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Abstract
Nanozymes have both the high catalytic activity of natural enzymes and the stability and economy of mimetic enzymes. 
Research on nanozymes is rapidly emerging, and the continuous development of highly catalytic active nanozymes is of far-
reaching significance. This work reports heteroatomic nitrogen (N) and phosphorus (P) double-doped mesoporous carbon 
structures and metallic Fe coordination generated sponge-like nanozymes (Fe/NPCs) with good peroxidase activity. On this 
basis, we constructed a highly sensitive colorimetric sensor with cysteine and phenol as simulated analytes using Fe/NPCs 
nanozymes, and the response limits reached 53.6 nM and 5.4 nM, respectively. Besides, the method has high accuracy in 
the detection of cysteine and phenol at low concentrations in serum and tap water, which lays a foundation for application 
in the fields of environmental protection and biosensors.
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Introduction

Natural enzymes have attracted wide attention due to their 
amazing catalytic efficiency and substrate specificity. Due 
to their poor stability and high cost, the activity and bio-
chemical application of enzymes in complex environments 
are limited [1, 2]. To solve this problem, researchers are 
committed to developing new and more effective artificial 
nanozymes. Nanozymes are a series of nanomaterials with 
enzyme mimicking characteristics, which have the advan-
tages of low preparation cost, high stability, diverse func-
tions, and modifiable properties [3–5].

Accordingly, various functional nanomaterials, such as 
precious metals, metal oxides, organic metal frameworks, 
and carbon nanozymes, have been proved to have HRP-like 
activities [6–8]. Metal nanozymes have good catalytic activ-
ity, and how to increase the number of active centers and 

reactive oxygen species of carbon nanozymes is a challenge. 
Studies have shown that heteroatom nitrogen (N) doping 
into carbon skeleton enhances peroxidase activity [9–14]. 
Moreover, the introduction of diversified heteroatoms, such 
as B, P, or S, can also greatly improve the catalytic effi-
ciency of carbon nanomaterials [15–18]. Currently, diverse 
heteroatom-doped nanozymes are not common. Therefore, 
heteroatom doping might be an effective strategy to improve 
the performance of carbon nanozymes (Scheme 1).

Phenolic compounds represented by phenol are widely 
present in industrial wastewater, feces, and nitrogen-con-
taining organic substances, and are used in various modern 
industries, including food, pharmaceuticals, oil refining, 
and coatings [19–25]. However, phenolic compounds are 
toxic and can be teratogenic and carcinogenic to organisms 
[26–29], so they are regulated by various environmental pro-
tection agencies. Current studies have found that liquid and 
gas chromatography, capillary electrophoresis, and electro-
chemical methods can be used to detect phenol and its deriv-
atives [30–36]. They have high sensitivity for the detection 
of phenol, but the detection process is complicated and time-
consuming. Therefore, it is very necessary to accurately and 
quickly detect phenolic organic pollutants such as phenol.

Herein, we designed a polymer resin sphere coated with 
aniline for pyrolysis to produce spongy Fe/NPCs nanozymes 
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doped with nitrogen and phosphorus double heteroatoms. 
The nanozymes exhibited good peroxidase activity and oxi-
dase activity due to the synergistic effect of multiple het-
eroatoms and the coordination of metals. A highly sensi-
tive and specific quantitative assay for cysteine and phenol 
was developed by the peroxidase-like activity of Fe/NPCs 
nanozymes. Surprisingly, the nanozymes have achieved 
accurate determination of phenol and cysteine in tap water 
and serum, which is of outstanding practical value in both 
biological and environmental fields.

Experimental section

Materials

Phenol (Phe), 4-aminoantipyrine (4-AAP), ammonium 
persulfate (APS), 3,3′,5,5′-tetra-methylbenzidine (TMB), 
acetate, and sodium acetate were obtained from Alad-
din. l-Cysteine, o-phenylenediamine (OPD), 2,2′-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid ammonium 
salt (ABTS), aniline, and 4,4′-(hexafluoroisopropylidene)
diphenol (BPAF) were purchased from innochem. Hexa-
chlorocyclotriphosphazene (HCCP), triethylamine (TEA), 
iron chloride hexahydrate  (FeCl3·6H2O) were obtained from 
Alfa. The above reagents are of analytical grade. In addition, 
the tap water used in the manuscript was collected from the 
laboratory, and the fetal bovine serum was purchased from 
Sigma-Aldrich.

Preparation of Fe/NPCs nanozymes

NPCs were prepared according to the method described 
in our previous report [37]. The prepared NPCs samples 
were placed in 0.1 M  FeCl3 solution and stirred for 12 h 
to coordinate the metal ions with polyaniline. After that, 
they were washed several times with 3 M hydrochloric 

acid and deionized water, and placed in a vacuum oven 
at 60 °C overnight. The final product was denoted as 
Fe/NPCs.

Peroxidase‑like activity analysis of Fe/NPCs 
nanozymes

Firstly, TMB (0.5 mM, 50μL) and  H2O2 (0.05 mM, 100μL) 
were sequentially added to the HAc-NaAc buffer solution 
(0.2 M, 750 μL, pH = 4.0). Then, Fe/NPCs (0.5 mg/mL, 50 μL) 
were injected into the above solution and incubated for 20 min. 
In contrast, TMB, TMB and  H2O2, TMB and Fe/NPCs, and 
Fe/NPCs were analyzed under the same conditions. At the 
same time, PANI and NPCs were used to replace Fe/NPCs 
under the same conditions to compare peroxidase-like activ-
ity. Using an ultraviolet spectrophotometer, the characteristic 
absorbance of oxTMB was recorded at 652 nm.

Kinetic analysis of Fe/NPCs nanozymes

By changing the concentrations of TMB and  H2O2, the kinet-
ics of the peroxidase activity of Fe/NPCs nanozymes was 
studied. First, Fe/NPCs nanozymes (0.5 mg/mL), TMB as a 
substrate, a fixed concentration of 0.1 mM  H2O2, and differ-
ent concentrations of TMB (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 
0.8, 0.9, 1, 2, and 4 mM) were tested and incubated in acetate 
buffer solution (0.2 M, pH = 4.0) for 5 min. Then, with  H2O2 
as the substrate, Fe/NPCs nanozymes (0.5 mg/mL) were 
used to immobilize TMB (1 mM), and different concentra-
tions of  H2O2 (0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 
0.08, 0.09, 0.1, and 0.2 mM) for experimental research. In 
order to obtain the apparent kinetic parameter, the change of 
absorbance with time was recorded. Then, the POD activity 
Km and Vmax values of Fe/NPCs nanozymes with TMB and 
 H2O2 as substrates were calculated, respectively. The reaction 
kinetic parameters (Km and Vmax) were calculated accord-
ing to Michaelis–Menten equation (V, Vmax, [S], and Km are 
the initial speed, the maximum reaction speed, substrate 

Scheme 1  Schematic diagram 
of the principle of colorimetric 
recognition of cysteine and 
phenol based on sponge-like Fe/
NPCs nanozymes sensing
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concentration, and the Michaelis constant): 1/V = Km/Vmax 
(1/[S] + 1/Km).

Procedure for the determination of cysteine

In a typical procedure, 50 μL Fe/NPCs nanozymes 
(0.5 mg/mL), 100 μL  H2O2 (0.05 mM), and 50 μL TMB 
(0.5 mM) were added to 750 μL acetic acid buffer solution 
(0.2 M, pH = 4.0). After the mixed solution was reacted 
for 3 min at room temperature, 50 μL of cysteine with dif-
ferent concentrations (0, 0.1, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 
4 μM) was added and incubated for 20 min. The UV–Vis 
absorption signal at 652 nm was monitored, and each ana-
lyte was measured in five replicates. The data were nor-
malized to A0,652 nm–Ai,652 nm to eliminate potential bias 
caused by differences in the raw absorbance of the blank 
solution.

Procedure for the determination of phenol

Firstly, 50 μL 0.05 mM  H2O2 and 200 μL 6 mM 4-AAP were 
added to 500 μL NaAc-HAc buffer (0.2 M, pH = 4.8), and then, 
50 μL of 0.5 mg/mL Fe/NPCs nanozymes was added to mix 
well. Then, 200 μL of different concentrations of phenol (0.05, 
0.5, 2, 4, 6, 8, and 10 μM) was mixed and incubated for 20 min, 
and then, the UV–Vis absorption solution (λmax = 515 nm) was 
recorded, and 5 parallel repeated measurements for each ana-
lyte to reduce measurement errors were performed. In order to 
eliminate the absorbance signal caused by the blank sample, the 
data was standardized during processing, i.e., Ai,515 nm–A0,515 nm.

Results and discussion

Synthesis and characterization

Figure 1A shows the SEM image of PZAF particles. The 
results show that PZAF has a spherical structure with a 
smooth surface. They are uniform in size and have an aver-
age diameter of 2–3 µM. Fig. S1 shows that before carboni-
zation, the surface of PZAF is covered by polyaniline, show-
ing an irregular morphology, but it can be seen that there are 
still some PZAF particles on the surface. Then, the appar-
ent morphology of the synthesized Fe/NPCs was observed 
by TEM and SEM. Fig. S2 shows that the nanozyme is an 
amorphous porous structure, which is wrapped in a thin 
nano-layer. As shown in Fig. 1B, C, after carbonization and 
doping of metal Fe, a spherical porous structure was formed 
on the surface of Fe/NPCs, which effectively increased the 
specific surface area of the nanozymes. It is more notewor-
thy that the size of these spherical pores is approximately 
the same as that of the PZAF particles, which can be attrib-
uted to the partial pyrolysis of the PZAF particles during the 
carbonization process. In addition, in the HRTEM spectrum 
of the prepared Fe/NPCs nanozymes, N, P, O, C, and Fe ele-
ments can be clearly detected (Fig. 1D).

The XRD pattern shows that the sample has two obvi-
ous diffraction peaks at 2θ = 24.4° and 43.8° (Fig. 2A), 
which correspond to the (002) and (100) reflections of 
the carbon phase, respectively, indicating the formation 
of graphitic carbon, which further proves the production 
of amorphous carbon [37]. The diffraction peaks of Fe/
NPCs nanozymes are stronger and sharper, indicating 

Fig. 1  (A) A typical SEM image of PZAF particles; (B, C) The typical SEM images of Fe/NPCs nanozymes; (D) HRTEM images and corre-
sponding EDS elemental mapping of Fe, N, P, and C atoms
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that iron doping has an effect on the graphitized struc-
ture. Fe increases the soluble carbon content during the 
high-temperature carbonization process, thereby form-
ing a graphite structure [38]. It is worth noting that 
other diffraction peaks are not found, indicating that 
there is no microcrystal of iron-containing species. This 
can be attributed to the fact that part of the iron spe-
cies with thin surface was washed away by acid, and 
part of its iron was doped into the graphite layer during 
high-temperature pyrolysis, which is consistent with the 
TEM data.

XPS measures the elemental composition and chemi-
cal state of Fe/NPCs nanozymes. The measured spec-
trum confirmed the presence of C, N, O, P, and Fe in 

the sample (Fig. S3). In addition, the N 1 s peak of the 
sample (Fig. 2B) can be fitted to four peaks: pyridine-
N (398.35  eV), pyrrole-N (399.47  eV), graphite-N 
(400.65 eV), and nitrogen oxide (402.03 eV) [39]. Fig-
ure 2C shows the XPS spectrum of P 2P. They can be 
unwound into two forms of P, denoted as P C (132.34 eV) 
and P O (133.54 eV). This result proves that P was suc-
cessfully doped into the carbon framework, produce more 
active centers, and improve the catalytic performance. 
The high-resolution Fe 2p spectrum of Fe/N/C (Fig. 2D) 
has characteristic peaks of  Fe2+ and  Fe3+, which can be 
divided into 721.18 eV  (Fe3+  2p1/2), 716.19 eV  (Fe2+ 
 2p1/2), 710.93 eV  (Fe3+  2p3/2), and 706.16 eV  (Fe2+  2p3/2); 
Fe–N coordination exists on the surface [40].

Fig. 2  (A) XRD patterns of PANI, NPCs, and Fe/NPCs. The high-resolution XPS survey spectra in the N 1 s (B), P 2p (C), and Fe 2p (D) of Fe/
NPCs nanozymes
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Simulated peroxidase activity of Fe/NPCs 
nanozymes

Fe/NPCs nanozymes can be used as materials to simu-
late peroxidase activity. As shown in Fig. 3A, the typi-
cal TMB is used as a probe for measurement. In the Fe/
NPCs nanozymes/TMB/H2O2 system, there is an obvious 
UV–Vis absorption intensity signal at 652 nm. Similarly, 
weak absorption intensity was obtained without  H2O2, but 
no obvious signal was produced in the other control groups. 
This result proved that Fe/NPCs nanozymes have both excel-
lent peroxidase-like activity and oxidase-like activity. Due 
to the outstanding peroxidase activity, we subsequently 
conducted a targeted study on the application of this activ-
ity. Figure 3B shows that different chromogenic substrates 
ABTS and OPD can be catalyzed by Fe/NPCs nanozymes, 
the color changes from colorless to green or yellow, and 
the maximum absorption wavelengths are 415  nm and 
447 nm, respectively. At the same time, we compared the 
peroxidase-like activities of PANI and NPCs under the same 
conditions, which was significantly lower than those of Fe/
NPCs nanozymes, indicating that the synergistic effect of 
heteroatoms N and P and metal interaction improved the 
performance of peroxidase (Fig. S4).

As we all know, the catalytic mechanism of Fe/NPCs 
nanozymes as peroxidases may be the oxidation of  H2O2 to 
produce active intermediates ·OH. Isopropanol as a typical 
·OH trap is used to identify the generation of free radicals. 
By comparison, it can be seen that the addition of isopro-
panol results in a significant decrease in the UV–Vis absorp-
tion intensity at 652 nm (Fig. S5). These evidences further 
prove that Fe/NPCs nanozymes can effectively convert  H2O2 
to ·OH. Compared with natural peroxidase, the performance 

of Fe/NPCs nanozymes also has a high degree of tempera-
ture dependence and pH dependence. As shown in Fig. S6, 
Fe/NPCs nanozymes exhibit the best peroxidase activity at 
pH = 4.0 and 25 °C. After incubating the reaction system for 
20 min, the absorbance tends to a stable value. The above 
optimized conditions were used as the optimal experimental 
conditions for the next stage of the experiment.

The apparent steady‑state kinetic analysis of Fe/
NPCs nanozymes

In order to explore the simulated peroxidase activity of 
Fe/NPCs nanozymes more deeply, we performed apparent 
steady-state kinetics of Fe/NPCs nanozymes by changing 
different concentrations of TMB and  H2O2 under the same 
conditions analyzed. After testing, it was found that the 
rate images with TMB and  H2O2 as substrates all showed 
a typical Michaelis–Menten curves (Fig. 4A, C). After-
wards, we process the data and obtain the parameters 
Km and Vmax according to the slope and intercept of the 
Lineweaver–Burk diagram (Fig. 4B, D). The calculation 
shows that when TMB and  H2O2 are used as the base, 
the maximum enzymatic reaction rate Vmax of Fe/NPCs 
nanozymes is 5.6 ×  10−8  M·S−1 and 9.1 ×  10−8  M·S−1, 
respectively. At the same time, the Michaelis constant Km 
obtained with TMB and  H2O2 as the base is 0.27 mM and 
0.033 mM, respectively. The affinity of the enzyme to the 
substrate can be expressed in Km. The smaller the Km value, 
the stronger the affinity of the enzymes to the substrate. As 
shown in Table S0, the Km value of Fe/NPCs nanozymes 
to TMB is relatively small. Not only that, the Km value 
of Fe/NPCs nanozymes for  H2O2 is more than 100 times 

Fig. 3  (A) The UV–visible absorption spectra of Fe/NPCs nanozymes, TMB, TMB +  H2O2, TMB + Fe/NPCs nanozymes, and 
TMB +  H2O2 + Fe/NPCs nanozymes. (B) The UV–Vis absorption spectrum of ABTS, OPD, and TMB catalyzed by Fe/NPCs nanozymes
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lower than that of HRP, and it is also lower than that of 
other reported materials. This result indicated that Fe/NPCs 
nanozymes have a better affinity for TMB and  H2O2, and a 
more superior mimic peroxidase activity.

Analytical performance of peroxidase activity based 
on Fe/NPCs nanozymes

Detection of cysteine

Cysteine, as a common amino acid in organisms, contains 
thiols in its molecular structure and has reducibility, which 
inhibits the oxidation of TMB and reduces the absorb-
ance response of oxTMB, the principle of detection is 
shown in Fig. S7. As shown in Table S2 and Fig. 5A, the 
response (A0,652 nm–Ai,652 nm) of the Fe/NPCs nanozyme-
based colorimetric sensor to cysteine is positively increased 

with increasing concentration. In the range of 0.1–4 μM 
(R2 = 0.98), the absorbance difference at 652 nm has a linear 
relationship with cysteine, and the LOD value is 53.6 nM, 
indicating that the developed colorimetric sensor has a higher 
sensitivity determination of cysteine (Table S3, Fig. 5B).

To determine the selectivity of the colorimetric sensor, vari-
ous interfering substances common in the human body including 
metal ions, glucose, and amino acids were measured (Table S4, 
Fig. 5C). The experimental results show that the colorimetric 
detection method based on nanozymes has high selectivity.

Detection of phenol

Fe/NPCs nanozymes have excellent peroxidase activity 
and good development prospects in the field of environ-
mental detection applications. Based on this property, a 
colorimetric strategy for quantitative detection of phenol 

Fig. 4  Lineweaver–Burk graph of Fe/NPCs versus TMB (A) and  H2O2 (C). Double reciprocal graph of initial reaction rates of TMB (B) and 
 H2O2 (D)
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based on Fe/NPCs nanozymes was designed. Fe/NPCs 
nanozymes were oxidized and coupled with hydro-
gen peroxide, phenol, and 4-aminoantipyrine (4-AAP) 
to form quinone imine, resulting in color change; the 
principle of detection is shown in Fig. S7. To give full 
play to the performance of Fe/NPCs nanozymes for phe-
nol detection under optimal conditions, we systemati-
cally explored the effects of pH, 4-AAP concentration, 
 H2O2 concentration, and other parameters on the activity 
(Fig. S8). As shown in Fig. 5D, the UV–Vis absorption 
intensity (Ai,515 nm–A0,515 nm) increased with the increase 
of phenol concentration, and the intensity got higher and 
higher. Table S5 and Fig. 5E show that in the concen-
tration range of 0.05–10 μM, the UV–Vis absorption 
intensity has a good linear relationship with the phenol 
concentration (R2 = 0.98). According to the 3σ rule, the 
detection limit of the sensor system for phenol was cal-
culated to be 5.4 nM.

In order to test the selectivity of this sensing strategy 
to phenol, potential interferences such as common anions 
and cations and biomolecules in tap water were selected. 
As shown in Table S6 and Fig. 5F, under the best experi-
mental conditions,  CO3

2−,  NO2
−,  SO4

2−,  Cl−,  ClO−,  Ca2+, 
 Mg2+,  Na+, glucose, sucrose, dopamine, and citric acid at 
a concentration of 100 μM as interference substances were 
added, and the phenol concentration was 10 μM. Although 

the absorbance of these interferences had a certain signal, it 
did not affect the accurate detection of phenol.

As listed in Table S1, the Fe/NPCs nanozymes have a 
wide detection range at low concentrations of cysteine and 
phenol and have a lower detection limit than other assays.

Application test in real environment

To evaluate the test performance of the sensor in actual 
samples, we tested cysteine in serum. First, we filtered the 
serum sample through a 0.22-mm nitrocellulose membrane 
to remove physical impurities, and then diluted it 100 times 
with PBS (pH = 7.4) buffer for use. Four different concentra-
tions of cysteine were spiked into serum samples, and differ-
ent absorbance response values were generated between 0.5 
and 2 μM, and the recoveries were 104.3 to 107.6% (Table 1, 
Table S4).

Phenol was also detected in the real environment, the tap 
water was collected from the laboratory, and after simple 
filtration treatment, the accuracy reached between 89.5 and 
96.7% in the low concentration range of 0.05–2 μM (Table 1, 
Table S7).

Fe/NPCs nanozymes can not only detect cysteine in 
serum, but also detect phenol in tap water. In addition, the 
best reference value of cysteine in biomedicine is less than 
6.3 μmol  L−1. According to national water quality standards, 

Fig. 5  Fe/NPCs nanozymes are used as peroxidase mimics for the 
detection of analytes. UV–Vis absorption spectra produced by dif-
ferent concentrations of (A) cysteine and (D) phenol. (B) The linear 
calibration curve of cysteine in the concentration range of 0.1–4 μM 

and (E) the linear calibration curve of phenol in the concentration 
range of 0.05–10 μM. Fe/NPCs nanozymes detect the interference of 
(C) cysteine and (F) phenol
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the phenol content in tap water should not exceed 0.002 mg 
 L−1. The detection limit of the sensing strategy is lower 
than the critical value, and the sensitivity is high, which has 
excellent development potential in the field of biology and 
environment.

Conclusion

In summary, we develop a variety of heteroatom-doped 
and metal-ligated nanozymes, which provide a new idea to 
improve the activity of carbon nanozymes. Based on this, the 
colorimetric sensor achieved accurate detection of cysteine 
and phenol, which is due to the good peroxidase activity 
of Fe/NPCs nanozymes. In addition, highly sensitive detec-
tion of phenol and cysteine was also accomplished in real 
samples, which has potential applications in biological and 
environmental fields.
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tary material available at https:// doi. org/ 10. 1007/ s00216- 022- 04074-8.
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