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This work is directed towards the synthesis of the magnetic nanoparticle in a core and a gold shell with
immobilized of laccase on its surface (Fe3O4@Au@ Lac). The prepared Fe3O4@Au@ Lac core/shell nanoparticles
are characterized bymeans TEM, SEM, DLS, zeta potential, UV-Vis, and TGA. Meanwhile, as an example of the ap-
plications, Biosensor activity was investigated by using the oxidation of catechol and recording the UV-Vis ab-
sorption in the 402 nm wavelength. The biosensor also demonstrated optimum activity at pH 5.0, reaction
time at 40 min, and 35 mg the amount of biosensor. Linear response in the catechol concentration range of
5.0–70.0 μM. The limit of detection and the apparent Michaels–Menten constant (Km) of the biosensor were 2
μM and 15 μM respectively.
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1. Introduction

During the past few decades, The magnetic nanoparticles are very
much considered because they are applied in various scientific fields
such as purification of the protein, biological separation [1], target deliv-
ery [2], magnetic resonance imaging (MRI) [3], therapy [4], and biosen-
sor [5,6]. One of the unique structures that the uniqueness of the
structure due to the ability to functionalize in the surface as well as its
magnetic properties is the Fe3O4 nanoparticle. In addition, it is easy to
separate these compounds from the solution using the external mag-
netic field. Recently, much attention has been paid to the incorporation
of magnetic materials with other functional components or othermate-
rials. Unique applicability with novel properties is the advantages of the
new structures [7]. Among these compounds, the structure of the core-
shell of iron-gold is much more attention due to the obvious benefits of
Au nanoparticles. Gold is an inert element and very useful as a coating
material for protecting magnetic nanoparticles, versatility in surface
modification [8], high catalytic properties [9], and its unique biocompat-
ibility [10].

In recent years, the environmental and toxicological problems are
the addition of phenolic compounds, owing to the extensive use of
these compounds in various industries, such aswood preservatives, tex-
tiles, surfactants, resins, herbicides, and pesticides [11–13]. One of the
essential isomers of phenolic compounds is the catechol, which is
widely used in various industries such as, antioxidants, pharmaceuti-
cals, cosmetics, and so on. [14]. The sources of phenolic compounds
are the natural decomposition of lingo-cellulosic and humic substances,
i).
all resulting in introducing catechol into nature. Because of the toxicity
of this compound for humans, animals, and plants and also catechol eas-
ily absorbed by the digestive system. It causes a series of diseases like
renal tube destruction, kidney pain and large doses induced strong sup-
pression of the central nervous [15,16]. Due to the problemsmentioned
above, including the high toxicity and low degradability in the ecologi-
cal environment, the detection of catechol has always been challenging
for scientists and researchers.

Up to now, for identity, the catechol compounds several techniques
have been used, including gas chromatography, capillary electrophore-
sis, and high-performance liquid chromatography, But these techniques
are not cost-effective because of time-consuming and the instrumenta-
tions [17]. Compared to classicalmethods, the use of biosensors is a very
remarkable alternative. The biosensor is simple to manufacture and op-
erate, fast, highly selective, and appropriate for miniaturization and use
as portable equipment [18,19].

One of these biosensor compounds is the laccase enzyme, the laccase
(benzenediol: oxygen oxidoreductases, EC 1.10.3.2) enzyme is known
as a multi-copper oxidase and is easily produced by numerous plants,
fungus, and bacteria [20]. Compared to other enzymes that have oxidiz-
ing properties, Laccase is due to the high activity of a catalyst that the
oxidation of a wide range of phenolic compounds, as well as low sub-
strate specificity, which causes researchers to pay particular attention
to the use of laccase as biosensors, a biofuel cell, and so on [21]. How-
ever, low stability and poor reusability of laccase have limited its further
application [22]. As is known, one way to reduce the limitation of the
use of the laccasewith immobilization, thus increasing stability, durabil-
ity and realizing continuous operations [23]. So far, various successful
methods have been introduced with several types of carriers to immo-
bilize the laccase including nanoparticles, membrane, nanofibers, and
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microspheres [24–27]. Among these carriers, the magnetic nanoparti-
cles are very simple and repeatable separated from the reaction me-
dium in the presence of an external magnetic field. Therefore, this
method reduces the operating costs in comparison with centrifugation
and filtration [28]. However, to the best of our knowledge, No reports
have been concerned with the immobilization of laccase on the core-
shell nanoparticle of iron-gold, nor have any studies for the application
of immobilized another enzyme on this nanoparticle. Even research on
the use of this type of immobilized enzyme on the carrier has not been
made.

Because of these problems, in this study, the magnetic nanoparticle
is synthesized by the gold shell, and the laccase is immobilized on its
surface. After characterization of this nano biosensor with various tech-
niques such as TEM, SEM, DLS, zeta potential, UV-Vis, and TGA uses it as
an optical biosensor to determine a catechol, which is one of the pheno-
lic derivatives. Anyway, the aim of this study to synthesize a simple, eas-
ily prepared, inexpensive disposable biosensor for the determination of
catechol in a water sample.
2. Experimental

2.1. Instrumental

For the study, the optical properties of the biosensor, a spectropho-
tometer (Cary 100) spectrometer was used. The hydrodynamic diame-
ter of nanoparticle was characterized by dynamic light scattering (DLS,
Malvern, ZEN3600). The diameter of the particles is measured using a
transmission electronmicroscope (JEOL-JEM 2010). Using Thermo (AV-
ATAR), in the wavenumber range 400–4000 cm−1 the FT-IR spectra
have been recorded. The nanoparticle surface morphology has been in-
vestigated by FESEM (TESCAN, MIRA III). EDS and mapping by FESEM
(TESCAN, MIRA III), The vibrating sample magnetometer (VSM, Lake
Shore 7073) was used for characterization of magnetic properties of
the nanoparticles.
2.2. Chemical and materials

Laccase from Trametes versicolor and PEI (branched, Mw =
1300 g/mol) were purchased from Sigma-Aldrich., EDC, NHS and MUA
were obtained from Aldrich. Ferric chloride (FeCl3 6H2O, 99%),
ferrous chloride (FeCl2 4H2O, 99%), Ammonium hydroxide,
trisodium citrate dehydrate, N‑Hydroxysuccinimide (NHS), 1‑Ethyl‑3‑
(3‑dimethylaminopropyl) carbodiimide (EDC) and HAuCl4·4H2O
(99.99%) were obtained from Merck. All chemicals materials are used
with high purity and without further purification.
Scheme 1. Illustrates the different stages o
2.3. Immobilization of laccase

First, themagnetite nanoparticles (Fe3O4) [29] and then Fe3O4@Au@
MUA as described in the supporting information, are synthesized so, for
immobilize the laccase on the surface of themagnetic nanoparticle, car-
boxyl groups should be activated usingNHS and EDC compounds. How-
ever, 20 mg of the modified nanoparticle)Fe3O4@Au@MUA(is mixed
with 30mMNHSand 150mMEDC solution and stirred at room temper-
ature for 3 h. After that, the Fe3O4@Au@MUA-NHSwas incubated at 4 °C
with 400 μL of 5 mg mL−1 of laccase solution (pH 6.8) for 24 h. In the
end, using the magnets, remove the excess laccase from the reaction
bywashingwith PBS (pH 6.8) and store the solution at 4 °C in the refrig-
erator [30].

2.4. Activity assays of free laccase

The Bradfordmethod is used to calculate the amount of immobilized
laccase on the surface of themagnetic nanoparticle. For thismethod, the
protein concentration was measured using the Bradford method, and
bovine albumin was used as a protein standard. This experiment was
carried out at room temperature of ∼25 °C [26].

2.5. Absorbance measurements

In 3mL of deionizedwater amount 35mg the corresponding Fe3O4@
Au@Lac in phosphate buffer (pH 5.0) was added to a 1 cm path length
quartz cell, then 0.1 mL × 5 μM of the corresponding catechol solution
was added, we record changes in the absorbance at the working wave-
lengths at 402 nm with the use of the UV/Vis spectrum.

3. Results and discussion

The discussion of the results is divided into four sections. First, the
synthesis of different steps of the magnetic biosensor is discussed,
from the stage of synthesis of Fe3O4 to the stage of Fe3O4@Au@Lac. Sec-
ond, the results of the magnetic biosensor (Fe3O4@Au@Lac) characteri-
zation are discussed. Third, the optimization of conditions such as
reaction time, g of biosensor, pH, is discussed. And last, we discuss the
laccase activities as well as kinetic parameters.

3.1. The synthesis of the magnetic bio-nanosensor

Scheme 1 illustrates the different stages of the synthesis of the
Fe3O4@Au@Lac biosensorwhich are in four stages. First, the Fe3O4 nano-
particle is synthesized by a well-known method [31].then, reducing of
the chloroauric acid with sodium citrate as a reducing agent to gold on
the surface of a magnetic nanoparticle. Shell of gold on the surface of a
f the synthesis of the Fe3O4@Au@Lac.



Fig. 1. The FTIR spectra of (a) the as-synthesized Fe3O4 nanoparticles, (b) Fe3O4@Au,
(c) Fe3O4@Au-MUA, and (d) Fe3O4@Au-MUA conjugated with laccase.
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magnetic nanoparticle has advantages, for example, it is an inert ele-
ment that can protect the Fe3O4, and another important application is
that it enables the structure to be used to create different functional
groups on the surface. Third stages put the MUA on the surface of the
core-shell of Fe3O4@Au nanomagnetic. MUA as a linker has a thiol and
carboxylic acid group that hydroxyl groups create this freedom of ac-
tion, which by activating them, materials that contain amine groups
are easily placed on the surface of the nanomaterial. The final step in
the synthesising of the biosensor is immobilized the enzyme on it,
which is described in the experimental section, which first activates
the carboxyl group, and then places the enzyme on the surface in a spe-
cific pH.

3.2. Characterization of Fe3O4@Au nanoparticles

For characterization of Fe3O4@Au@Lac the UV-Vis, FTIR, TEM, SEM,
DLS, and VSMmethodswere used, as you know, the use of UV-Vis spec-
trophotometry is the most accessible method for characterization of
Fig. 2. SEM image of Fe3O4 and Fe
core-shell of Fe3O4@Au. The observation of the surface plasmon reso-
nance band in the UV-Vis spectrum shows indirect evidence of the for-
mation of Fe3O4@Au core-shell morphology [32]. In Fig. 1S
(Supplementary data), a different nanomagnetic structure such as
Fe3O4 (a), Fe3O4@Au (b) and Fe3O4@Au-MUA (c) is compared. In con-
trast to the mostly silent feature in the visible region for Fe3O4 particles
in Fig. 1S(a), whereas in Fig. 1S(b), in the area of 530 nm, there is an SP
band due to the thick layer of Au on the surface of Fe3O4 particles.While
similar SP band at 530 nm Au is clear in Fig. 1S(c) for Fe3O4@Au-MUA,
but Due to the thin layer of MUA around Au, the SP band decreases
slightly. The surface chemistry of the nanoparticles obtained in each
step. Fig. 1 shows the FTIR spectra of (a) the as-synthesized Fe3O4 nano-
particles, (b) Fe3O4@Au, (c) Fe3O4@Au-MUA, and (d) Fe3O4@Au-MUA
conjugated with laccase. The absorption bands at 630 and 440 cm−1,
characteristic of the Fe\\O bond of Fe3O4, also the absorption bands at
1633.3 and 3432.5 cm−1 are assigned to bending and stretching vibra-
tions of OH group respectively which results from the absorption of
water molecules on the surface of Fe3O4 nanoparticles in all spectra
imply the presence of the Fe3O4 nanoparticles in each step (Fig. 1(a)).
In Fig. 1(b), Considering that capped nanoparticles with sodium citrate
the FTIR peaks relate to citrate can be seen at 1610 cm−1 and
1380 cm−1 which is assigned to the asymmetry vibration of C_O. The
peak around 3450 cm−1 related to stretching vibration of OH group
and the peak around at 2966 cm−1 is associated with the stretching vi-
bration of (CH2) bond. Fig. 1(c) displays the FT-IR spectrum of the
Fe3O4@Au-MUA, compared to Fe3O4@Au, there is a peak around
2900 cm−1 that is related to the symmetric and asymmetric stretching
of the υa (CH2). Therefore, the changes observed indicated that the sur-
face of Fe3O4@Au was successfully modified with MUA. For the Fe3O4@
Au-MUA bioconjugates (Fig. 1(d)), The main peaks that can be used to
prove the binding of laccase to Fe3O4@Au-MUA are seen at 1570 and
1409 cm−1, which are related to secondary amide C_O stretching as
well as a peak in the 3290 cm−1, which is related to hydroxyl groups
of laccase. Therefore, FT-IR results provide evidential component infor-
mation of different modified Fe3O4.

Fig. 2 was the SEM image of Fe3O4 and Fe3O4@Au-MUA bioconju-
gates; it can be concluded that the spherical shape particles have
about 30 nm diameter. For comparison, the bare Fe3O4 was presented
in Fig. 2(a) was relatively darker and more blurred than Fig. 2
(b) because the laccase coverage of Fe3O4 was much less electron
dense than the substrate Fe3O4 [30].

The transmission electron microscope data provides significant evi-
dence of core-shell formation (Fig. 3a,b). However, in the completion of
SEM section, it is seen that the particle is spherical in shape with an
3O4@Au-MUA bioconjugates.



Fig. 3. TEM image of bare Fe3O4, and Fe3O4@Au core-shell.
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average diameter of about 30 nm for both Fe3O4 states, bare and core-
shell. Anyway, in Fig. 3(b), it is worth noting that the formation of a
shell of Au with thickness average about 0.9 nm is evident.

The magnetic properties of the synthesized magnetic material are
obtained using the vibrating sample magnetometer (VSM), in Fig. 4,
the diagram of the Fe3O4 and Fe3O4@Au-MUA conjugated with laccase
are shown. The saturation magnetization values of bare Fe3O4 and
Fe3O4@Au-MUA conjugated with laccase were 63.7 and 50.98 emu/g,
respectively. A significant decrease in the magnetic property of
Fe3O4@Au-MUA conjugated with laccase in comparison of the Fe3O4

state is due to layers such as diamagnetic Au, MUA, and laccase in a sur-
face of bare Fe3O4. By theway, due to decrease themagnetic strength, its
strength is still enough to the separation of Fe3O4@Au-MUA conjugated
with laccase from the solution for 3 mine using external magnet Fig. 4
(c). The Fe3O4 and Fe3O4@Au-MUA conjugated with laccase were mea-
sured through the TGA under nitrogen atmosphere condition at the
heating rate of 15 °C/min, Fig. 2S(a, b) show the TGA curves. For
Fig. 2S(a), which is related to as-prepared Fe3O4, the significant weight
loss is from the 225–250 °C range, which is about 5%, due to the dehy-
droxylation of structural Fe-O [33]. In Fig. 6b, several times the weight
loss in the curves is seen, the first stage is 80 °C, which is about 18%
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Fig. 4.Magnetization curves of (a) Fe3O4 and (b) Fe3O4@Au-MUA conjugatedwith laccase. (c) T
separated from water solution under an external magnetic field (right).
related to the adsorbed physical and chemical water. The second
stage, beginning at 250 °C,which loses about 30% of its weight, is related
to the dehydroxylation of structural Fe-O. While the other step up to
600 °C was due to the decomposition of other functional groups such
as hydroxyl and carboxyl of laccase, thermogravimetric chart of
Fe3O4@Au-MUA conjugated with laccase pointed that magnetite coated
is about 60%. The energy dispersive X-ray spectra (EDS) result (Fig. 3S)
confirms that the peaks of Au and S for gold shell and Cu for a layer of
laccase were attributed to the Fe3O4@Au-MUA-laccase. These are evi-
dence for the existence the layer of laccase and shell of gold in Fe3O4@
Au. In addition, Fig. 4S which is related to the mapping, fully supports
this information. The particle size and zeta potential of Fe3O4@Au-
laccase are shown in Fig. 5S which the particle diameter is 470 nm
and the zeta potential is −3.4 mV. As it is seen, a small but non-
negligible difference between TEM and DLS data can be attributed to
the following reasons. First of all, the diameter of the particle in the
TEM is related to themetal core diameter, while the diameter of the par-
ticle in DLS is related to the sum of the core metal and the thickness of
ligand layers, such as MUA and laccase. Second reason, the dynamic
light scattering data is related to larger particles because the intensity
of the scattering is proportional to the sixth power of particle size
2000 4000 6000 8000 10000

agnetic Field (Oe)
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hephotographs of Fe3O4@Au-MUA conjugatedwith laccase dispersed in solution (left) and



Table 1
Comparing kinetic parameters of some laccases.

Enzyme Km

(μM)
Vm

μM/min
References

Laccase from Trametes versicolor 95.5 755 Nazari et al. [17]
Laccase from Ganoderma lucidum 521 19.6 Xu et al. [36]
Laccase from Botrytis cinerea 100 – Sun et al. [38]
Laccase from Mycena purpureofusca 296 64.5 You et al. [37]
Laccase from immobilizing to Fe3O4@Au core-shell 15 4.3 Present work
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[34]. Finally, the points that can be achieved from these interpretations
are the particles uniformly distributed, and the surface of the Fe3O4 is
modified with ligand layer and laccase.

3.3. Evaluation of biosensor response

The mechanism for detecting catechol by oxidation of it to quinone
in the presence of an enzyme has been reported in previous researches,
as shown in Fig. 6S [35]. Thereby, the oxidation makes it possible to
monitor the amount of catechol by a new absorbance peak at a wave-
length of 402 nm. Thus, the wavelength of 402 nm was used for moni-
toring the response of an optical biosensor. For better use of this
biosensor, important parameters such as pH, time, and g of bio-sensor
should be considered and the optimal conditions for this sensor are con-
sidered. The 35 mg of the biosensor was stirred in present of phosphate
buffer solution (pH 5) and 5 μM of catechol for 40min. The influence of
pH on the biosensor response was investigated using phosphate buffer
solutions at pH 3, pH 4, pH 5 to 6, and pH 7 (Fig. 6S). As seen in
Fig. 6S, the optimal pH for biosensor was 5.0.While for pH values higher
and lower than 5, the absorption rate is sharply decreased, which was
probably due to a suppressed activity of laccase (p b 0.05) and damage
incurred to enzyme structures in highly acidic conditions [36]. The effect
of the biosensor amount (Fe3O4@Au-laccase) on the response is investi-
gated by employing a various amount of the biosensor 7, 14, 35, and
40 mg. As shown in Fig. 7S, on increasing the biosensor amount to
35mg the biosensor response increasedwhich this increase in response
is seen by increasing the absorption rate to reach amaximumvalue. The
amount of laccase enzyme on the surface of the biosensor is calculated
using theBradfordmethod that is described in the experimental section,
so, for a 1 mg of a biosensor, 0.07mg of the laccase enzyme was loaded.
The time is the last parameter that is considered for optimized condi-
tions for evaluation of biosensor response. To 35 mg of biosensor
added 5 μM of catechol in pH 5 and record absorption at different
times from 10 to 60 min, which can be seen the 40 min to be the best
time.

3.4. Activity assays

The biosensor activity assay was performed by the amount of cate-
chol oxidation in optimize conditions with different concentrations of
substrate. In Fig. 5a, the Michaelis–Menten curve (V0 versus substrate
concentration [S]) shows the relationship between the enzymes (at
constant concentration) or a structure that has an enzyme and the con-
centration of the substrate. V0 is the initial rate of production of the en-
zyme product. In the Michaelis–Menten curve, with an increase in the
value of [S], the amount of V0 increases up to where this increase is
eventually independent of [S], and the velocity at which this occurs is
called Vmax, and it is the fastest that the given amount of enzyme can
operate.
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Another parameter that is important in theMichaelis–Menten curve
is Km constant. Km is important since it indicates the [S] at which the en-
zyme is most effective at altering the rate of the reaction. Therefore, for
the study of enzyme activities, the characterization of Km and Vmax are
two important parameters and significant. To determining the value of
Vmax and Km, the Lineweaver–Burk plot (1) is used which is V0 at differ-
ent concentrations of [S]. The Vmax and Km were calculated from the
Lineweaver–Burk plot to be 4.3 nM/min and 15 μM, respectively
(Fig. 5b). In Table 1, the kinetic constants Vmax and Km of the kinetic pa-
rameters of laccase of this research has been investigated and compared
with the previous work, which shows that Km values aremuch less than
the other laccases which indicate that this enzyme has higher substrate
affinity [17,37–39].

1=V0 ¼ Km=Vmax � 1= S½ � þ 1=Vmax ð1Þ

3.5. The sensitivity

Fig. 6a shows the response curve of the biosensor towards catechol
in the range of 0.0–80 μM. As shown, a linear response of the biosensor
was observed in the catechol concentration range of 5–70 μM. More-
over, the increase of catechol concentration induced the increase of
the absorption at a 402 nm band with a linear relationship (y =
0.0026x + 0.1022) and the sensitivity by R is 98% (Fig. 6b). As such,
Fe3O4@Au-laccase as a biosensor can be used for the colourimetric de-
tection of catechol and the calculated limit of detection (LOD) was
about 2 μM according to the S/N = 3 rule. By comparing the linear
range and detection limit with other researches, the performance of
sensing of catechol was compared with laccase and tyrosinase
immobilized in different matrices. In Table.2, clearly shows the appro-
priate linear range and also the detection limit better or lower in com-
parison to some of the other researches [16,35,40–43].

4. Conclusion

In this research, the novel and easy route for detection of catechol by
a Uv/vis spectrophotometer were introduced. Using the reduction of
gold salt in the presence of citrate as a reducing agent for preparation
of the core-shell of Fe3O4@Au, and the surface of the gold-coated
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Table 2
Comparing sensing of catechol with laccase and tyrosinase immobilized in different matrices.

Biosensor Linear range Detection limit References

Tyrosinase extract immobilized into a sol–gel silica layered matrix 50–400 μM 52 μM Leboukh et al. [16]
Immobilization of tyrosinase in chitosan 2.5–100.0 μM 1.0 μM Berne and Pecora [34]
Tyrosinase immobilization on functionalized porous silicon surface 1–100 μM 0.43 μM Slomczynski et al. [39]
polymer hydrogel microparticles and enzyme–quantum dot conjugates 200–800 μM – Lasmi et al. [40]
Immobilization of Laccase and MBTH in Stacked Films 0.5–8.0 mM 0.33 mM Park et al. [41]
Hybrid nafion/sol–gel silicate for MBTH immobilization 0.5–10.0 mg/L 0.23 mg/L Abdullah et al. [42]
immobilizing laccase to Fe3O4@Au core-shell nanoparticles 5.0–70.0 μM 2 μM Present work
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magnetic nanoparticle modified by MUA. Then, to immobilize the
laccase on the surface of the magnetic nanoparticle, carboxyl groups
should be activated using NHS and EDC compounds. The obtained par-
ticles were characterized by TEM, SEM, DLS, zeta potential, UV-Vis,
and TGA. The results revealed, the linear range, sensitivity by R, and de-
tection limit for this biosensor were obtained 5–70 μM, 98%, 2 μM re-
spectively. The developed biosensor has a good potential use in
quantitative determination of catechol compound in water solution.
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