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Abstract 

The development of nanozymes with enhanced catalytic activity has been drawing 

great interest. Lentinan with special structure may be used to prepare bimetallic 

nanomaterials to enhance their catalytic activity. Herein, lentinan stabilized PdPt3 

dendritic nanoparticles (PdPt3-LNT NDs) were prepared through reduction of Na2PdCl4 

and K2PtCl4 with a molar ratio of 1:3 using lentinan as a biological template. PdPt3-

LNT NDs had dendritic shape with size of 10.76±1.82 nm. PdPt3-LNT NDs had the 

hydrodynamic size about 25.7 nm and the zeta potential between -1.4 mV and -4.9 mV 

at different pH. Furthermore, PdPt3-LNT NDs catalyzed 3,3',5,5'-tetramethylbenzidine 

(TMB) to produce oxidized TMB, suggesting their oxidase-like property. The catalytic 

activity of PdPt3-LNT NDs was the highest when pH was 4 and the temperature was 

40 °C. The catalytic mechanism was the generation of ·O2- and 1O2 from O2 catalyzed 

by PdPt3-LNT NDs. More importantly, L-cysteine detection method was set up based 

on the oxidase-like property of PdPt3-LNT NDs. This method had wide linear range for 

0-200 μM and low detection limit for 3.099 μM. Taken together, PdPt3-LNT NDs have 

good potential applications in bio-related detection in the future. 
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1. Introduction 
L-cysteine is one kind of the semi-essential amino acids, widely participates in 

activities in living organisms. L-cysteine is characterized by the presence of a 
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sulfhydryl group in its structure, which allows it to participate in the reduction process 

of cells and protect cells from toxic substances[1,2]. Normal physiological activities in 

living organisms are inseparable from a stable environment, which requires a stable 

concentration of L-cysteine in the environment. Dysregulation of L-cysteine 

metabolism can cause serious consequences [3]. Therefore, various methods for L-

cysteine detection have been developed [4]. Colorimetric method is one of the popular 

methods to measure the L-cysteine concentration. The colorimetric detection 

performance of L-cysteine relies on the catalytic ability of enzyme. Therefore, it is 

important to improve the catalytic ability of enzyme. 

The L-cysteine concentration can be detected using natural enzymes. However, 

natural enzymes have some drawbacks such as complicated extraction process, easy 

denaturation, and high cost[5]. Some nanoparticles exhibit enzyme-like catalytic 

activity under appropriate conditions, which are called nanozymes[6,7]. Nanozymes 

have many advantages such as easy storage, simple preparation, and easy control over 

natural enzymes[8]. There are many kinds of nanoparticles that can be used as 

nanozymes, including metal oxides[9,10], carbon-based nanomaterials[11], noble 

metal nanomaterials[10-13] and other nanomaterials[14,15]. Cerium oxide 

nanomaterials have good oxidase-like activity [16,17]. Noble metal nanoparticles stand 

out due to their high catalytic activity, mild synthesis conditions, and large specific 

surface area. Many noble metal nanoparticles have been used in the field of detecting 

L-cysteine [18]. Compared with Pt nanoparticles and Pd nanoparticles, the Pt-Pd 

bimetallic nanoparticles with synergistic effects have high catalytic activity such as 

PdPt composition nanowires[19] and Pt-Pd alloy networks[20,21]. The catalytic ability 

of bimetallic metal nanoparticles could be enhanced by tuning their composition[22]. 

The morphology of nanoparticles also affects the catalytic activity of nanozymes[23]. 

The special morphology of the nanozyme with increasing specific surface area 

enhances the catalytic activity[24]. Last, the high stability of nanozymes in solution 

contributes to high activity of nanozymes, which was due to high accessibility between 

catalytic center and substrates. Therefore, the composition, morphology and stability of 
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bimetallic nanomaterials are closely corelated with their catalytic activity [25-27]. 

Lentinus edodes is an edible fungus and widely eaten in daily life[28]. Lentinus 

edodes contains a variety of substances that may have medicinal value[29-31]. Lentinan 

(LNT) is the polysaccharide of lentinus edodes. LNT has the effects of lowering blood 

sugar, relieving cough and resolving phlegm. LNT is high molecular weight (300,000-

800,000) biomacromolecules with water solubility. There are many hydroxyl groups 

and other functional groups in the structure of LNT[32]. These important groups can 

interact with metal precursors and reduce them to metal nanoparticles based on 

reductive properties of LNT. After the metal precursors are reduced, LNT is attached 

and covered to the metal nanoparticles. The steric hindrance effect of LNT prevents 

aggregation of metal nanoparticles in solution[33]. 

Antioxidant and soluble LNT has special β-glucan structure, LNT may be used to 

biomineralize bimetallic nanomaterials to enhance the catalytic activity of nanozymes. 

Herein, the hot water method was used to extract LNT [34,35]. LNT stabilized PdPt3 

dendritic nanoparticles (PdPt3-LNT NDs) were prepared by a simple method. Extracted 

LNT was used as a stabilizer and reducing agent to produce metal seeds, and ascorbic 

acid acted as a reducing agent in the preparation method. PdPt3-LNT NDs had dendritic 

morphologies with size 10.76±1.82 nm. 3,3',5,5'-tetramethylbenzidine (TMB) solution 

was oxidized to blue oxidized TMB (oxTMB) by PdPt3-LNT NDs, indicating their 

oxidase-like property. The sulfhydryl group in L-cysteine inhibited the oxidization of 

TMB. The absorbance of oxTMB was detected by UV-Vis spectrophotometer. 

Therefore, the oxTMB absorbance depended on the L-cysteine concentration, and the 

concentration of L-cysteine can be measured by the catalytic oxidation of TMB by 

using PdPt3-LNT NDs due to their oxidase-like property. The green synthetic PdPt3-

LNT NDs have great potential application in L-cysteine detection. 

2. Experimental section 

2.1 Materials and instruments 

Lentinus edodes was obtained from local supermarket. Potasium 

tetrachloroplatinate (II) (K2PtCl4), sodium tetrachloropalladate (II) (Na2PdCl4), 
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hydrogen peroxide (H2O2), 3,3’,5,5’-tetramethylbenzidine (TMB), terephthalic acid 

(TA), L-cysteine, ascorbic acid, acetic acid (Hac) and sodium acetate (NaAc) were 

purchased from Aladdin Reagent Co., Ltd. 1-butanol was purchased from Tianjin 

Chemical Reagent Supply and Marketing Company. Trichloromethane was purchased 

from Tianjin Jindong Tianzheng Fine Chemical Reagent Factory. 1,4-benzoquinone 

(BQ) was purchased from Shanghai Baishun Biotechnology Co., Ltd. 

Transmission electron microscopy (TEM) was performed on a HT 7700. X-Ray 

diffractometer (XRD) equipment was D-max-2500/PC. Fourier transform infrared 

(FTIR) patterns were recorded using a E55-FRA106. X-ray photoelectron spectroscopy 

(XPS) was performed on a Thermo Scientific K-Alpha. The UV-Vis spectra were used 

a UV-TU1810 spectrophotometer. Fluorescence spectra were recorded using an F-

7000. The laser particle size analyzer was carried on a Zetasizer Nano-ZS90. The 

molecular weight of LNT was determined by gel permeation chromatography-20A 

(GPC-20A). The concentration of metal elements was measured by inductively coupled 

plasma mass spectrometry (ICP-MS) XSeries II. 

2.2 Preparation of PdPt3-LNT NDs 

LNT was extracted by using hot water extraction method [6]. Lentinus edodes was 

dried in a constant temperature oven at 50 °C after washing. Then Lentinus edodes was 

smashed into Lentinus edodes powder. Lentinus edodes powder was put into flask, 

dissolved in deionized water. After mixing and shaking, the mixture was kept in water 

at 90 ℃ for 3 h. The supernatant was collected and filtrated. H2O2 (30%) was added 

into the mixture, and the mixed solution was kept at 50 ℃ for 2 h. Savage reagent 

(Vchloromethane:Vn-butanol=5:1) was added into the mixture to remove the proteins. The 

crude polysaccharide solution was put into dialysis bag. Finally, the solution was placed 

in the freeze drier to get LNT powder. The purity of LNT was about 90%. 

PdPt3-LNT NDs were prepared with following procedure. 1 mL LNT (1 mg/mL) 

solution and 0.125 mL Na2PdCl4 (1 mM) were incubated at 50 ℃ for 6 h. After the 

solution cooled to room temperature, 0.375 mL K2PtCl4 (1 mM) was added into the 

solution. 100 μL ascorbic acid solution (0.1 M) was slowly added into the solution, 
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which was incubated at 60 ℃ for 12 h. The solution was dialyzed for 24 h to collect 

PdPt3-LNT NDs solution. PdPt3-LNT NDs solution was stored in a refrigerator at 4 °C 

for later use. In order to study the role of LNT, PdPt3 nanoparticles (PdPt3 NPs) were 

prepared without using LNT, where ascorbic acid was used as reducing agent. Other 

samples including Pd-LNT NPs, Pt-LNT NPs, PdPt NPs, Pd3Pt NPs with the molar 

ratio of Na2PdCl4 to K2PtCl4 for 1:0, 0:1, 1:1, 3:1 had similar process, respectively. 

2.3 Determination of the oxidase-like activity 

100 μL samples (Cpd=0.078 mM) and 500 μL Hac-NaAc (pH=4, 0.2 M) were 

mixed and incubated in the constant temperature mixer at 25°C for 3 min; then 800 μL 

TMB (0.6 mM) was transferred, and the reaction was performed for 10 min at 25°C. 

Finally, the absorbance from 500 to 750 nm was measured by UV-Vis spectrometer. 

2.4 Effects of pH and temperature on the oxidase-like activity 

The effect of temperature on the activity of PdPt3-LNT NDs was measured as 

follows. 100 μL PdPt3-LNT NDs (Cpd=0.078 mM) solution and 500 μL Hac-NaAc 

(pH=4, 0.2 M) buffer solution were mixed and incubated at different temperatures for 

3 min. 800 μL TMB (0.6 mM) solution was added and reacted for 10 min. The 

absorbance of samples was recorded at 652 nm using a UV-Vis spectrometer. The effect 

of pH on the activity of PdPt3-LNT NDs was carried out at 25 ℃ in different pH buffer 

solution (pH=1-10) with same procedures. 

2.5 Catalytic activity retention ability research 

The catalytic activity retention ability of PdPt3-LNT NDs under different pH 

conditions was measured using following steps. 100 μL PdPt3-LNT NDs (Cpd=0.078 

mM) and 100 μL Hac-NaAc buffer solution (pH=2-10) were mixed and incubated at 

25°C for 2 h. 800 μL TMB (0.6 mM) solution and 400 μL Hac-NaAc (pH=4, 0.2 M) 

buffer solution was added and reacted for 10 min. The absorbance of solution was 

measured and recorded using a UV-Vis spectrometer. The catalytic activity retention 

ability of PdPt3-LNT NDs under different NaCl solutions had similar procedures. 

2.6 Catalytic kinetics of biomimetic oxidases 
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100 μL PdPt3-LNT NDs (Cpd=0.078 mM) and different doses of Hac-NaAc (pH=4, 

0.2 M) buffer solution were transferred in a 2 mL PE tube. The solution was incubated 

at 40℃ for 3 min. Different volumes of TMB (0.6 mM) solution was further added in 

the solution. UV-Vis spectrometer was used to record the absorbance at 652 nm. 

2.7 Catalytic mechanism of biomimetic oxidases  

The existence of hydroxyl radical, superoxide anion and singlet oxygen in the 

system was measured as follows. All the control experiments were also carried out. 

TA was used to detect hydroxyl radicals in PdPt3-LNT NDs and TMB system. 100 

μL PdPt3-LNT NDs and 300 μL Hac-NaAc (pH=4, 0.2 M) buffer solution were mixed 

and incubated at 40°C for 3 min. 800 μL TMB (0.6 mM), 200 μL TA (1 mM) were 

added and reacted for 10 min. The absorbance at 652 nm was measured. BQ was used 

to replace TA to detect superoxide anion in PdPt3-LNT NDs and TMB system. The 

mixed solution of PdPt3-LNT NDs and methylene blue (MB) was used to detect 

hydroxyl radicals. 100 μL PdPt3-LNT NDs, 500 μL MB (0.01 mM) and 800 μL Hac-

NaAc (pH=4, 0.2 M) buffer solution were incubated at 25°C for 3 min. The control 

experiments were also carried out. The solution of PdPt3-LNT NDs+TMB was added 

by NaN3 to detect singlet oxygen. 30 μL PdPt3-LNT NDs and 500 μL TMB (0.6 mM) 

were incubated at 40°C for 3 min, respectively. They were mixed and observed using a 

UV-Vis spectrometer after the addition of NaN3 (1 mM) for 6 min. 

2.8 Detection of L-cysteine using PdPt3-LNT NDs 

Based on the oxidase-like activity of PdPt3-LNT NDs, we established a standard 

curve for colorimetric detection of L-cysteine. 100 μL PdPt3-LNT NDs (Cpd=0.078 mM) 

and 400 μL Hac-NaAc (pH=4, 0.2 M) buffer solution were incubated at 40°C for 3 min, 

then 800 μL TMB solution (0.6 mM) and 100 μL L-cysteine solution (0-1000 μM) were 

added and reacted for 10 min. The data of UV-Vis were recorded. 100 μL milk sample 

and 100 μL L-cysteine solutions (40, 100, 150 μM) were detected using established 

method. 10 mM different interfering substances (100 μL) such as glucose, leucine, 

tyrosine, alanine, phenylalanine, Na+, K+ were detected using established method. 

3. Results and discussion 
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3.1 Characterization 

The lyophilized LNT was dissolved in deionized water. The weight average 

molecular weight of LNT was 3.65×105 Da based on GPC curve in Figure S1. LNT 

solution was incubated with noble metal precursors at 50 ℃ for 6 h. Some noble metal 

seeds generated and the addition of ascorbic acid at 60 ℃ for 12 h resulted in the 

preparation of LNT stabilized metal nanoparticles: Pt-LNT NPs, Pd-LNT NPs, PdPt-

LNT NPs, PdPt3-LNT NDs and Pd3Pt-LNT NPs. Figure 1 (a) is the synthesis scheme 

of PdPt3-LNT NDs. The UV-Vis spectra were shown in Figure 1 (b), K2PtCl4 had two 

peaks in 320 nm and 381 nm. Both characteristic peaks disappeared after treating with 

LNT and ascorbic acid, which indicated the successful preparation of nanomaterials. 

Among them, PdPt3-LNT NDs possessed the highest absorbance, implying they may 

have special morphology [36]. Figure 1 (c) is the images of LNT, Na2PdCl4, K2PtCl4, 

Pt-LNT NPs, Pd-LNT NPs, PdPt-LNT NPs, PdPt3-LNT NDs, Pd3Pt-LNT NPs 

 
Figure 1 (a) Synthesis scheme of PdPt3-LNT NDs, (b) UV-Vis spectra of samples, (c) 

images of (1) LNT, (2) Na2PdCl4, (3) K2PtCl4, (4) Pt-LNT NPs, (5) Pd-LNT NPs, (6) 

PdPt-LNT NPs, (7) PdPt3-LNT NDs, (8) Pd3Pt-LNT NPs 

The morphology and distribution of the prepared nanomaterials were characterized 

by TEM. Figure 2(a) shows that the morphology of PdPt3-LNT NDs was dendritic 

nanoparticles and uniformly dispersed. Their particle size was 10.76±1.82 nm in Figure 

2(b). This dendritic morphology should be caused by that LNT first reduced some Pd2+ 

to Pd seeds, and then Pt2+ preferentially adsorbed on the surface of Pd seeds. Ascorbic 

acid was added to reduce Pd2+ and Pt2+ to form PdPt nanoclusters, which were absorbed 

on the surface of Pd seeds to form PdPt3-LNT NDs in the end. In order to display the 



9 
 

superiority of the biological template LNT, the same amount of deionized water was 

used to replace LNT to prepare PdPt3 NPs. It can be seen from Figure 2(c) that most of 

PdPt3 NPs aggregated and had a larger size about 20 nm. The reason should be the lack 

of biological macromolecules LNT. As for PdPt3-LNT NDs, LNT attached and 

stabilized the metal nanoparticles with dendritic morphology, which may be due to 

steric structure of LNT. As shown in Figure 2 (d-g), Pt-LNT NPs, Pd-LNT NPs, PdPt-

LNT NPs, and Pd3Pt-LNT NPs were relatively dispersed, which indicated that the 

biological macromolecule LNT had the function of dispersing nanoparticles well. 

 

 



10 
 

 

Figure 2 (a) TEM image of PdPt3-LNT NDs, (b) corresponding size statistics, TEM 

image of (c) PdPt3 NPs, (d) Pt-LNT NPs, (e) Pd-LNT NPs, (f) PdPt-LNT NPs and (g) 

Pd3Pt-LNT NPs 

FTIR spectra of PdPt3-LNT NDs from 500 cm-1 to 4000 cm-1 are shown in Figure 

3(a). There were obvious peaks at 3383, 2924, 1641, 1371, 1041 and 577 cm-1. Among 

the peaks, 3383 cm-1 was attributed to the stretching vibration of the O-H bond. 2924 

cm-1 was due to the stretching of the C-H bond. The 1641 cm-1 was due to the stretching 

vibration of the carbonyl group C=O. The 1041 cm-1 was due to the stretching vibration 

of the glycosidic bond. The position at 577 cm-1 was attributed to the β-pyranose on the 

sugar ring. As shown in Figure 3(b), there were four diffraction peaks 39.6°, 46.6°, 

67.8°, 81.0° in XRD image of PdPt3-LNT NDs. These four diffraction peaks 

corresponded to the (111), (200), (220), (311) crystal planes of PdPt3-LNT NDs. The 

location of diffraction peaks were right in the middle of the diffraction peaks of Pt and 

Pd [37], which proved the successfully preparation of PdPt3-LNT NDs. 
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Figure 3 (a) FTIR spectra of PdPt3-LNT NDs, (b)XRD image of PdPt3-LNT NDs, 

(c)XPS spectrum of PdPt3-LNT NDs, (d) high resolution XPS spectrum of Pt 4f, (e) 

high resolution XPS spectrum of Pd 3d, (f) EDS image of PdPt3-LNT NDs 

XPS was used to research the element composition and valence of PdPt3-LNT NDs. 

Figure 3(c) displays that there were C, O, Pd, Pt elements. C and O elements came 

from the biological template LNT, Pd and Pt elements came from Na2PdCl4 and K2PtCl4, 

respectively. The binding energies of C 1s, O 1s, Pd 3d and Pt 4f were 284.8, 533.08, 

335.08 and 73.08 eV, respectively. In Figure 3(d), the corresponding binding energies 

of Pt 4f 5/2, Pt 4f 5/2, Pt 4f 7/2 and Pt 4f 7/2 were 74.33, 72.75, 71.19 and 69.05 eV, 

respectively. Figure 3(e) shows two obvious peaks representing Pd 3d 3/2 and Pd 3d 5/2, 

and the corresponding binding energies were 340.93 eV and 335.85 eV, respectively. 

This result was very similar to the characterization of one-dimensional Pd-Pt bimetallic 

nanomaterials prepared by Jin et al. Thus, ascorbic acid successfully reduced Pd2+ and 

Pt2+ to form zero-valent Pd and Pt in the reaction system to prepare PdPt3-LNT NDs. 

In order to determine the composition and proportion of each element in PdPt3-LNT 

NDs, the result of EDS characterization was shown in Figure 3(f). C, O, Cu, Pt, Pd 
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elements appear, among which C and O were derived from LNT, Cu came from copper 

mesh, Pd and Pt came from the reduced Na2PdCl4 and K2PtCl4, and their final atomic 

percentage of Pd to Pt was 2.07:7.22, which was close to the theoretical ratio of 1:3. In 

short, these results suggested the successful preparation of PdPt3-LNT NDs. 

3.2 Stability in solution 

The stability of nanoparticles in water solution is commonly evaluated by the 

change of hydrodynamic size[38]. In order to explore the stability of PdPt3-LNT NDs 

under different pH buffer solutions, the hydrodynamic size was characterized by the 

DLS method. As shown in Figure 4(a), the hydrodynamic size of PdPt3-LNT NDs was 

about from 22 to 29 nm under different pH buffer solution, which meant PdPt3-LNT 

NDs had good stability under different pH buffer solutions. Figure 4(b) shows that the 

zeta potential of PdPt3-LNT NDs is between -1.4 mV and -4.9 mV in different buffer 

solutions, which is smaller than 20 mV. The negative charge on the surface of PdPt3-

LNT NDs was derived from the template LNT with negative charge (-4.2 mV). 

Therefore, the effective stabilization of PdPt3-LNT NDs was due to the fact that the 

spatial structure of LNT had hindering effect on PdPt3 NDs and the repulsive force 

between them. The good stability of PdPt3-LNT NDs was good to maintain high 

catalytic activity in solution. 

 

Figure 4 (a) Hydrodynamic size of PdPt3-LNT NDs under different pH buffer solutions 

and (b) corresponding zeta potential 

3.3 Oxidase-like property 

In order to evaluate the biomimetic enzyme properties of PdPt3-LNT NDs, we carried 
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out 5 groups experiments: (1) TMB + Pt-LNT NPs; (2) TMB + Pd-LNT NPs; (3) TMB 

+ PdPt-LNT NPs; (4) TMB + PdPt3-LNT NDs; (5) TMB + Pd3Pt-LNT NPs. Among 

them, (4) TMB + PdPt3-LNT NDs show the highest absorbance in these groups in 

Figure 5(a). Figure 5(b) shows that the color of the sample TMB + PdPt3-LNT NDs 

changed from transparent to blue, which was due to the direct catalytic oxidation of 

TMB to form oxTMB. Thus, PdPt3-LNT NDs oxidized colorless TMB to a blue oxTMB 

without hydrogen peroxide, demonstrating their oxidase-like property. PdPt3-LNT NDs 

had the highest catalytic ability in samples. It may be caused by the fact that PdPt3-LNT 

NDs had dendritic morphology, good stability, and Pt, Pd in this bimetallic structure 

had synergistic effect. Synergistic effect exists in palladium and platinum alloys, which 

improves high catalytic activity of alloys [39,40]. Jin et al report PdPt bimetallic alloy 

nanowires with Pd:Pt ratio of 1:3 exhibit excellent the most efficient oxidase-like 

activity. A simple colorimetric assay is developed to detect the acid phosphatase and 

ascorbic acid based on oxidase-like activity of nanowires [39]. Lai et al prepare 

polydopamine-mediated magnetic bimetallic nanozyme (Fe3O4@PDA@Pd/Pt) with 

peroxidase-like activity, which is used in immunochromatographic assay. 

Fe3O4@PDA@Pd/Pt has the highest catalytic activity when the ratio of Pt:Pt is 7:3 [40]. 

It is speculated that the dissolved oxygen in the solution acted as an oxidant, and this 

reaction was catalyzed by PdPt3-LNT NDs. 

 
Figure 5 (a) The catalytic activity of Pt-LNT NPs, Pd-LNT NPs, PdPt-LNT NPs, PdPt3-

LNT NDs, Pd3Pt-LNT NPs and (b) corresponding photos 

3.4 Optimal temperature and pH 

The catalytic activity of nanozymes is affected by environmental factors such as 
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pH and temperature. Therefore, in order to obtain the optimal reaction temperature and 

pH value of the solution, we set a series of reaction solution pH (1-10) and reaction 

temperature (20-70°C). As shown in Figure 6(a), PdPt3-LNT NDs show high relative 

activity in a weakly acidic environment. When the alkalinity of the reaction solution 

gradually increased, PdPt3-LNT NDs lost most of their activity. When the pH of the 

solution was 4, the relative activity of PdPt3-LNT NDs was the highest. It can be seen 

from Figure 6(b) that PdPt3-LNT NDs reached the highest relative activity when the 

temperature was 40°C. Therefore, the subsequent catalytic reaction proceeded under 

the conditions of pH 4 and temperature 40°C. In addition, the catalytic activity of 

nanozymes is closely related with the stability and chemical molecules [41,42] T. Self 

ea al find that phosphate anions significantly alter the characteristics of CeO2 

nanoparticles [41]. The surface ligands play an important role in the redox properties 

of CeO2 nanoparticles [42]. 

 
Figure 6 Effect of (a) pH and (b) temperature on the catalytic activity of PdPt3-LNT 

NDs 

3.5 Catalytic activity retention ability 

The catalytic activity retention ability of nanoparticles was defined as the 

remaining catalytic ability of nanoparticles after treating different conditions 

comparison with original catalytic ability of nanoparticles. The storage of PdPt3-LNT 

NDs in different environments may have influence on the catalytic activity retention 

ability of PdPt3-LNT NDs. Therefore, PdPt3-LNT NDs were incubated with buffer 

solutions of different pH or NaCl solutions of different concentrations for 2 h, and the 
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catalytic activity retention ability of the biomimetic oxidase of PdPt3-LNT NDs was 

evaluated. As shown in Figure 7(a), the relative activity of PdPt3-LNT NDs was bigger 

than 87.19% in the pH range of 2-10. In addition, PdPt3-LNT NDs also maintained 

excellent catalytic activity (over 90.84%) in 2 M NaCl solution as shown in Figure 

7(b). In short, these results proved that PdPt3-LNT NDs had good catalytic activity 

retention ability in different environments. 

 

Figure 7 The relative activity of PdPt3-LNT NDs in (a) different pH and (b) different 

NaCl solution 

In order to figure out the catalytic process of PdPt3-LNT NDs, the catalytic kinetics 

of the reaction was measured under optimal reaction conditions. The kinetic curve was 

established by changing TMB concentration, and then the typical Lineweaver-Burk 

double reciprocal plot was used to determine the catalytic kinetic parameters Km and 

Vmax of the PdPt3-LNT NDs. As displayed in Figure 8(a), within the range of substrate 

TMB concentration (0.129-0.429 mM), the initial reaction rate v increased with 

increasing TMB concentration. Then the double reciprocal plot method was used to 

obtain the standard curve of catalytic kinetics as shown in Figure 8(b). The standard 

equation was y=0.0912x+0.3466 (R2=0.985), and the kinetic parameters Km and Vmax 

were 0.263 mM and 2.88×10-8 M·s-1 in Table S1, respectively. KmTMB (0.263 mM) of 

PdPt3-LNT NDs was smaller than many nanozymes such as BiW9Cu3 (0.29 mM), Cu-

Ag/rGO (0.634 mM), lysozyme-PtNPs (0.63 mM), which indicated that PdPt3-LNT 

NDs prepared by us had bigger affinity towards the substrate TMB, which was 

conducive to efficient catalytic reactions of TMB. 



16 
 

  

Figure 8 (a) The catalytic kinetics curve of PdPt3-LNT NDs at different concentrations 

of TMB, (b) double reciprocal curve graph of (a) 

3.6 Catalytic mechanism 

In order to figure out the catalytic mechanism, TA was used as a quencher of 

hydroxyl radicals (·OH). TA were incubated with PdPt3-LNT NDs+TMB, and UV-Vis 

spectrometer recorded the absorbance at 652 nm. Figure 9(a) shows that the absorbance 

of PdPt3-LNT NDs+TMB group and PdPt3-LNT NDs+TMB+TA group was 0.350 and 

0.346, respectively. Compared with the blank group, TA had little effect on the 

absorbance of PdPt3-LNT NDs+TMB group. In addition, BQ were used as a quencher 

of superoxide anions (·O2-) [43]. BQ was incubated with PdPt3-LNT NDs+TMB. As 

displayed in Figure 9(a), the absorbance of PdPt3-LNT NDs+TMB group and PdPt3-

LNT NDs+TMB+BQ group was 0.350 and 0.133, respectively. The absorbance of 

PdPt3-LNT NDs+TMB+BQ group was 38% absorbance of PdPt3-LNT NDs+TMB 

group. Thus, BQ had obvious inhibition of catalytic oxidation of TMB, which indicated 

that PdPt3-LNT NDs catalyzed O2 to produce a lot of ·O2- . This result is consistent with 

the catalytic mechanism of the Co4S3/Co(OH)2 nanotube prepared by Wang et al[44]. 

After the sample was incubated with methylene blue (MB), the change in 

absorbance at 664 nm was observed to determine the production of ·OH. It can be seen 

from Figure 9(b) that MB has a maximum absorption peak at 664 nm. When MB was 

incubated with PdPt3-LNT NDs, there is almost no change in the absorbance at the 

maximum absorption peak, which indicated that there was no ·OH in the process. 

Figure 9(c) shows that the relative activity of PdPt3-LNT NDs+TMB+ N2 group was 
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63.0%, which indicated that O2 played an important role in the oxidase-like property. 

Furthermore, the relative activity of PdPt3-LNT NDs+TMB+ NaN3 group was 31.7%, 

which suggested the generation of 1O2 due to the fact that NaN3 captured 1O2 in the 

catalytic process. To sum up, there was almost no formation of ·OH in this reaction 

system, ·O2- and 1O2 were the main reactive oxygen species generated from O2. 
 

 

 

Figure 9 (a) Catalytic mechanism study of PdPt3-LNT NDs using TA and BQ, (b) 

catalytic mechanism study using MB for detection of ·OH, (c) catalytic mechanism 

investigation using N2 and NaN3, (d) catalytic process of PdPt3-LNT NDs 

3.7 L-cysteine detection 

L-cysteine is an indispensable amino acid in the human body and plays an 

important role in a variety of physiological functions. If the content of L-cysteine is 

abnormal, it will cause various physiological diseases. Therefore, the sensitive 

detection of L-cysteine has become a research hotspot. The nanozyme activity of PdPt3-

LNT NDs was inhibited by the interaction between the metal atoms on the surface of 

PdPt3-LNT NDs and the -SH in L-cysteine. This made L-cysteine inhibit the oxidation 

of TMB in the presence of PdPt3-LNT NDs. We have developed a facile and effective 
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colorimetric method to determine the content of L-cysteine based on this mechanism. 

From Figure 10 (a), we found that when L-cysteine was added to the reaction 

system of PdPt3-LNT NDs and TMB, the color of the solution gradually evolved from 

light blue to colorless, corresponding to the absorbance at 652 nm reduced significantly, 

suggesting that the addition of L-cysteine hindered the oxidation of TMB. Because of 

this phenomenon, we developed a colorimetric method for detecting L-cysteine. In 

addition, it can be seen from Figure 10(b) that when the concentration of L-cysteine is 

in the range of 0-200 μM, a linear relationship exists between absorbance and 

concentration. The standard equation is obtained by fitting the curve as y =0.749-

0.0034x (R2=0.9927), the detection limit is 3.099 μM.  

   

 

Figure 10 (a) The absorbance changes of reaction solution with L-cysteine 

concentration (0-1000 μM), (b) standard curve of absorbance with L-cysteine 

concentration (0-200 μM), (c) the selectivity of L-cysteine detection method on 

interfering agents 

As shown in Table S2, the performance of our colorimetric method was compared 

with other methods. PdPt3-LNT NDs (0-200 µM) have a wider linear range than other 
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sensors including VS4 (5-100 µM), POMOF/SWNT nanocomposites (1-80 µM), and 

Fe3+ (0-50 µM). In addition, PdPt3-LNT NDs have a lower detection limit (3.099 µM) 

than Cu@Au/Pt nanocomposites (4 µM). Therefore, the colorimetric method has wide 

linear detection range and a sensitive detection limit. There may be interference from 

other amino acids and ions during detection, selectivity experiment was designed. As 

shown in Figure 10(c), the absorbance of L-cysteine is much smaller than other 

interference agents. In addition, the concentration of other interfering agents was 10 

mM. Therefore, glucose, amino acids (leucine, alanine, phenylalanine, tyrosine) and 

ions (K+, Na+) did not interfere the L-cysteine detection. Therefore, this method has 

good anti-interference ability and selectivity, which ensures the accuracy of the 

detection results. L-cysteine and glutathione are reducing agents, they have different 

reducing ability [45]. Xiao and coworkers report the presence of glutathione (1 mM) 

has a certain effect on the detection of L-cysteine [20 μM] [46]. In order to further 

confirm the reliability of the colorimetric sensor we proposed, L-cysteine in milk 

sample was also detected. The recovery rate was studied by adding a known amount of 

standard L-cysteine solution to the milk sample. The results are shown in Table S3. 

The recovery rate of milk samples is 101.40 %-106.54 %, indicating that the developed 

L-cysteine determination method is feasible and reliable. 

4. Conclusion 
In summary, bimetallic PdPt3-LNT NDs had good monodispersity, dendritic 

morphology and good stability, and super oxidase-like property, which was due to the 

component of LNT. LNT was used to stabilize metal nanoparticles and generate seeds, 

and ascorbic acid was acted as reducing agent to synthesize PdPt3-LNT NDs 

(10.76±1.82 nm). PdPt3-LNT NDs had a special dendritic morphology and element 

ratio (Pd:Pt=2.07:7.22). PdPt3-LNT NDs had good biomimetic oxidase properties, and 

the catalytic mechanism was that O2 was catalyzed to ·O2- and 1O2 by PdPt3-LNT NDs, 

which oxidized TMB to produce blue oxTMB. More importantly, taking advantage of 

the catalytic performance of PdPt3-LNT NDs reduced by L-cysteine, a colorimetric 

method for the detection of L-cysteine was established. The linear range was 0-200 μM, 
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and the detection limit was 3.099 μM. The measured recovery rate of L-cysteine was 

101.40 %-106.54 %. Therefore, bimetallic PdPt3-LNT NDs will have further 

applications in catalysis and detection. 
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