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ABSTRACT

Nanozymes have been widely developed as supplements of natural enzymes owing to 

the relatively low cost, high mass production, easy storage, good stability and 

reusability. By controlling the particle size, nanozymes’ catalytic activities can 

distinctly be improved. The porous materials such as covalent organic framework (COF) 

are definitely considered as promising supports for in-situ preparing high dispersity and 

small size of nanozymes. Herein, we designed and synthesized COF-supported ultrafine 

platinum nanoparticles (PtNPs/COF-300-AR) by controlling the growth of Pt NPs in 

virtue of uniformly distributed nitrogen atoms of well-organized framework structures 

of 3D COF. PtNPs/COF-300-AR nanohybrids catalyzed the colorless 3,3’,5,5’-

tetramethylbenzydine (TMB) solution to turn blue, displaying excellent oxidase-like 

activity, good stability and high reusability, which should be owed to the uniform size 

and high dispersity of ultrafine Pt NPs. By virtue of those advantages, the TMB-

PtNPs/COF-300-AR colorimetric platform was successfully applied to cellular 

glutathione detection. Similarly, other COFs with good acid resistance and abundant 

functional groups can also be used as the supports of nanozyme, which will greatly 

expand the members of the nanoenzyme family.

KEYWORDS: oxidase mimic, in-situ preparation, ultrafine Pt nanoparticles, COF 

support, glutathione, nanohybrids, colorimetry, cell lysate
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1. INTRODUCTION

Since it was first reported that Fe3O4 nanoparticles have the intrinsic peroxidase-like 

catalytic capacity in 2007 by Gao et al.,1 extensive research about nanozymes (i.e. 

nanomaterial-based enzyme mimics) has been carried out. Compared to natural 

enzymes, nanozymes own outstanding strengths including low cost, high mass 

production, convenient storage, good stability and reusability, being recognized by 

experts from different fields and widely applied to immunoassays, chemical and 

biomedical sensing, nerve protection, disease diagnostics and other fields.2,3

Until now, a variety of nanozymes have been designed and fabricated, for instance, 

iron-based,1,4-8 noble metal-based,9-14 metal oxide-based,15-18 carbon-based,19-22 porous 

materials-based,23-30 and even some composite nanozymes comprised of several 

nanomaterials.31-35 Generally, the nanozymes can mimic one or more of four classes of 

redox enzymes including oxidase, peroxidase, superoxide dismutase and catalase. 

Among them, noble metal nanoparticles (NPs) like Pt NPs have superior enzyme-like 

catalytic performance.35,36-38 Upon most occasions, the nanozymes with smaller size 

have higher catalytic activity.39,40 However, to obtain Pt NPs with small size (< 5 nm) 

and high dispersibility is a challenging work due to the easy aggregation property. 

Covalent organic framework (COF), as a representative class of porous materials, 

has been developed as excellent support to in-situ synthesis and immobilize noble metal 

NPs.41-47 Not surprising, these COF-supported NPs exhibited uniform size and 

morphology and outstanding catalytic performance. For example, Lu and co-workers 

designed a thioether-containing COF, and immobilized ultrafine Pd NPs and Pt NPs 
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inside the COF cavity, providing excellent catalytic activities in Suzuki-Miyaura 

coupling reaction and nitrophenol reduction, respectively.43 However, it is very difficult 

to apply these nanohybrids as enzyme-like catalyst due to the poor acid tolerance of 

COF template. In our previous work, the imine-linkage COF-300 was reduced by 

NaBH4 to the amine-linkage COF-300-AR, which presented excellent light-responsive 

oxidase-like activity, high stability and good reusability despite harsh experiment 

conditions.30 Since the amine-type ligand is highly effective toward the combination of 

varied metal ions,42,48,49 stable COF-300-AR could be an ideal template for 

immobilizing noble metal NPs with small size and narrow distribution due to the 

interconnected pores, which can provide superior enzyme-like catalytic performance.

Here, we designed and in-situ synthesized COF-supported ultrafine Pt NPs as 

oxidase mimic. The ultrafine Pt NPs around 2.2 nm was immobilized on the surface of 

COF-300-AR template utilizing uniformly distributed nitrogen atoms of the ordered 

framework structures. The COF-supported Pt NPs (PtNPs/COF-300-AR) showed 

predominant oxidase-like catalytic activities to the oxidation reaction of 3,3’,5,5’-

tetramethylbenzydine (TMB), with the advantages including rich catalytic sites, good 

stability and high reusability. Some reductive substances, such as glutathione (GSH), 

can suppress TMB oxidation, causing blue color to fade and absorption intensity to 

reduce. Therefore, PtNPs/COF-300-AR had been developed as a reliable sensor for the 

detection of cellular GSH level.
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2. MATERIALS AND METHODS

Scheme 1. The preparation process of PtNPs/COF-300-AR and its oxidase-like 

catalytic application for TMB oxidation.

Scheme 1 presents the synthetic process of PtNPs/COF-300-AR. First, COF-300-

AR (75 mg) was dispersed well in distilled water (10 mL), then chloroplatinic acid (10 

mg, 19.3 μmol) was added and stirred at room temperature for 3 h. Secondly, solid 

NaBH4 (0.2 g, 5.29 mmol) was slowly added in small amount within 5 min and stirred 

for 1 d. Finally, the gray solid (named as PtNPs/COF-300-AR) was collected by 

centrifugation, washed three times with water and ethanol, and dried in vacuum (60 

oC).

The other experimental processes are provided in Supporting information, which 

is similar to our previous work.30

3. RESULTS AND DISCUSSION

3.1. Characterization of PtNPs/COF-300-AR.

To obtain a more stable COF template to in-situ prepare ultrafine Pt NPs, the 
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imine-linkage COF-300 was firstly reduced to amine-linkage COF-300-AR according 

to previously reported works.30,50 As shown in FT-IR spectra (Fig. S1), the benzylidene 

aniline peak of COF-300 at 1620 cm-1 disappeared, and the benzyl aniline peaks of 

COF-300-AR at 1251 and 1608 cm-1 appeared, indicating a successful reduction. 

Although the crystal structure changed from the dia-c5 topology of COF-300 to the 

collapsed hydrated form of COF-300-AR after the reduction reaction,30 amine-linked 

COF kept structural integrity and showed good compatibility with acidic condition (Fig. 

1A, blue line). After in-situ preparation of Pt NPs with NaBH4 reduction, the PXRD 

pattern of PtNPs/COF-300-AR (Fig. 1A, green line) was consistent with that of COF-

300-AR except new peaks appearing at 2θ = 40o, 46o and 68o assigned for (111), (200) 

and (220) planes of unsupported Pt NPs (Fig. S2), demonstrated the integrity and 

crystallinity of COF were well retained in the process of successful loading Pt NPs.43

TEM image (Fig. 1B) and SEM image (Fig. S3) of PtNPs/COF-300-AR showed 

that ultrafine Pt NPs evenly spread on the surface of COF template. The medium 

diameter of Pt NPs was 2.2 nm with a narrow size distribution, which was basically 

consistent with the average diameter of 2.3 nm calculated from the (111) plane of Pt 

NPs in PXRD pattern using the Scherrer formula. The few Pt NPs with diameters larger 

than 2.3 nm may be due to partial aggregation. Compared with unsupported Pt NPs 

(Fig. S4), it was obvious that COF-300-AR was a beneficial template for forming 

ultrafine Pt NPs. We found the dosage of Pt source had vital effect on the number, size 

and dispersity of the in-situ prepared Pt NPs. When H2PtCl6·6H2O dosage was 10 mg, 

the Pt NPs was small size and high dispersion. However, with the increase in the dosage 
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of Pt source (25 mg or 50 mg), the size of Pt NPs increased and their aggregation 

become more frequently (Fig. S5). To save Pt source and obtain ultrafine Pt NPs with 

high enzyme-like catalytic activity, 10 mg H2PtCl6·6H2O was selected. 

SAED pattern (Fig. 1C) presented the characteristic diffraction ring of COF-

supported Pt NPs, and high resolution TEM image (Fig. S6) also confirmed that Pt NPs 

were highly crystalline, which are coincident with the result from PXRD profile (Fig. 

1A, green line). Next, EDS elemental mappings (Fig. 1D and Fig. S7) displayed that 

the constituent elements including Pt, C, N and O were all uniformly distributed on 

PtNPs/COF-300-AR, which once more confirms the high dispersity of Pt NPs on 

template COF-300-AR. The Pt content in PtNPs/COF-300-AR was 2.52% (w/w) by 

ICP-OES analysis (n = 3), which was almost half the added Pt content (4.44%, w/w) 

during the synthesis. After loading Pt NPs, the measured BET surface area and pore 

size of the nanohybrids were basically consistent with the COF-300-AR support (Fig. 

S8), which verified that Pt NPs (~2.2 nm) mainly distributed on the surface of COF-

300-AR template.
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Figure 1. Characterizations of PtNPs/COF-300-AR with 10 mg H2PtCl6·6H2O as Pt 

source: (A) PXRD patterns; (B) TEM image, the inset is size distribution histogram of 

Pt NPs based on about 100 nanoparticles; (C) SAED pattern; (D) EDS mapping.

Furthermore, the element composition (Pt, C, N, O) of PtNPs/COF-300-AR 

evaluated by XPS spectrum (Fig. 2A) and EDS mapping was in good agreement. The 

Pt 4f region consisted of a higher energy band (Pt 4f5/2) and a lower one (Pt 4f7/2). From 

Fig. 2B, the doublets can be divided into two pairs (Pt0 and Pt2+ species): (1) Pt0 species, 

including Pt 4f5/2 (74.6 eV) and Pt 4f7/2 (71.3 eV); (2) Pt2+ species, including Pt 4f5/2 

(75.6 eV) and Pt 4f7/2 (72.1 eV). The ratio of Pt0/Pt2+ is 0.89 based on the peak area. 

The reoxidation of Pt0 species should be responsible for the existence of Pt2+ species, 

which has previously been found after exposing nanoparticles to air.43

Figure 2. (A) The XPS spectra. (B) Pt4f region in the XPS spectrum of PtNPs/COF-

300-AR.

To sum up, Pt NPs with small size (~2.2 nm) and high dispersity had been 

successfully in-situ prepared on the surface of COF-300-AR support. As known, the 

ultrafine Pt NPs are superior redox enzyme mimic,2,3 and COF-300-AR has enough 
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acid resistance,30 which guaranteed that our prepared PtNPs/COF-300-AR can be an 

excellent oxidase mimic. 

3.2. Oxidase-Like Catalytic Activity of PtNPs/COF-300-AR.

In the work, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulffonicacid) (ABTS) and 

3,3’,5,5’-tetramethylbenzidine (TMB) were employed as the representative substrates. 

As seen from Fig. S9, the characteristic peaks were found at 652 nm and 417 nm, 

respectively, indicating that the hybrid materials catalyzed the oxidation of TMB and 

ABTS to generate colored products. Moreover, the catalytic activity was also affected 

by multi-factors including solution pH, reaction time and temperature, enzyme and 

substrate concentrations, which is like a natural oxidase. As shown in Fig. S10, the 

optimal conditions were as following: 50 g/mL PtNPs/COF-300-AR, 133 M TMB, 

reaction time of 15 min, reaction temperature of 45 oC, and pH of 3.0.

Furthermore, to survey the high oxidase-like activity of PtNPs/COF-300-AR, 

COF-300-AR and unsupported Pt NPs were selected as control catalysts. All the 

conditions, including the amount of different catalysts, were the same. From Fig. 3A, 

COF-300-AR had a negligible catalytic capacity (black curve). However, after in-situ 

forming Pt NPs (blue curve), the catalytic capacity of COF-300-AR was markedly 

improved. That is to say, the immobilized Pt NPs are responsible for the excellent 

catalytic ability of the nanohybrids. Furthermore, the catalytic ability of 50 g/mL 

PtNPs/COF-300-AR, only having the Pt content of 1.26 g/mL, was comparable to that 

of 50 g/mL unsupported Pt NPs (pink curve) and far higher than that of 1.26 g/mL 

unsupported Pt NPs (red curve). This was probably owed to the high dispersity and 
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small size of COF-supported Pt NPs, which was easier to capture and immobilize TMB 

on the active site. Obviously, COF-supported Pt NPs were significantly superior to 

unsupported Pt NPs in terms of saving noble metal and reducing aggregation.

Apparent kinetic parameters of the PtNPs/COF-300-AR oxidase mimic was 

assessed by Michaelis-Menten equation. The corresponding curve was obtained by 

changing TMB concentration (Fig. 3B), and the calculated apparent values of Vmax and 

Km from Lineweaver-Burk plot (Fig. 3C) were listed in Table S1. Contrast to other 

enzyme mimics, PtNPs/COF-300-AR had comparable affinity to TMB and reaction 

speed.

Figure 3. (A) Time course of enzymatic reaction in different catalyst system. (B) 

Michaelis-Menten curve and (C) Lineweaver-Burk plot of PtNPs/COF-300-AR oxidase 
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mimic with TMB as substrate. (D) ESR spectra of TEMP solution (0.2 M HAc-NaAc, 

pH = 3.0).

3.3. The Catalytic Mechanism of PtNPs/COF-300-AR Oxidase Mimic.

One very critical initiation factor of redox reaction is the existence of oxygen (O2). 

From Table S2, after nitrogen gas blowing the air-saturated solution for 5 min before 

reaction, the absorbance at 652 nm decreased by half. Moreover, the absorption signal 

was almost completely inhibited after adding a reductant such as ascorbic acid (AA) or 

thiourea. These observations clearly indicated that the generation of reactive oxygen 

species (ROS) during the catalytic process of the nanohybrids.

To clarify the possible mechanism of PtNPs/COF-300-AR as enzymatic catalyst, 

various free radical scavengers were used to probe the presence of ROS. From the 

results listed in Table S2, more than 65% absorption intensity was inhibited with the 

addition of NaN3 (100 M) or histidine (50 M) which are commonly used 1O2 

scavengers. However, suppression was less than 10% with the addition of O2
•-

 

scavenger (SOD) and •OH scavenger (ethanol, isopropanol or DMSO). Furthermore, 

the ESR spectra were also applied to verify ROS generation with TEMP and DMPO as 

1O2-sensitive (Fig. 3D) and •OH/O2
•--sensitive (Fig. S11) trapping agents, respectively, 

indicating that 1O2 but not •OH/O2
•- was the main ROS. The above results suggest that 

1O2 played a crucial role in the oxidation of TMB, that was consistent with the 

significant discovery that 1O2 was generated in the existence of noble metal (Ag, Pd, 

Pt, etc.) nanoparticles.38,51

Based on the above results, the formed 1O2 could be responsible for the excellent 
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catalytic ability of the PtNPs/COF-300-AR oxidase mimic by oxidizing TMB into its 

product (oxTMB), and the possible mechanism is graphically presented in Scheme 1.

3.4. Colorimetric Detection of GSH

The PtNPs/COF-300-AR oxidase mimic was exploited as sensor for the detection 

of GSH level. It can be seen in Figs. 4A-B, as GSH concentration increased, the 

absorbance at 652 nm gradually decreased, keeping a good linear relationship in the 

concentration range (0.4-4.0 M). GSH with concentration as low as 0.4 M can be 

quantified using our proposed method, which is even comparable with some fluorescent 

methods for GSH detection (Table S3). In particular, some possible interferences in cell 

lysate, such as amino acids (Gly, Glu, Thr, Arg, L-Leu, Met) and inorganic ions (K+, 

Ca2+, Na+, , Mg2+, , , , , ) showed no 4NH 2
4SO  3

4PO 
3HCO 2

3CO 
2 4H PO

significant effect in GSH detection, except L-cysteine (L-Cys), homocysteine (Hcy), 

AA and  (Fig. 4C-D). Similar to the most oxidase mimics, the selectivity of 2
3SO 

PtNPs/COF-300-AR to GSH is limited, and those substances reacted with ROS radicals 

have certain influence on the GSH detection. However, in the cell, GSH is far more 

abundant compared to other sulfhydryl compounds,30,52,53 so our proposed method is 

perfectly suited to detect cellular GSH.
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Figure 4. (A) The change of UV-vis absorption spectra with GSH concentrations (0-

16 μM) in the TMB-PtNPs/COF-300-AR system. (B) The relationship between 

absorbance and GSH concentration (inset is the corresponding linear calibration curve). 

(C) and (D) show the relative absorption intensity of the proposed method to different 

analytes (A and A0 represent the absorbance at 652 nm with and without the analyte, 

respectively). The concentrations of the analytes are 1 mM except those of L-Cys, Hcy, 

GSH, AA and  (5 M). 2
3SO 

Next, HL60 cell was used as model cell to evaluate the application potential of the 

nanohybrids in the measurement of cellular GSH level.54,55 Although the cell lysis 

buffer had certain effect on the response intensity, there was still a linear relationship 

between the absorbance and GSH concentrations (1-8 μM), as shown in Fig. S12. In 

Figs. 5A-B, as the HL60 cell density enlarged from 2×104 to 4×105, the absorption 
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intensity at 652 nm became weaker owing to the inhibitory feature of cellular GSH 

toward oxidase-like catalysis. To confirm our proposed assay method, a GSH assay kit 

was used to assess the GSH level in HL60 cells (Fig. S13). As shown in Fig. 5C, the 

cellular GSH level measured by the TMB-PtNPs/COF-300-AR system is basically 

close to that by GSH assay kit, demonstrating our proposed method is very accurate. 

Therefore, the PtNPs/COF-300-AR nanohybrids was shown to be trustable oxidase 

mimic for the detection for cellular GSH.

3.5. Reusability and Stability of PtNPs/COF-300-AR.

Finally, the reusability and stability of PtNPs/COF-300-AR oxidase mimic was 

examined. From Fig. S14, the catalytic activity was still larger than 90% even after 15 

days of storage. Moreover, all catalytic activities in a cyclic experiment reached 95% 

or higher (Fig. 5D), depicting the high reusability and stability of PtNPs/COF-300-AR 

under high acid buffer solution. The TEM image showed that the reusable PtNPs/COF-

300-AR maintained the good morphology after eight cycles, featured by still highly 

dispersed Pt NPs (Fig. S15). The outstanding reusability and stability of Pt NPs under 

harsh reaction conditions can be owed to COF-300-AR template, that efficiently 

stabilized these NPs.
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Figure 5. (A) Change of absorbance with HL60 cell density. (B) Correlation of relative 

absorption intensity and cell density (A and A0 represent the absorbance at 652 nm with 

and without HL60 cells, respectively). (C) GSH levels in HL60 cell lysate. (D) 

Reusability of the nanohybrids in GSH detection. 

4. CONCLUSIONS

In brief, we demonstrated excellent oxidase-like catalytic capacity of COF-

supported Pt NPs. Benefiting from the introduction of COF-300-AR support, the good 

dispersity and uniform size of ultrafine Pt NPs were obtained. The as-prepared 

PtNPs/COF-300-AR nanohybrids showed high affinity to the substrate TMB, 

illustrating its superior oxidase-like activity. Furthermore, based on construction of the 

TMB-PtNPs/COF-300-AR platform, a sensitive colorimetric method was established 
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for GSH measurement in cell lysate. This study not only brought porous materials 3D 

COFs as promising support for construction of artificial enzymes, but also pioneered 

the application of COF-supported nanozymes and opened promising avenues for more 

powerful nanozymes.
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