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Abstract
 A novel  Fe3O4-MWCNTs@Hemin nanocomposite was synthesized using hemin and  Fe3O4 with multi-walled carbon 
nanotubes (MWCNTs) by one-step hydrothermal methods. The as-prepared  Fe3O4-MWCNTs@Hemin nanocomposites 
exhibited excellent peroxidase-like activities in the activation of  H2O2. The mechanisms, kinetics, and catalytic perfor-
mances of  Fe3O4-MWCNTs@Hemin were systematically studied.  Fe3O4-MWCNTs@Hemin can oxidize dopamine (DA) 
to dopaquinone in the presence of  H2O2, and the intermediate products dopaquinone can further react with β-naphthol to 
generate a highly fluorescent derivative at 415 nm excitation wavelength. Therefore, an innovative fluorescence platform for 
the detection of DA was developed. The fluorescence intensity increased linearly with DA concentration in the range  0.33 
to 107 μM, with a low detection limit of 0.14 μM. Due to the excellent activity, substrate universality, fast response, high 
selectivity, and sensitivity of  Fe3O4-MWCNTs@Hemin, the proposed fluorescence method was used to analyze complex 
biological blood samples with a satisfactory result. It demonstrated the significant potential for developing effective and 
dependable fluorescent analytical platforms for preserving human health.

Keywords Nanozymes · Fe3O4-MWCNTs · Dopamine · Hemin · Fluorescence detection

Introduction

Dopamine (DA) is an essential excitatory neurotransmitter 
for intercellular communication in central and cardiovascular 
systems, which plays an important role in maintaining 
the balance of various physiological functions,  signal 
transduction,  and hormone balance [1, 2]. DA exists in 
the urine, brain, and blood, abnormal level of DA can be 
closely bound up with serious neurological disorders, 
including Parkinson’s disease, depression, senile dementia, 
schizophrenia, and Alzheimer’s disease [3, 4]. Therefore, 
trace detection method of DA has important practical 
significance for human health and therapy or prevention 
of various diseases [5]. Up to now, numerous analytical 
technologies have been explored for DA detection, such as 
high-performance liquid chromatography (HPLC) [6], mass 
spectrometry [7], electrochemical methods, and colorimetry 

[8]. Amongst them, fluorescence analysis method is widely 
exploited owing to its high sensitivity, good selectivity, and 
fast response [9, 10]. However, DA has no fluorescence 
by itself, and fluorescence detection is mainly based on 
the inhibition of DA on fluorescent substances, such as 
fluorescent carbon dots [11, 12].

Nanozymes were a kind of artificial mimic enzyme, 
which has attracted a lot of attention in the research due to 
its unique spatial structure and abundant active sites, easy 
preparation, low cost, and adjustable activity [13]. After 
 Fe3O4 NPs had good POD-like activity had been reported 
by Gao and his colleagues [14], a variety of nanomaterials 
have been exploited successively and have different enzyme 
activities [15]. Some metal oxides, carbon materials, precious 
metals, and metal–organic skeletons were developed for 
fluorescence detection, electrochemical methods, and 
colorimetric methods. Due to their superior characteristics, 
 Fe3O4 nanoparticles are well-known and used in a variety 
of biological separation, drug administration, magnetic 
resonance imaging, and biocatalytic applications. The 
most successful  Fe3O4-based nanozymes for simulating 
peroxidase have been found to be those that could produce 
hydroxyl radical (·OH) by Fenton oxidation. However,  Fe3O4 
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nanoparticles have some limitations, such as their poor water 
solubility, ease of aggregation, and big particle size, which 
have a significant impact on their catalytic activity [16]. 
Therefore, several ligands including other metal, organic 
frame, and inorganic substance are used for assembling  Fe3O4 
to compensate for shortcomings in catalytic activities, which 
has been discovered were GO@Fe3O4,  Fe3O4@Pt, and so on 
[17, 18].

Hemin is an iron protoporphyrin compound, which is 
an active cofactor of heme-proteins, such as cytochromes, 
peroxidase (HRP), myoglobin, and hemoglobin [19]. It may 
acquire peroxide-like activity comparable to the POD, which 
as the POD active site, several biomimetic nano-enzymes have 
been produced by the inclusion of hemin in diverse materials 
to gain numerous enzymes and unique biological proteins 
[15, 20]. It is delighted to find appropriate support that may 
serve as stabilizers and ligands for Fe ions at the same time to 
synergistically maximize the catalytic activity of hemin [21]. 
Chemical synthesis of hemin-graphene hybrid nanosheets was 
employed to create a platform for detecting phenols because 
of the POD-like activity [22]. Single-wall carbon nanotubes 
(SWCNTs) and multi-wall carbon nanotubes (MWCNTs) are 
the two forms of carbon nanotubes. MWCNTs have drawn 
the attention of many researchers because of their superior 
electrical and mechanical properties [23, 24]. Due to the 
exceptional qualities, MWCNTs are becoming frequently used 
for creating magnetic adsorbents, which also could be used to 
increase oxide dispersion because of their stability and great 
adsorption capacity [25].

In this study, a one-step hydrothermal process was used 
to synthesize the  Fe3O4-MWCNTs@Hemin compound and 
showed greater POD mimic activities. Subsequently, DA 
could be oxidized by the  Fe3O4-MWCNTs@Hemin with the 
activation of  H2O2 due to the synergism of POD-like, which 
the oxidative products dopaquinone could further react with 
β-naphthol (β-NAP) and associated with strong fluorescence. 
Based on this, a rapid, highly sensitive, and selectivity fluo-
rescence sensor was developed for DA detection.

Experimental

Valuation POD‑like activity of Fe3O4‑MWCNTs@Hemin

The POD-like activity was measured using TMB, ABTS, 
OPD, and DA a chromogenic substrate. Catalytic assay experi-
ments were carried out in acetate buffer (pH 4.0) in the pres-
ence of  H2O2 and at room temperature. After the reactions, the 
color formation was monitored absorbance value. To estimate 
the reaction kinetics of  Fe3O4-MWCNTs@Hemin, the initial 
reaction rates of these solutions were measured. The Michae-
lis–Menten constant (Km) and the maximal velocity (Vmax) 
were obtained by the Michaelis–Menten equation:

Fluorometric detection of DA

A fluorescent platform was built based on  Fe3O4-MWCNTs@
Hemin POD-like activity for the DA detection. Briefly, dif-
ferent concentration of DA was added in acetic acid-sodium 
acetate buffer (pH = 4.0), then the solution was added to 50 μL 
 H2O2, 400 μL β-NAP, and 20 μL  Fe3O4-MWCNTs@Hemin 
were added to reach an overall volume of 3 mL. Each solution 
was mixed and reacted at 30°C water bath for 20 min. Each 
solution fluorescence intensity was measured at excitation 
wavelength was 415 nm and the emission wavelength range 
was 415–800 nm.

Selectivity and anti‑interference ability

For the selectivity experiment, the concentration of all investi-
gated interfering substances (AD, Trp, Cys, Tyr, His, Asp, Gly, 
Met, Lys, BAP, UA, GSH, SA, phenol, pyrocatechol, and NA) 
was 10 times higher than that of DA (20 μM). To test the anti-
interference ability of the constructed sensing DA system, the 
effects of possible coexisting substances in the blood sample 
were investigated, such as AD, Trp, Cys, Tyr, His, Asp, Gly, 
Met, Lys, Glu, UA, GSH,  Na+, and AA. The other steps were 
consistent with the fluorescent methods for detecting DA (exci-
tation wavelength at 415 nm and emission length at 488 nm).

Determination of DA in serum samples

The healthy human serum was taken and analyzed. The PBS 
buffer solution (pH = 7.1) was used to dilute the serum sample 
tenfold prior to the experiment. The samples were prepared 
for the spiking samples by adding standard DA solutions in 
a range of known concentrations. Three parallel experiments 
were carried out for each concentration of the DA sample solu-
tion, which had concentrations of 10 μM and 150 μM, respec-
tively. A fluorescence spectrophotometer was used to record 
and plot the fluorescence spectra after the additional elements 
were added to the supernatants of the three concentrations and 
incubated for 20 min.

Results and discussion

Characterization

The preparation process of  Fe3O4-MWCNTs@Hemin nano-
composites is shown in Scheme 1 and described in the Sup-
porting Information. The TEM was used for investigating 
the size and morphology. As shown in Fig. 1a, the  Fe3O4 

v =
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displayed irregular spherical particles with a smooth surface 
of about 90 nm in diameter. The MWCNTs show curved and 
interlaced pipelines structure that could provide conveni-
ence for  Fe3O4@Hemin adhesion (Fig. S1a–b). As shown 
in Fig. 1b, the  Fe3O4@Hemin nanocomposites displayed a 
black, spherical shape with a rough surface, and a typical 
second-colored structure, which are attached to the surface 
of the MWCNTs [26]. The high-resolution TEM image 
(Fig. 1c) clearly depicted the interplanar distance between 
adjacent lattice fringes was measured at approximately 0.39 
to 0.47 nm corresponding to the (111) plane of  Fe3O4 nano-
particle [26–28]. As shown in Fig. 1d,  Fe3O4 and hemin 
composite with diameters ranging from 140 to 205 nm 
were attached to the surface of the MWCNTs, the diameter 
increases significantly by comparing to the  Fe3O4 nanocom-
posites. All of the results further suggested the successfully 
synthesized  Fe3O4-MWCNTs@Hemin composites.

X-ray diffractogram (XRD) analysis was used to deter-
mine the structure and size of the crystal. Figure 1e illus-
trates the XRD pattern of the bare  Fe3O4-MWCNT@Hemin 
nanohybrid. A typical graphitic carbon diffraction peak was 
observed in the image at 2θ = 25.8°, matching the (002) 
plane of MWCNTs, showing that the carbon structure of 
MWCNTs has remained intact after the functionalization 
by chemical processes of high temperature [29]. According 
to the JCPDS card No. 03–065-3107, the diffraction peaks 
at 2θ = 30.4°, 35.4°, 43.0°, 53.5°, 56.9°, and 62.6° corre-
spond to (220), (311), (400), (422), (511), and (440) crystal 
plane of the standard XRD data correspond to the magnet-
ite  Fe3O4 crystal structure, respectively [27, 30]. Therefore, 
the  Fe3O4-MWCNT@Hemin nanoparticles were synthesized 
successfully [26].

The XPS spectra of several catalytic layers were collected 
in order to better understand how MWCNTs contribute to 
the acceleration of Fe(II) regeneration. As shown in Fig. 1f 

and Table S1, the broad scan spectra and element mass ratio 
showed the existence of four elements (C, N, O, and Fe) in 
 Fe3O4-MWCNT@Hemin. The N 1 s appeared in decorat-
ing with the hemin, which could prove the nanocomposites 
were synthesized successfully. Figure 1g shows the peak 
positions at 709.2 and 721.7 eV, which correspond to Fe 
 2p3/2 and Fe  2p1/2 species, the Fe  2p3/2 spectrum may be 
divided into two components of  Fe2+ and  Fe3+. After the 
reaction, the peak of  Fe2+ proportion is decreased, which 
indicated  Fe2+ involved in Fenton reaction to generate ·OH. 
It shows that the increased POD-like activity is not caused 
by the produced iron atoms, but rather by the iron oxides. 
All the results suggest the successful construction of the 
 Fe3O4-MWCNTs@Hemin. The FTIR spectrum of the as-
prepared  Fe3O4-MWCNTs@Hemin is depicted in Fig. S2. 
The peak at 590  cm−1 corresponds to the Fe–O stretching 
vibration band in  Fe3O4. The carboxylic group’s stretched 
vibration band, which was demonstrated in the previous 
research, was depicted as a peak about 1618  cm−1 in the 
hemin spectrum showing the C = C and C-H bonds on the 
protoporphyrin (IX) ring’s stretching and bending vibra-
tion modes [29]. Additionally, the FTIR spectra of func-
tionalized MWCNTs with carboxyl groups (COOH) group 
exhibit a broadening around 3413  cm−1, which is related 
to the tensile strength O–H of the O = C-O, demonstrating 
that hemin interacts with hydroxyl groups on the surface of 
 Fe3O4 through hydrogen bonding [24, 31]. These findings 
unambiguously showed that hemin molecules were effec-
tively bonded to the surfaces of MWCNTs and  Fe3O4.

As illustrated in Fig.  S3, the distribution of 
 Fe3O4-MWCNTs@Hemin in an aqueous solution is uni-
form in the absence of a magnetic field. However, when 
an external magnet was brought close by the highly dis-
persed  Fe3O4-MWCNTs@Hemin in the aqueous solution 
quickly came together, indicating  Fe3O4-MWCNTs@Hemin 

Scheme 1  Schematic illus-
tration of the preparation of 
 Fe3O4-MWCNTs@Hemin
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nanocomposites could be recycled from aqueous solution 
easily due to the excellent magnetic property, which provides 
the convenience for detection.

POD‑like activities

The oxidation performances of the mimic enzymes on the 
substrates TMB, OPD, ABTS, and DA were examined to 
analyze the POD-like activities of the mimetic enzymes in 
the activation of  H2O2. As shown in Fig. 2a, in the presence 
of  H2O2,  Fe3O4-MWCNTs@Hemin catalyzed three kinds 
of substrate to produce different color changes of the reac-
tion, and corresponding maximum absorption value center. 
Because of superb mimic enzyme activity, the DA was deter-
mined to evaluate POD-like activity of  Fe3O4-MWCNTs@
Hemin in the activation of  H2O2. The UV–vis absorp-
tion spectra presented in Fig. 2b, it was concluded that 

 Fe3O4-MWCNTs@Hemin could catalyze the oxidation of 
DA, the absorbance values of DA at 278 nm and oxidized 
DA (dopaquinone) at 392 nm.

Consequently, more research was done on the 
nanozyme  Fe3O4-MWCNTs@Hemin’s catalytic activ-
ity. Excess TMB and  H2O2 substrate were present during 
the enzyme kinetic studies. The results show that the 
catalyzed reaction of  Fe3O4-MWCNTs@Hemin obeys 
Michaelis–Menten equation. Michaelis constant (Km) is 
deemed as the indicator of enzyme affinity to substrates 
and maximum initial velocity (Vmax) was obtained from 
Lineweaver–Burk plot (Fig.  2c–d). The Km and Vmax 
value of  Fe3O4-MWCNTs@Hemin with the substrate 
of TMB is 0.06 mM and 4.05 ×  10−8 M·s−1. As shown 
in Table S2, compared with other reported POD-like 
materials such as HRP, h-Fe3O4@ppy,  Fe3O4@MnO2, 
PA-Tb-Cu, and  FeS2 nanozymes, it is concluded that the 

Fig. 1  a TEM of  Fe3O4. b 
The TEM image. c HRTEM 
image and d size distribu-
tion of  Fe3O4-MWCNTs@
Hemin. e XRD spectrum of 
 Fe3O4-MWCNTs@Hemin. 
XPS spectra of as-synthesized 
 Fe3O4-MWCNTs@Hemin: f 
wide scan; g Fe 2p spectrum
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synthesized  Fe3O4-MWCNTs@Hemin was lower Km than 
that of the frequently used horseradish HRP, suggest-
ing that  Fe3O4-MWCNTs@Hemin has a higher affinity 
to  H2O2 than HRP. Meanwhile, the maximum reaction 
rate of  Fe3O4-MWCNTs@Hemin for substrate  H2O2 
was approximately higher than that of HRP, indicating a 
higher excellent catalytic activity of  Fe3O4-MWCNTs@
Hemin. Interestingly, two frequently used components of 
MWCNTs and hemin were used for enhancing the  Fe3O4 
POD-like activities, which is the most obvious differ-
ence reported in other  Fe3O4 literature. Unlike most of 
the structures, most nanozymes have oxidized popular 
substrate such as TMB, ABTS, and OPD for the detec-
tion. The  Fe3O4-MWCNTs@Hemin catalyzed the oxida-
tion reaction of different substrates including DA in the 
presence of  H2O2. In addition, the derivative reaction 
process can be achieved with the oxidation process by 
one-step methods.

Sensing of DA

To evaluate the POD-like capability of  Fe3O4-MWCNTs@
Hemin nanozyme for using DA as the target object, the 
reaction process is demonstrated in Fig. 3a. As shown in 
Fig. 3b, the UV absorption of the DA oxidation products at 
392 nm can be attributed to the conjugated C = O units of 

the newly formed dopaquinone, which is different from DA. 
The UV absorption was shifted to 450 nm when the β-NAP 
was added and formed more conjugated system. Figure 3c 
shows the fluorescence spectra of  Fe3O4-MWCNTs@
Hemin catalyzing DA solution under various conditions. 
The results show that in the absence of  Fe3O4-MWCNTs@
Hemin, no obvious fluorescence was observed in the 
system. In the presence of  Fe3O4-MWCNTs@Hemin, 
nanozyme consequently coupled with the homologous 
catechol derivatives o-quinone intermediate. Subsequently, 
β-NAP was reacted with o-quinone and regarded as tracer 
material for coming into being fluorescent signals fleetly. 
According to Fig. S4, the DA detection system displays 
a strongly fluorescence emission excitation wavelength at 
415 nm and a significant fluorescence emission peak at 
488 nm. The fluorescence intensity rose with the addition 
of DA to the entire mixture. By measuring the fluorescence 
intensity of the combination, these results show that quan-
titative detection of DA is possible. As for nanometer mate-
rial, after the addition of  Fe3O4 and  Fe3O4-MWCNTs, the 
solution became weakly fluorescent (Fig. S5), which shows 
 Fe3O4 and  Fe3O4-MWCNTs had no certain catalytic activ-
ity for the reaction of DA and β-NAP. In the presence of 
 Fe3O4-MWCNTs@Hemin in the solution, the fluorescence 
intensity of the solution of DA and β-NAP was enhanced 
immediately.

Fig. 2  a UV–vis absorption 
spectra of different substrates 
to verify the POD-like activity 
of  Fe3O4@MWCNTs@Hemin. 
b UV–vis absorption spectra 
of DA substrate to verify the 
POD-like of  Fe3O4@MWC-
NTs@Hemin. c, d Relationship 
of reaction rate and substrate 
concentration of the reaction 
of  H2O2 catalyzed by  Fe3O4@
MWCNTs@Hemin nanozyme 
and corresponding Lineweaver–
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Optimization of experimental condition

The generated  Fe3O4-MWCNTs@Hemin nanozymes 
catalytic activity was substantially influenced by pH, 
temperature, and time just as natural POD and other 
POD mimics based on nanomaterials. The nanozyme 
displayed high catalytic activity over a broad pH 
range from 2.2 to 4.0, and the optimal pH value for 
 Fe3O4-MWCNTs@Hemin nanozyme was found to be 
4.0, as shown in Fig. 3d. The activity of the nanozyme 
increased dramatically from pH 3.0 to 5.0, while it sig-
nificantly decreased above pH = 6.0. The catalytic activ-
ity of these nanozymes increased from 4 to 30°C and 
then dramatically decreased from 30 to 80°C, as shown 
in Fig. 3e. The POD-like activity of  Fe3O4-MWCNTs@
Hemin nanozyme was still barely alive when the tem-
perature reached 80°C.  Fe3O4-MWCNTs@Hemin exhib-
ited high catalytic activity during the reaction time from 
0 to 30 min, while the activity of POD increased with 
increasing reaction time from 0 to 20 min (Fig. 3f).

The capturing experiments were further studied to ver-
ify the generation of the radical species during the POD-
like activity of  Fe3O4@MWCNTs@Hemin. During the 
catalytic reaction for detecting important active species in 
the presence of nanozyme catalysis mechanism is investi-
gated with 2,2,6,6-tetramethyl-1-piperidinyloxy (Tempol) 
for •O2

− scavengers, isopropanol (IPA) for •OH scaven-
gers, and  AgNO3 as  e− scavengers, respectively. As shown 
in Fig.  3g, a significant decrease in the fluorescence 
intensity of the system can be observed after the addition 
of IPA and Tempol to the DA solution, which indicates 
that the most dominant radical in the  Fe3O4-MWCNTs@
Hemin-catalyzed oxidation of DA system is •OH and 
 O2

•–. To further confirm the result, the ESR spectrum was 
selected to study the involving ·OH and  O2

•–. DMPO was 
used to track the formation of ·OH in the reaction system 
(Fig. 3h). In the presence of  Fe3O4-MWCNTs@Hemin, 
the signal strength gradually increases over time, which 
indicates that ·OH is generated in the reaction system. 
The peroxidase-like property of  Fe3O4-MWCNTs@
Hemin could further catalyze the oxidation of  H2O2 to 
·OH. Meanwhile, DMPO was also used to track the  O2

•–. 
As illustrated in Fig. 3i, the peak signal was detected for 

different time periods, which indicates that substantial 
 O2

•– was generated by decomposing oxygen in the pres-
ence of  Fe3O4-MWCNTs@Hemin. Consequently, two 
kinds of ROS can be generated and function in the pres-
ence of nanozyme.

Evaluation of the developed method for DA 
detection

Under the ideal detecting circumstances, the nanozyme 
reaction to DA at various concentrations is shown in 
Fig.  4a–b. It was discovered that when the DA con-
centration increased, the fluorescence intensity stead-
ily increased. In the low concentration range (0.33 
up to 106 μM), there was a strong linear association 
(y = 6.646x + 16.546, R2 = 0.992). By using the formula 
3σ/Ksv (where 3 is the factor of 99% confidence level, δ 
is the standard deviation of 20 blank experiments, Ksv 
is the slope of the linear regression equation), the limit 
of detection (LOD) was determined. The LOD was cal-
culated to be 0.14 μM in accordance with the equation. 
The low LOD value suggested  Fe3O4-MWCNTs@Hemin 
was a sensitive fluorescence sensor with the potential to 
detect DA in other blood systems. Comparing the detec-
tion ranges and LODs of other approaches, the approach 
we proposed has displayed high specificity, sensitiv-
ity, and low detection limit for the DA determination 
(Table S3). However, the fluorescence platform is based 
on the oxidation reaction, the strong reducibility matter 
has a strong influence on the detection. It is important 
to note that some foods have considerable reducibility 
properties, which is difficult for detecting for DA in 
these foods.

Selectivity and anti‑interference test of the DA 
system

The reaction of additional compounds, such as amino 
acids (including Trp, Cys, Tyr, His, Asp, Gly, Met, and 
Lys), BPA, UA, GSH, SA, phenol, and pyrocatechol, was 
examined to look into the selectivity of the fluorescent 
platform. According to Fig. 4c, the only DA showed a 
significant increase in fluorescence intensity at 488 nm 
under excitation length at 415 nm, which indicates a high 
selectivity of this DA detection method.

In order to illustrate the possibility of using this 
method for DA  determination in actual blood sam-
ples, the anti-interferences such as other amino acids 
and phenols were added to the  Fe3O4-MWCNTs@
Hemin +  H2O2 + DA + β-NAP system, and the changes 
of absorbance were observed (Fig.  4d). Even though 
they were at 10 times larger concentrations than the 
200 μM different kinds of compounds that the system 

Fig. 3  a The oxidation reaction of DA and reacted with β-NAP. b UV–
vis absorption spectra of different reaction DA systems: (1) DA, (2) 
DA +  H2O2 +  Fe3O4-MWCNTs@Hemin, (3) DA +  H2O2 +  Fe3O4-MWCNTs@
Hemin, (4) DA +  H2O2 +  Fe3O4-MWCNTs@Hemin + β-NAP. c Fluorescence 
spectra of DA system in the presence of  H2O2,  Fe3O4-MWCNTs@Hemin, and 
β-NAP. Effect of pH d, temperature e, and reaction time f on the fluorescence 
intensity of the sensing DA system; g free radical capture for catalysis mecha-
nism. h, i ESR spectrum for detection of the ·OH and  O2

•– generation

◂
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fluorescence intensity was slightly altered at 488 nm. The 
fluorescent probes exhibit great selectivity and sensitiv-
ity to DA response, according to these data. Nonetheless, 
AA demonstrated clear interfering effects, which may 
be efficiently avoided by adding masking agent AAQ-2 

[32]. Meanwhile, the AA concentration of blood sample 
is less than 10 mg/L, which is considerably lower than 
the experimental anti-inference contents. Generally, these 
results indicate the high anti-interference ability of the 
detection DA.

Fig. 4  a Fluorescence emission 
spectra of  Fe3O4-MWCNTs@
Hemin solutions with DA 
concentrations varying from 
0.33 to 106 μM. b Fluorescence 
intensity DA concentration cali-
bration curve. Inset: enlarged 
graph of part of the calibration 
curve. c Specificity test of the 
fluorescence method based on 
 Fe3O4-MWCNTs@Hemin as 
POD-like mimics for detec-
tion of DA in the activation of 
 H2O2. d Interference study of 
DA detection, the concentra-
tion of DA is 20 μM, and the 
concentration of the interference 
element is 200 μM (all of these 
solution fluorescence intensities 
were measured with excitation 
at 415 nm and emission length 
at 488 nm)
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Scheme 2  Plausible mechanism 
of the reaction of DA with 
β-NAP
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Mechanism investigation

Based on the capturing experiments and ESR results, the •OH 
and  O2

•– plays a significant role in catalyze reaction of the 
oxidation DA mechanism of  Fe3O4@MWCNTs@Hemin. As 
indicated in Scheme 2, it is claimed that  Fe3O4@MWCNTs@
Hemin could resolve  H2O2 to generate •OH, then DA (A) was 
oxidized and formed intermediate formation (B), then B is 
further formed to dopaquinone (C), undergo intermolecular 
Michael addition reaction by β-NAP (D) to give intermediate 
(E) under acid environment. F was obtained by the E intra-
molecular rearrangement. F contains a DA diphenol structure, 
 Fe3O4-MWCNTs@Hemin could oxidize and dehydrogenated F 
again to obtain G. The lone electron of -OH would attack G and 
undergo intramolecular cyclization to obtain H. The intermedi-
ate I has the enol structure, which would form a carbonyl group, 
and the carbonyl group in the molecule would be attacked by the 
amine’s lone electron, resulting in the final chromo-fluorophore 
product J. Fig. S6 presents the 1H-NMR  (C5D5N, 600 MHz) 
and 13C-NMR  (C5D5N, 150 MHz) spectra of the fluorescence 
product. The 13C signal within 170–190 ppm belongs to the 
carbonyl carbon, 100–175 ppm are assigned to the aromatic 

carbons, and those below 100 ppm are attributed to the aliphatic 
carbons. All the carbons are consistently matched with the fluo-
rescence derivative structure, and the result confirms that final 
products structure was same with the Scheme 2J.

Fe2+ is more active in the Fenton process, the  Fe2+ species 
could rapidly react with  H2O2 to produce abundant •OH and 
 Fe3+ [33]. As shown in Scheme 3,  Fe3+/Fe2+ redox couples 
promote the generation of •OH and  O2

•–. In addition, DA was 
oxidized to dopaquinone by the ROS from  Fe3O4@MWC-
NTs@Hemin under in presence of  H2O2 conditions. After 
that, adding β-NAP to react with the intermediate, which the 
fluorescence product was created by the reaction [34].

DA detection in human serum samples

Human blood samples spiked with various doses of DA were 
subjected to the proposed  Fe3O4@MWCNTs@Hemin tech-
nique to quantify DA concentrations. According to Table 1 
summary of the methods, recovery rates range from 81.3 to 
96.7%, and RSD is less than 5%. The  Fe3O4-MWCNTs@
Hemin technique was successful in detecting the micromolar 
level DA in intricate biological samples.

Scheme 3  Illustration of detect-
ing DA by  Fe3O4-MWCNTs@
Hemin with the fluorescence 
methods

Table 1  Determination of DA 
in human serum samples

Sample DA added (μM) DA found (μM) Recovery (%) RSD (%), n = 3

0 1.2 ± 0.06 - -
1 10 10.0 ± 0.12 87.6 1.4

150 145.9 ± 0.32 96.4 3.3
2 0 1.4 ± 0.17 - -

10 9.6 ± 0.25 81.3 4.2
150 146.5 ± 0.52 96.7 2.5
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Conclusions

In the research work, the MWCNTs-modified  Fe3O4-Hemin 
nanozymes were successfully synthesized by hydrothermal 
method. Hemin could improve the  Fe3O4 catalytic activities 
and MWCNTs can provide make more active sites available 
for the substrate binding. The experimental results dem-
onstrated that  Fe3O4-MWCNTs@Hemin has outstanding 
POD-like activity due to unique design and the interaction 
of various components. The magnetic nanozymes catalyzed 
the  H2O2 to convert a large number of ·OH and  O2

–., which 
was effective to oxidize variety of substrates such as TMB, 
OPD, ABTS, and dopamine. Meanwhile, the oxidation prod-
ucts were reacted with β-NAP and producing strong fluores-
cence, which excitation wavelength at 415 nm and emission 
wavelength at 488 nm and the fluorescence intensity was 
linearly with the concentration of DA. The fluorescence 
detection platform was applied to detect DA in blood sample 
and the standard recovery rate in the range of 81.3–96.7%. 
The sensor shows highly selectivity and sensitivity, which 
is expected to apply to detect DA in blood sample in future.
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