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Abstract
An optical bio-probe based on the immobilized tyrosinase on the surface of Fe3O4@Au was described for the detection of dopamine, 
phenol and catechol. The prepared bio-probe (Fe3O4@Au@tyrosinase) was characterized by means such as TEM, SEM, VSM, 
DLS and TGA. In the presence of the bio-probe, the phenol, catechol and dopamine were converted to benzoquinone, o-quinone 
and dopaquinone, and the fluorescence spectra appeared at 308 nm, 329 nm and 336 nm with ex = 270 nm, respectively. However, 
by increasing the concentration of phenolic compounds in the bio-probe, the amount of products (benzoquinone, o-quinone and 
dopaquinone) was increased which was the reason for the increase in fluorescence intensity. Using this mechanism, a bio-probe 
was designed such that the intensity of the fluorescence spectra increased proportionally with the increase of the substrate concen-
trations after different time periods. The 0.003 mg/mL of tyrosinase was loaded on 1.65 mg/mL of the Fe3O4@Au. The highest 
performance for a bio-probe was demonstrated at room temperature and pH 6.8. By investigating the characteristics of the response 
of the bio-probe to different phenolic compounds, it was found that the bio-probe had a linear response in the concentration range 
5.0–75.0 µM, 10.0–100.0 µM for phenol and dopamine and 50.0–500.0 M for catechol. The Michaelis–Menten constant (Km) of 
the bio-probe was calculated as 0.6 µM. Finally, the bio-probe seems to be stable and efficient even after about 2 months.

Graphic abstract
A novel and easy method for the detection of dopamine, phenol and catechol by florescence that uses oxide capability to 
identify the phenolic compounds was introduced.
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Introduction

One of the most critical constituents of hormones and neu-
rotransmitters is the dopamine (DA) composition, which 
is a family of catecholamine and phenethylamine. Motiva-
tion, emotion, endocrine regulation, and locomotion are the 
essential roles of dopamine in the human body [1]. Regard-
ing the usefulness of dopamine, the abnormal amount of 
dopamine causes a series of diseases, including schizo-
phrenia and anorexia Parkinson’s disease [2]. However, the 
amount of this compound in living organisms is between 0.1 
and 10.0 mM, which is very low [3, 4]. Therefore, the meas-
uring of dopamine amount for researchers is still interesting 
[5]. Catechol is another compound that causes a series of 
diseases in humans, animals, and plants, and its toxicity is 
dangerous because the skin quickly absorbs it [6, 7].

Another compound that is considered by researchers is 
phenol [8]. Phenol is one of the most common compounds 
that cause environmental contamination, and this compound 
as a corrosive compound is easily absorbed by contact with 
skin or by ingestion and inhalation. One of the disadvantages 
of phenol is that the amount of 21 µM is very toxic and 
dangerous to fish and the concentration between 106 and 
1062 µM causes the death of the entire aquatic ecosystem 
[9, 10]. It is considering that the wide variety of sources 
are available for the production of phenol, including the 
refineries coal processing, coking operations, manufacture 
of petrochemicals, wood product, plastic, pharmaceutical, 
and paper industries, etc. However, it can be concluded that 
a large amount of this composition exists in the environ-
ment, including drinking water [11, 12]. Besides, the use 
of drinking water, with phenol, can lead to several diseases 
including diarrhea, nausea, dark urine, mouth sores, kidney 
damage and paralysis of the central nervous system [13]. 
The bioaccumulation of phenol in human and animal tissue 
and biomagnification in food chains can lead to severe con-
tamination and hence is a significant concern [14].

So far, different methods for measuring dopamine have 
been introduced, such as mass spectrometry, high-perfor-
mance liquid chromatography, and electrochemical tech-
niques [15–17]. The same techniques, such as gas chroma-
tography, capillary electrophoresis, and spectrophotometry 
analysis, are used to measure phenol [18, 19], but these tech-
niques have a lot of drawbacks. For instance, gas chromatog-
raphy and HPLC are time consuming, complicated and also 
involves expensive equipment. Among others, fluorescence-
based methods are remarkable for researchers because this 
technique can detect trace amounts of analytes in various 
samples. Sensitivity, wide linear dynamic range, rapidity, 
high accuracy, and selectivity are the advantages of fluores-
cence methods that make it attractive to researchers [20–23].

In various fields of science, including drug delivery, phar-
macy and biotechnology, the Fe3O4 magnetic nanoparticles 
are of interest to researchers which attributed to the low 
toxicity, biocompatibility, strong supermagnetism, catalytic 
activity, the ease of preparation, the ability to functionalize, 
and the separation of the product from the external magnetic 
field in the reaction [24–30].

Among different Fe3O4 magnetic structures, the Fe@Au 
(core–shell) structure is very important. The Au as an inert 
element is very suitable for coating magnetic nanoparticles, 
unique biocompatibility and versatility in surface modifica-
tion [31]. Due to the noticeable advantages of Au nanopar-
ticles, this core–shell ability has made it possible to modify 
biomolecules such as enzymes and use them as biosensors.

A lot of sensors were used [32–37]. Biosensors are intro-
duced as an ideal system for monitoring phenolic structures 
due to high selectivity, fast response cost-effectiveness and 
simplicity of operation and manufacture. Known biomol-
ecules such as tyrosinase [38], laccase [39] and horseradish 
peroxidase are used as biosensors and bio-probe to the detec-
tion of phenolic compounds [40]. The tyrosinase enzymes 
can catalyze reactions: the hydroxylation of monophe-
nols to benzoquinone and the oxidation of o-diphenols to 
o-quinones [41]. However, due to limitations on the use of 
enzymes, the design of biosensors based on the immobili-
zation of the tyrosinase enzyme is very much considered 
[42]. Several examples of immobilization methods such as 
incorporation within carbon paste [43], physical adsorption 
[44], immobilization in polymer films [45], and covalent 
cross-linking [46] have been reported. These methods had 
problems such as complicated synthesis, low stability, weak 
bioactivity maintenance, etc. Thus, the immobilization of 
the tyrosinase that does not have the issues listed above is a 
special challenge for researchers.

By considering the advantages of using the core–shell 
of iron–gold structure, in this research, the bio-probe of 
Fe3O4@tyrosinase was synthesized and characterized by 
several techniques such as TEM, FT-IR, SEM, TGA, VSM, 
and DLS. Proposed mechanism for this bio-probe, the com-
pounds such as phenol, catechol and dopamine was oxida-
tion and convert to benzoquinone, o-quinone and dopaqui-
none, respectively, in the presence of tyrosinase, and a new 
fluorescence spectrum at 308 nm, 329 nm and 336 nm, 
respectively, was appeared. By increasing the concentration 
of each of these compounds into the specified amount of 
Fe3O4@tyrosinase, the fluorescence spectrum increased. 
Thus, by linking the spectrum of fluorescence to the phenol 
concentration of 308 nm, catechol at 329 nm and dopamine 
at 336 nm, a bio-probe can be designed to detect phenol, 
catechol and dopamine. Finally, to evaluate the best condi-
tions, the parameters such as time, temperature and pH of 
the reaction were also investigated.
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Experimental

Reagents

The chemical materials such as tyrosinase (from mushroom 
2067 units/mg), glutaraldehyde (2.5%), N-hydroxysuccinim-
ide (NHS), FeCl2 4H2O, 99%, and FeCl3 6H2O, 99% EDC 
(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) were pur-
chased from Sigma-Aldrich. Trisodium citrate dehydrates, 
ammonium hydroxide, HAuCl4.4H2O (99.99%) and glutar-
aldehyde (25% water solution) were purchased from Merck.

Apparatus and measurements

For the functional group properties of the bio-probe, the 
FT-IR spectra were recorded in the wavenumber range 
400–4000 cm−1 [Thermo (AVATAR)]; the surface mor-
phology of nanoparticle was studied by scanning electron 
microscope (SEM) (TESCAN, MIRA III). The particles 
were measured by the TEM (JEOL-JEM 2010). The value 
of the magnetic properties was studied using the vibrat-
ing sample magnetometer (VSM, LakeShore 7073). The 
dynamic light scattering (DLS) was used for hydrodynamic 
diameter (DLS, Malvern, and ZEN3600). Thermal gravi-
metric analysis (TGA–DTA) was another technique used to 
characterize the thermal stability of compounds (Germany, 
Bahr, STA504).

Immobilization of tyrosinase

For immobilization of the tyrosinase on the Fe3O4@Au@
cysteine, the Fe3O4@Au@cysteine was modified using glu-
taraldehyde as a cross-linking reagent. Fe3O4@Au@cysteine 
(20 mg) was added to 1.0 ml of glutaraldehyde (2.5%) under 
the agitation at room temperature for 3 h, and the mixture 
was centrifuged and the product was washed with PBS 
four times. Then the tyrosinase (5.0 mg mL−1) was added 
to Fe3O4@Au@cysteine with 5.0 ml of PBS (pH 6.8), and 
the mixture was agitated for 24 h at 4 °C. The precipitates 
were washed by PBS for the removal of excess tyrosinase. 
The formed magnetic bio-nanoparticles were stored at 4 °C 
in a refrigerator. The synthesis of the Fe3O4 and Fe3O4@
Au@cysteine was described in the supporting information 
(SI) [47].

Detection of DA, phenol and catechol

1.65 mg/mL of freshly prepared bio-nanoparticles was mixed 
with different concentrations (10.0–100 µM) of DA solu-
tions, (5.0–75.0 µM) phenol solutions and (50.0–500 µM) 
catechol. Then with PBS (pH 6.8) the solution was diluted 
to 1.0 mL and incubated for 15 min for DA, 5 min for phenol 

and 10 min for catechol at ambient temperature. In the exci-
tation wavelength at 270 nm, the fluorescence spectra were 
recorded at 308 nm for phenol, 329 nm for catechol and 
336 nm for dopamine. The slit widths were 5 nm and 15 nm 
for ex/em.

Activity assays of tyrosinase

The Bradford method was used to calculate the amount of 
immobilized tyrosinase on the Fe3O4@Au@tyrosinase, The 
concentration of bovine albumin as a protein standard was 
measured using the Bradford method. This testing was car-
ried out at ambient temperature. The optimum enzyme load-
ing on 1.65 mg/mL of the Fe3O4@Au core–shell was found 
to be 0.003 mg/mL [48].

Results and discussion

Characterization of bio‑nanoparticles

The TEM and SEM were used for the characterization 
of particle size and surface morphology of Fe3O4@Au@
tyrosinase, the FT-IR was used for functional groups, the 
DLS, VSM and TGA methods also were used for particle 
size, magnetic properties and stability of the bio-probe, 
respectively. The FT-IR spectra of bare Fe3O4, Fe3O4@
Au@cysteine and Fe3O4@tyrosinase are shown in Fig. 1. 
The peak observed at 585 cm−1 is attributed to the Fe–O 
bond vibration and the broadband peak at 3300–3500 cm−1 
is attributed to the O–H stretching vibrations (Fig. 1a). The 
peak band at approximately 3422 cm−1 is attributed to OH 
stretching vibration and peak at 2973–2893 cm−1 is related 
to the stretching vibration of C–H bond. In Fe3O4@Au@
cysteine, the peak at 3423 cm−1 is attributed to the N–H 
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Fig. 1   The FT-IR spectra of a the Fe3O4 nanoparticles, b Fe3O4@
Au@cysteine, and c Fe3O4@tyrosinase
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stretching vibrations of amine group NH2 and signals at 
2924 and 2968 cm−1 are related to the symmetric and asym-
metric vibrations of the C–H bond, and 16,354 cm−1 cor-
responds to the stretching vibration of the carbonyl group 
(Fig. 1b). To show the presence of enzymes on the surface 
of the Fe3O4@ Au@cysteine, the main peaks at 1571 cm−1, 
1405 cm−1 and 3295 cm−1 related to secondary amide and 
hydroxyl groups, respectively. Therefore, the FT-IR results 
provide evidential component information of differently 
modified Fe3O4.

The SEM image of bio-nanoparticles is shown in Fig. 2a 
which shows the particles have a spherical shape with 30 nm 
diameter. Also, the TEM image shows the spherical shape 
and diameter of the particle (30 nm) (Fig. 2b) and shows the 
thickness of the Au around the core which is about 0.8 nm. 

The magnetic properties of the bio-probe are shown in 
Fig. 3. Figure 3a, b shows the values of the saturation mag-
netization of the Fe3O4 and Fe3O4@Au@tyrosinase which 
are 63.5 and 48.5 emu/g, respectively. A significant decrease 
in the magnetic property of Fe3O4@Au@tyrosinase in com-
parison to the Fe3O4 state is due to layers such as cysteine, 
tyrosinase and diamagnetic Au. Anyway, Fig. 3c, is shown, 
the Fe3O4@Au@tyrosinase is separated with an external 
magnet at 5 min, and this decreases the magnetic strength 
does not have much effect on the separation of the bio-probe 
from the solution. The TGA of the Fe3O4 and Fe3O4@Au@
tyrosinase at 15 °C/min under nitrogen atmosphere was done 
(Fig. 4). The TGA curve (a) is related to the as-prepared 
Fe3O4; at 225–250  °C, it loses significant weight (5%) 
which is due to the dehydroxylation of Fe–O in the Fe3O4 

Fig. 2   a SEM image of Fe3O4@
Au@tyrosinase and b TEM 
image of Fe3O4@Au@tyrosi-
nase

Fig. 3   Magnetization curves 
of a Fe3O4 and b Fe3O4@Au@
cysteine. c The photographs 
of Fe3O4@Au@tyrosinase 
dispersed in solution (left), and 
separated from water solution 
under an external magnetic field 
(right)
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structure [49]. In curve (b), weight loss occurs in several 
steps, the first step until 100 ℃ is about 10% weight that is 
related to the adsorbed physical and chemical water. In the 
next step that starts at 100 °C until 225 °C is related to the 

de-hydroxylation of Fe–O structure, it is losing about 20% 
of its weight. The last step that starts at 225 °C until 600 °C 
is due to the decomposition of other functional groups such 
as carboxyl and hydroxyl of tyrosinase. The TGA curves of 
Fe3O4@Au@tyrosinase pointed that coated layer of Fe3O4 is 
about 58%. Figure 5 shows the particle size of Fe3O4@Au@
tyrosinase by a DLS, the particle size in a DLS is 100 nm 
which is larger than the TEM in comparison. In the expla-
nation of the difference of particle size between DLS and 
TEM, the TEM image is related to the metal core (Fe and 
Au) while the DLS contains a metallic core plus the layers 
of the organic ligand such as glutaraldehyde, cysteine and 
tyrosinase.   

Possible mechanism of the bio‑sensing

The basic principle of Fe3O4@Au@tyrosinase detection of 
DA, phenol and catechol is illustrated in Scheme 1. Con-
sidering that the tyrosinase on the surface of bio-probe was 
used, and due to the high ability of this enzyme to oxidize 
phenolic compounds, the basis for detection was based on 
the ability to oxidize phenolic compounds by tyrosinase. 
In the presence of the bio-probe, dopamine, phenol and 
catechol converted to dopaquinone, benzoquinone and 
o-quinone, respectively [50, 51]. For each of these products 
(benzoquinone, dopaquinone, and quinone), a fluorescence 
spectrum appeared at 308 nm, 336 nm and 329 nm with 
ex = 270 nm. However, by increasing the concentration of 
dopamine, phenol and catechol to the bio-probe, the amount 
of dopaquinone, benzoquinone and o-quinone as a product 
in the solution increases, so the fluorescence intensity was 
increased. Using these data, a bio-probe can be designed 
such that the increase in fluorescence intensity related to 
increasing the concentration of dopamine, phenol and cat-
echol (Fig. 6).
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Optimization of the experimental conditions

The optimal conditions for this kind of bio-probes are 
very important. The optimal conditions for this kind of 
bio-probes are very important because tyrosinase activ-
ity is highly dependent on pH. As you well know, various 
enzymes require different times for their reaction as a cata-
lyst. Nonetheless, the effects of different pH values (3, 4, 6, 
6.5 and 6.8) for the detection of DA, phenol and catechol 
were investigated, and the fluorescence intensities at 336 nm, 
308 nm and 329 nm for these pHs were calculated. Given the 
highest performance of the bio-probe, the highest amount of 
DA, phenol and catechol was oxidized. Therefore, the best-
optimized condition was for a situation that the fluorescence 
spectrum had a low intensity in the spectrum. Therefore, to 
continue measuring DA, phenol and catechol, the phosphate 
buffer at pH 6.8 was used (Figs. S1, S2, S3).

As you know, various enzymes require different times for 
their reaction as a catalyst. To obtain the best reaction time 
in this system, the fluorescence intensity was calculated with 
a mixture of Fe3O4@Au@tyrosinase and the DA, phenol and 
catechol at different times from 1 min to 30 min. In Figs. 
S3, S4, and S5, it can be seen that by increasing the reac-
tion time to 5 min for phenol, 15 min for DA and 10 min for 
catechol, the fluorescence intensity decreases, and after this 
time the fluorescence intensity reduction can be neglected. 
Nevertheless, the favorable conditions for these reactions 
were 5 min for phenol, 15 min for DA and 10 min for cat-
echol with a pH 6.8 of phosphate buffer.

Calibration curves and detection limit

The bio-probe performance in the detection of phenolic com-
pounds (DA, phenol and catechol) under the optimized exper-
imental conditions was studied. For this purpose, the wave-
lengths of 336, 308 and 329 nm were chosen (ex = 270 nm) 
for the respective determination of DA, phenol and catechol, 
respectively. As shown in Fig. 7, the intensity of the fluores-
cence spectra with various concentration ranges of phenolic 
compounds had different performances. The fluorescence 
intensity of concentration of the dopamine (DA) in the pres-
ence of bio-probe was linear over the range 10.0–100.0 µM 
with a calibration equation of y = 5.503x + 107.96 (r = 0.96) 
(Fig. 7a), and 5.0–75.0 µM range with a calibration equa-
tion of y = 8.44x + 338.95 (r = 0.9805) for phenol (Fig. 7b). 
For catechol, a wide range (50.0–500 µM) with a calibra-
tion equation of y = 1.51x + 235.5 (r = 0.99) was calculated 
(Fig. 7c). The detection limit of 1.00 µM for DA, 5.00 µM 
for phenol and 20.00 µM for catechol was obtained (S/N = 3). 

For activity, the Michaelis–Menten constant (Km) was 
calculated from the Lineweaver–Burk equation:

(1)1∕Vss = (Km∕Vmax) × 1∕[C] + (1∕Vmax),
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where Vss is the steady-state current, Km is the Michae-
lis–Menten constant, Vmax is the maximum current of the 
reaction and C is the concentration of the substrate. Km was 
0.6 µM, and Vmax was 6.8 µM/min. The calculated Km was 
lower than previous research [7, 42] which indicates that this 
enzyme has higher phenolic compound affinity.

Selectivity and interferences

The oxidation products of phenol, dopamine and catechol 
had specific wavelength at ex = 270 nm; however, the selec-
tivity of the technique was examined with other molecules 
such as uric acid (UA), glucose (Glc), inositol (Ins), amino 
acids such as Ala, Gln, Cys, Arg, Glu, Leu, Ile, Trp and Lys), 
and some ions such as Mg2+, Na+, Ca2+, and K+). In Fig. 
S6, it is seen that the fluorescence spectrum at ex = 270 nm 
does not appear; therefore, this system is not selective for 
the above materials. For the study of interferences, Fig. S7 
clearly shows phenolic compounds (phenol, dopamine and 
catechol) with the compounds mentioned above not interfer-
ing with the results of the proposed method even if they were 
present at 100-fold higher concentrations.

Real sample analysis

To evaluate the real sample analysis of the proposed method, 
the human serum samples were collected from healthy vol-
unteers and diluted tenfold by PBS (pH 6.8) before. The 
known concentrations of DA, phenol or catechol were spiked 
to diluted human serums and detected under the optimum 
conditions. As shown in Table 1, the results fully agree 
with the spiked values. These results suggest that matrix 
effects from the diluted serum did not affect the substantial 
detection.

Conclusion

A favorable method of immobilized tyrosinase in a Fe3O4@
Au core–shell for the development of an optical bio-probe 
of dopamine, phenol and catechol has been described based 
on the oxidation of the phenolic compounds in the pres-
ence of tyrosinase. By increasing the substrate concentra-
tion, the fluorescence intensity was increased proportion-
ally. The bio-probe permits good sensitivity and stability. 
The LOD towards DA, phenol and catechol was observed 
to be 1.00 µM for DA, 5.00 µM for phenol and 20.00 µM 
(S/N = 3). Eventually, the developed bio-probe has good 
potential for determining the amount of dopamine, phenol 
and catechol in human serum.
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