward DAB oxidation. After this 
time, the incubation time could not affect the production of the 
poly (DAB), and therefore the relative activity of the nanozymes 
was leveled off. The results reveal that an incubation time over 
25.0 min was enough for active nodes presented on the surface 
of the silver nanoparticles, to be blocked by the substrate (DAB) 
molecules. In fact, the active nodes on the surface of the silver 
nanoparticles were completely saturated in 25.0 minutes by the 
DAB molecules. Considering this fact that the active nodes (the 
binding sites) on the surface of the nanozymes are limited, the 
saturation of the DAB molecules leads to the leveling off of the 
relative activity of silver nanozymes (Figure 5). 

DLS analysis for accurate size calculation: In order to accurately 
report the size distribution of silver nanozymes due to the effect 
of nanozyme size on their peroxidase-like properties, the size 
distribution of the as-prepared silver nanozymes was estimated 
using DLS analysis (Figure 2), according to this figure, the as-
synthesized nanozymes show a narrow size distribution range in the 
range of 8.2-13.2 with an average size of 11.8 nm, which is in good 
agreement with the results of TEM analysis.

XRD analysis for investigation of crystalline features: The crystalline 
properties of the synthesized silver nanozyme were investigated 
using XRD analysis (Figure 3). As can be seen in this figure, the 
results of XRD analysis indicate the presence of three peaks at the 
diffraction angles of 40.5˚, 44.8˚, and 59.9˚ for the as-synthesized 
silver nanozymes which are related to the cubic structure of silver.

UV-Vis spectrophotometry for evaluation of optical properties: 
The optical properties of silver nanozymes were investigated using 
visible-ultraviolet spectroscopy. For this purpose, the absorption 
spectrum of these nanozymes was recorded in the range of 330 
nm-480 nm (Figure 4). As it is clear in this figure, the synthesized 
nanozyme shows a relatively symmetrical spectrum in the visible 
region with an absorption maximum at the wavelength of 390 nm.

Figure 2: DLS pattern of the as-prepared silver nanoparticles.

Figure 3: XRD spectrum of the as-prepared silver nanozymes. 

Figure 4: The UV-visible spectrum of the as-prepared silver 
nanozymes.

product  spectrophotometric detection at 650.0 nm. Afterward, via 
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activity of nanozymes was also calculated and used as an index for 
investigating the time effect on the oxidation process of DAB for 
producing the corresponding poly (DAB) (Figure 6B). The results 
showed that after a long oxidation time as long as five minutes, the 
nanozyme activity reached about 32% of its maximal activity toward 
DAB oxidation. The oxidation process slowly proceeded and the 
nanozyme activity reached about 54% after 12.0 minutes. The 
maximal activity of silver nanozymes was obtained after 20 minutes 
toward DAB oxidation. After this time, the incubation time could 
not affect the production of the poly (DAB), and therefore the 
relative activity of the nanozymes was leveled off. The results reveal 
that an incubation time over 25.0 minutes was enough for active 
nodes presented on the surface of the silver nanoparticles, to be 
blocked by the substrate (DAB) molecules. In fact, the active nodes 
on the surface of the silver nanoparticles were completely saturated 
in 25.0 minutes by the DAB molecules. Considering this fact that 
the active nodes (the binding sites) on the surface of the nanozymes 
are limited, the saturation of the DAB molecules leads to leveling 
off of the relative activity of silver nanozymes (Figure 6). 

Time-course progress of DAB oxidation over silver 
nanozymes 

Besides, the peroxidase-like activity of silver nanoparticles toward 
DAB oxidation was also evaluated. To evaluate the peroxidase-
like activity of the as-prepared AgNPs against DAB, the oxidation 
of DAB was performed by hydrogen peroxide in the presence 
of AgNPs as peroxidase mimics. In this regard, the time course 

spectrophotometric detection at 460.0 nm. Afterward, the plot 
of oxidation of DAB in the presence of AgNPs as a function of 
time was constructed by plotting the absorbance at 460.0 nm as 
a function of reaction time (Figure 6). As can be seen from this 
figure, the AgNPs can catalyze the oxidation of DAB to form a 
brown-colored product with a maximum absorbance at 460.0 nm. 
As can be seen from Figure 6A, the oxidation of DAB was found 
to be slower in rate than the TMB, reaching an absorbance of 1.5 
after 20.0 minutes and then leveling off. To explore more precise 
on the nanozymatic activity of the as-prepared silver nanozymes 
toward oxidation of DAB at different incubation times, the relative 

Figure 5: Oxidation of TMB in the presence of silver nanozymes. Note: a) Absorbance of TMB-ox at 650.0 nm; b) Relative nanozymatic activity 
toward TMB oxidation as a function of time.

Figure 6: Oxidation of DAB in the presence of silver nanozymes. Note: (a) Absorbance of DAB-ox at 460.0 nm; (b) Relative nanozymatic 
activity toward DAB oxidation as a function of time.

studies were performed by probing the brown-colored product  via 
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CONCLUSION

Silver nanoparticles were synthesized and then characterized by 
different characterization methods. Based on TEM micrograph, 
DLS analysis, and UV-visible results, the as-prepared nanozymes 
were found to be uniform in size and morphology, have a mean size 
as small as 11.8 nm, and reveal a symmetrical spectrum with a λmax 
at 390.0 nm, in turn. Considering the high intrinsic peroxidase-
like activity of silver nanoparticles, the time course studies were 
performed toward both reversible and irreversible nanozyme-
mediated oxidation reactions. 3,3,5,5’-Tetramethylbenzidine 
(TMB) and 3,3’-Diaminobenzidine (DAB) were selected as model 
substrates to study the reversible and irreversible oxidations, in 
order. The results exhibited that the maximal activity of the silver 
nanozymes was achieved within 3.0 minutes toward TMB oxidation 
while regarding DAB, the steady-state plateau was observed after a 
reaction time as long as 25.0 minutes, indicating that the active 
nodes of the silver nanoparticles were completely saturated by TMB 
molecules 6.5-fold faster than the DAB molecules. Regarding time-
dependent activity measurements, the nanozyme activity reached 
about 32% of its maximal activity toward DAB oxidation after a 
long oxidation time of 300 sec while for TMB oxidation, 32% of 
maximal nanozyme activity was observed after 30 sec (i.e., 10.0-
fold faster than that of DAB). More precisely, the magnified slope 
(i.e., rate of change) of the initial linear portion of the reaction 
time curve of TMB oxidation (slope=0.6286) shows about a 10-
fold higher reaction rate than the DAB oxidation (slope=0.0636). 
As a consequence, the as-prepared silver nanoparticles are more 
efficient oxidizing catalysts for the oxidation of TMB than DAB. 
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