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Abstract: This paper, reports on the novel and green synthesis procedure for sulfonamides that
involved the immobilization of Trametes Versicolor laccase onto the Fe3O4–graphene nanocomposite
via glutaraldehyde (GA) crosslinking (Lac/Fe3O4/GO). Various parameters, mainly, activation time,
GA, and laccase concentration were investigated and optimized. The results showed that the optimal
contact time was 4 h, GA concentration was 5% while laccase concentration was 5 mg·mL−1, at which
a high enzyme activity recovery was achieved (86%). In terms of the stability of immobilized
laccase to temperature and storage conditions, the performance of the nanobiocatalyst was found
to significantly exceed that of free laccase. The results have indicated that nearly 70% of relative
activity for immobilized laccase remained after the incubation period of 2 h at 55 ◦C, but only 48%
of free laccase remained within the same time period. Moreover, the immobilized laccase retained
88% of its initial activity after storage for 20 days. In case of the free laccase, the activity retained
within the same time period was 32%. In addition, the nanobiocatalyst possessed better recycling
performance as evidenced from the observation that after eight cycles of repeated use, it retained 85%
of its original activity.

Keywords: magnetic nanobiocatalyst; immobilization; laccase; Lac/Fe3O4/GO; sulfonamides

1. Introduction

Sulfonamide refers to a chemical compound comprised of a sulfonyl group directly bonded to
an amine group. Sulfonamide antibiotics or sulfa drugs are normally prescribed to patients suffering
from urinary tract infections (UTIs) and other diseases including pneumonia, bronchitis, etc. [1].

Sulfa drugs have also been prescribed to help control seizures and treat diseases and infection
including playing a role as HIV protease inhibitors, calcitonin inducers as well as anticancer, antibacterial,
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and anti-inflammatory agents [2]. In animal husbandry, sulfonamides are also used as growth promoters
in addition to their use as prophylaxis and as antibiotics [3].The mechanism or mode of action of
sulfonamide antibiotics involves the inhibition of the production of dihydrofolic acid in the pathogenic
bacteria, which is vital for the production of microbial proteins, and thus interferes with the whole
protein synthesis within the microbe leading to the death of microbial cells [1].

In general, sulfa drugs are mostly prepared and produced commercially through a number of
synthetic procedures with the most commonly used one employing the reactions of sulfonyl chloride
with ammonia or an amine [4–8].

However, these approaches are known to suffer from a number of limitations including the fact
that most of these approaches require the presence of transition metals as catalysts, making them
more expensive. Moreover, these methods tend to employ toxic solvents as reaction media, which
potentially results in the generation of secondary toxicity. Thus, there is a need to investigate and
search for other cheaper but safer and efficient approaches for sulfonamide preparation. Lund et al.
(2001) and Nematollahi et al. (2014) proposed approaches that involved electrochemical techniques for
the preparation of sulfonamides [9,10], which again suffer from low reaction rates and a high-cost,
making the method not commercially viable.

Currently, researchers are working to come up with green and sustainable organic synthesis
methods that are safe, cheap, and environmentally friendly. Among such approaches are the
enzyme-catalyzed reactions that have of late gained much recognition due to the fact that the reactions
involve require only mild conditions to yield high efficiency. Moreover, enzyme-catalyzed reactions
are environmentally friendly, not toxic, and generate less by-products [11].

Among the enzymes that have been widely reported in enzyme-catalyzed reactions for the
synthesis of many organic compounds, the laccases enzymes belong to a class of oxidases [12].
Each laccase enzyme molecule contains four copper ions, and each of the laccase enzymes carries out
one-electron oxidation of an electron-rich aromatic substrate (phenolics and aromatic amines) with the
capability to reduce one oxygen molecule to a water molecule [12]. The use of molecular oxygen as an
oxidant to produce a water molecule, which is only a by-product, sounds very attractive for catalytic
features, thus making laccases one of the best green bio-catalyst in numerous applications [13–17].
However, the use of laccases as a biocatalyst is associated with some limitations as it suffers from
low sensitivity, the problem of denaturing agents, and the fact that they are non-reusable, hence not
economically viable [18]. The aforementioned challenges for laccases need viable solutions and it is in
this idea that some researchers have suggested immobilizing laccases onto carriers in order to play a
role as protective agents and also offer the much-needed stability and improved efficiency [17,19–23].
However, the process of immobilizing laccase enzymes onto carriers has also been reported to be
accompanied by a significant loss of enzyme activity, which again has prompted scientists and
researchers to embark on finding a solution [24–26]. The hope of obtaining solutions to such a
problem has received some light due to the discovery of nanostructured composite materials that can
provide very suitable immobilization support to render the immobilization process with much needed
improved efficiency [27].

One of the nanostructure materials that has received wide recognition is graphene oxide (GO),
which is known for its superior properties with a wide range of applications [28–32]. GO is
also recognized for its superior morphology, large accessible surface area, richness in terms of
oxygenated functional groups, excellent biocompatibility, potential for enhanced functionalization
with nanoparticles, and excellent enzyme loading capacity when used as a support. For these reasons,
GO has the required qualities to be used as a viable support for enzyme immobilization. Again, GO
sheets are associated with undesirable irreversible agglomerates due to the strong π–π interactions,
which provide a hindrance for the immobilization process [33]. One solution to such a problem
is metallic (magnetic) nanoparticles in either GO or reduced GO nanosheets in order to add to the
catalytic effects of GO [34,35]. The attractive features of GO-based magnetic nanocomposites for
enzyme immobilization include those related to magnetic response property, easy surface modification,
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satisfactory reusability of the magnetic-GO (MGO) two-dimensional structure, simple preparation,
large enzyme immobilization capacity, and large surface area [36–38]. Preserving important features
of the immobilized catalyst such as stability, loading capacity, and reusability of the immobilized
enzymes, surface modification, and reagent coupling are essential due to the fact that direct attachment
of the enzyme to MGO nanosheets tends to cause strain to its molecular motion, which also causes the
slowing down of its reactivity [39–41].

Therefore, in this work, we report on a novel procedure that involves the functionalization
of magnetic graphene oxide (Fe3O4/GO) with APTES and post-modification with glutaraldehyde,
which was used as a spacer. It should be noted that this is a continuation of our previous studies on
the preparation and application of magnetically recyclable nanobiocatalysts [42,43], In this particular
work, we report, for the first time, the preparation of the Fe3O4-graphene oxide nanocomposite
by a facile in situ co-precipitation method that was successfully utilized as a support for the
immobilization of laccase (Lac/Fe3O4/GO). Subsequently, it has been employed as a recyclable
catalyst for the synthesis of sulfonamide derivatives in good yields via aerobic oxidative coupling of
2,3-dihydrophthalazine-1,4-dione in the presence of sodium benzenesulfinates using air as an oxidant
at room temperature (Scheme 1).
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Scheme 1. The preparation of Fe3O4/GO and its chemical modifications for covalent laccase immobilization.

2. Results and Discussions

2.1. Optimum Conditions for the Preparation of Lac/Fe3O4/GO

Figure 1 depicts the optimization results for the activation time, concentration of glutaraldehyde,
and laccase immobilization conditions and clearly shows that the concentration of glutaraldehyde
increased, with the enhancement of the activity of immobilized laccase up to 65.3 U, 86% (Figure 1a).
Beyond this level, the increase in the concentration of GA caused a decline in the activity of the
immobilized enzyme (laccase). This was attributed to the fact that the optimal amount of aldehyde
groups had been reached at the surface of the magnetic nanocomposite because it is directly linked
to the magnitude of the stability of the immobilized enzyme (laccase). When the amount/level of
aldehyde groups is high, there is also a tendency of encouraging certain phenomenon including the loss
of laccase activity, precipitation, aggregation, and distortion of the enzyme structure [39]. According to
Figure 1b, when the activation time was 4 h, the activity of laccase attained the highest level so that the
time was now elongated, thus causing the decline in terms of the recovery of laccase which reached
73%, 55.48 U. For this reason, a glutaraldehyde concentration of 5% and activation time of 4 h were
chosen as optimal levels for the immobilization of laccase.

In order to investigate the effect of laccase concentration on immobilization, different concentrations
of laccase ranging from 1 to 7 (mg·mL−1) were prepared. Figure 1c shows that the activity of
immobilized laccase increased sharply at first from 19 to 65.3 U and then reached a plateau when the
initial laccase concentration was higher than 5 mg·mL−1. This may have been caused by saturation of
the immobilization sites. Therefore, the optimum initial amount of laccase was chosen as 5 mg·mL−1

for further studies.



Catalysts 2020, 10, 459 4 of 15Catalysts 2020, 10, x FOR PEER REVIEW 4 of 15 

 

  
(a) (b) 

 
(c) 

Figure 1. Investigation of the optimum conditions for the preparation of Lac/Fe3O4/GO: (a) Effect of 
GA concentration, (b) activation time and (c) concentration of laccase in the synthesis of 
Lac/Fe3O4/GO. 

2.2. Characterization of Lac/Fe3O4/GO 

Scanning electron microscopy (SEM) was used to investigate the surface morphology of the 
nanobiocatalyst. The results from the scanning electron micrographs of Fe3O4/GO and Lac/Fe3O4/GO 
(Figures 2a,b) confirmed that Fe3O4 nanoparticles (A) and the laccase (B) were located on the surface 
of the GO layers. The average nanoparticle size of the Fe3O4/GO and Lac/Fe3O4/GO were 28 nm and 
63 nm, respectively. 

The observations from the x-ray spectroscopy (EDX, Figure 2c) show the presence of the 
expected elements in the structure of the catalyst, which were oxygen, nitrogen, iron, silicon, and 
copper in the Lac/Fe3O4/GO. 

The alternating gradient force magnetometry (AGFM) technique was employed to study the 
magnetic properties of the Fe3O4/GO and Lac/Fe3O4/GO. Figure 2d depicts the room temperature 
magnetization curves of the Fe3O4/GO and the Lac/Fe3O4/GO where Fe3O4/GO and Lac/Fe3O4/GO 
showed the saturation magnetization (Ms) values of 0.002 Oe and 0.003 Oe, respectively. The 
Fe3O4/GO and Lac/Fe3O4/GO had a coercivity (Hc) of 27.24 and 8.89 Oe, respectively, and the 
remanent magnetization (Mr) of ~0.00011 and 0.00048 Oe, respectively. As a result, Lac/Fe3O4/GO has 
a typical superparamagnetic behavior and can be efficiently attracted with an external magnet. 

Figure 2e shows the FTIR spectra of GO, Fe3O4/GO, NH2/Fe3O4/GO, and GA/Fe3O4/GO. The 
broad peak at 3420 cm−1 represents the O–H stretching bond while peaks at 1728 cm−1 and 1625 cm−1 
are the C−O and C=C groups, respectively. The 1060 cm−1 band represents the C–O group of the epoxy 
functionality [44]. The transmittance signal peak at 590 cm−1 shows the Fe–O resulting from the 
incorporation of Fe3O4 nanoparticles onto a graphene layer. Peaks at 2923 and 2854 cm−1 frequencies 
represent the result of surface modification by APTES, (NH2/Fe3O4/GO), which also triggered the 

Figure 1. Investigation of the optimum conditions for the preparation of Lac/Fe3O4/GO: (a) Effect of
GA concentration, (b) activation time and (c) concentration of laccase in the synthesis of Lac/Fe3O4/GO.

2.2. Characterization of Lac/Fe3O4/GO

Scanning electron microscopy (SEM) was used to investigate the surface morphology of the
nanobiocatalyst. The results from the scanning electron micrographs of Fe3O4/GO and Lac/Fe3O4/GO
(Figure 2a,b) confirmed that Fe3O4 nanoparticles (A) and the laccase (B) were located on the surface of
the GO layers. The average nanoparticle size of the Fe3O4/GO and Lac/Fe3O4/GO were 28 nm and
63 nm, respectively.

The observations from the x-ray spectroscopy (EDX, Figure 2c) show the presence of the expected
elements in the structure of the catalyst, which were oxygen, nitrogen, iron, silicon, and copper in the
Lac/Fe3O4/GO.

The alternating gradient force magnetometry (AGFM) technique was employed to study the
magnetic properties of the Fe3O4/GO and Lac/Fe3O4/GO. Figure 2d depicts the room temperature
magnetization curves of the Fe3O4/GO and the Lac/Fe3O4/GO where Fe3O4/GO and Lac/Fe3O4/GO
showed the saturation magnetization (Ms) values of 0.002 Oe and 0.003 Oe, respectively. The Fe3O4/GO
and Lac/Fe3O4/GO had a coercivity (Hc) of 27.24 and 8.89 Oe, respectively, and the remanent
magnetization (Mr) of ~0.00011 and 0.00048 Oe, respectively. As a result, Lac/Fe3O4/GO has a typical
superparamagnetic behavior and can be efficiently attracted with an external magnet.

Figure 2e shows the FTIR spectra of GO, Fe3O4/GO, NH2/Fe3O4/GO, and GA/Fe3O4/GO. The broad
peak at 3420 cm−1 represents the O–H stretching bond while peaks at 1728 cm−1 and 1625 cm−1 are
the C−O and C=C groups, respectively. The 1060 cm−1 band represents the C–O group of the epoxy
functionality [44]. The transmittance signal peak at 590 cm−1 shows the Fe–O resulting from the
incorporation of Fe3O4 nanoparticles onto a graphene layer. Peaks at 2923 and 2854 cm−1 frequencies
represent the result of surface modification by APTES, (NH2/Fe3O4/GO), which also triggered the
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symmetric stretching modes of C−H aliphatic peaks from ethylene groups attached to the amino
functional groups. The peaks at 692 and 1583 cm−1 represent the presence of the N−H [45]. The peak
signals at 1236 and 1041 cm−1 corresponded to Si−O−Si and Si−O−C [46]. The broad intense peak
around 3420 cm−1 was for the OH groups. The OH group was found to decrease, due to the fact
that amino-silylation might have taken place via reaction with the hydroxyl groups present at the
surface. A band at 1633 cm−1 represented the nitrile functional group (–C=N–), which resulted from
the reaction between the free amino groups of NH2/Fe3O4/GO and –CHO of the glutaraldehyde.
Therefore, from the results shown in Figure 2e, the connection between NH2/Fe3O4/GO and laccase
was successfully established using the cross-linker glutaraldehyde.
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(d) Magnetic curves of Fe3O4/GO and Lac/Fe3O4/GO at room temperature. (e) FT-IR spectra of GO,
Fe3O4/GO, NH2/Fe3O4/GO, GA/Fe3O4/GO.

2.3. Investigation of the Activity and Characteristic Properties of Free Laccase and Lac/Fe3O4/GO

2.3.1. Estimation of Kinetic Parameters for the Free Enzyme Laccase and Lac/Fe3O4/GO

The investigation of the kinetic parameters for the activity of free laccase and Lac/Fe3O4/GO
was performed using the approach given in Table 1. The results showed that the Km values for the
free laccase increased from 0.045 mM to 0.073 mM after the immobilization. As for Vmax, a value of
2.9 mM min−1 was recorded for the free laccase, which decreased 1.4 mM min−1 upon immobilization.
This trend, which resulted in the increase of Km and decrease of Vmax after the immobilization, might
have been caused by the steric hindrances on the active site of the enzyme caused by the introduction
of the support [47].

Table 1. Parameters investigated for free laccase and Lac/Fe3O4/GO.

Entry Enzyme Km[mM] Vmax

1 Free Laccase 0.045 2.9
2 Lac/Fe3O4/GO 0.073 1.4

2.3.2. Effect of Temperature and pH on the Activity of Free and Immobilized Laccase

Figure 3a shows the results of the investigation of the dependence of pH on the activity of both
the free as well as immobilized enzymes, which was performed within the pH range of pH 3–pH
8 at room temperature while setting the highest activity at 100%. Immobilization of enzymes onto
charged supports is normally the reason for the deviations of the pH-activity profile to either high
or low pH regions [46,47]. The results from this study have indicated that there was no difference in
terms of the profile of pH-activity between the free and the immobilized laccase at an optimum pH of
5, although the immobilized laccase showed better adaptability in a wider pH region compared to
the free laccase. It was also observed that the immobilization did not significantly alter the enzyme’s
catalytic performance. The results from this study also found that Lac/Fe3O4/GO retained almost 65%
activity at pH 3, while free laccase retained about 40% activity at the same pH. When pH was changed
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to 8.0, the activities of Lac/Fe3O4/GO retained more than 60% after 2 h while the free laccase retained
25.3% activity at the same time period.
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Figure 3. (a) Effect of pH on the activity of the free laccase and Lac/Fe3O4/GO (Na–acetate buffer
for pH = 3–5 and Na–phosphate buffer for pH = 6–8) by the ABTS aerobic oxidation reaction at
room temperature for two hours. (b) Effect of temperature on free laccase and Lac/Fe3O4/GO. The
relative activity was determined at various temperatures at pH = 5 by ABTS aerobic oxidation reaction.
All experiments were performed in triplicate. The error bars were determined (5%).

The effect of temperature on the activities of laccase in this work was investigated by monitoring
its effect on the enzyme activity by varying temperature from 20 ◦C to 80 ◦C (Figure 3b). The maximum
activity of free laccase was found to be 40 ◦C, while that of Lac/Fe3O4/GO was recorded at 55 ◦C.
The activity of free laccase was observed to decrease sharply at temperatures above 40 ◦C, while in
the case of Lac/Fe3O4/GO, a broader temperature for optimum activity was observed at temperatures
ranging from 40 to 60 ◦C, with 19% loss inactivity. When the temperature was raised to 70 ◦C, the
Lac/Fe3O4/GO still retained more than 62% activity, while at the same temperature, the free laccase
retained 25% activity. This trend may be caused by the enhanced structural stability of Lac/Fe3O4/GO
resulting from the presence of multi-layer graphene oxide-enzyme nanosheets, while the multipoint
covalent interactions between the laccase molecules and functionalized graphene oxide-Fe3O4

nanocomposite, which may have rendered additional protection against possible inactivation at
such elevated temperature and pH changes [48].
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2.3.3. Thermal and Storage Stability

The investigation of the heat inactivation was performed in order to evaluate the effect of
Fe3O4–graphene oxide nanocomposite on the thermal stability of laccase enzymes. The immobilized
and free laccase were incubated at different temperatures ranging between 15–85 ◦C for two hours
and subsequently assayed for residual activity. Figure 4a depicts the results whereby after two hours
of incubation, the immobilized and free laccase showed a decreasing trend of relative activity with
further temperature increases. Moreover, it was further revealed that the enzymatic activity of free
laccase declined sharply after incubation at 55 ◦C and lost approximately 50% of its activity after 2 h.
In contrast, more than 70% of the enzymatic activity of immobilized laccase remained after the same
time period. The relative activity of Lac/Fe3O4/GO was found to decrease at a slower rate than that of
the free one at a higher temperature (40–60 ◦C). The main factor responsible for this improvement in
thermostability might be the covalent interactions between the multi-layer magnetic graphene oxide
nanosheet and laccase, which can decrease enzyme mobility and the conformational changes; thus,
causing increased stability against the effects of thermal denaturation.
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(15–85 ◦C) in PBS solution (0.1 M, pH = 5) by the ABTS aerobic oxidation reaction for two hours.
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the ABTS aerobic oxidation reaction at 4 ◦C. Experiments were performed in triplicate. The error bars
were determined (5%).
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The stability of laccase during storage was worked-out by computing the relative activity in PBS
buffer (0.1 M, pH = 5) at 4 ◦C while setting the initial laccase activity at 100%. The results of the study
on the stability of the enzyme are depicted in Figure 4b, where it shows that after 20 days of storage, the
Lac/Fe3O4/GO retained 88% of its original activity. In the case of the free laccase, only about 40% of its
original activity was retained. The results further indicate that Lac/Fe3O4/GO is capable of improving
the storage stability of the biocatalyst because it can restrict enzyme conformational changes [49,50].
For this reason, it can be concluded that the enhanced storage stability of Lac/Fe3O4/GO could prove to
be of significant importance in cutting the costs for industrial applications.

2.4. The Catalytic Application of Lac/Fe3O4/GO in the Aerobic Oxidative Coupling of
2,3-Dihydrophthalazine-1,4-dione and Sodium Benzenesulfinates at Mild Conditions

The catalytic activity of Lac/Fe3O4/GO as a recoverable nanobiocatalyst was investigated for the
synthesis of sulfonamides in PBS solution at ambient temperature. The optimization of the reaction
conditions for the synthesis of sulfonamides took into account the influence of the nanobiocatalyst as
well as the type of solvent on the product yield in the equimolar reactions of phthalhydrazide and
p-toluene sulfinic sodium salt, which were studied at room temperature (Table 2). The results also
indicate that the reaction could not take place without the presence of Lac/Fe3O4/GO and in its absence,
even after 24 h (Table 2), no reaction could take place. The observations from this study indicate that
when Fe3O4 was used as a catalyst instead of Lac/Fe3O4/GO under the same reaction conditions, a yield
of 10% for a corresponding sulfonamide was obtained (Table 2). Moreover, Lac/Fe3O4/GO (50 U) in
the PBS buffer (0.1 M, pH = 6) was found to be an optimum amount that is ideal for the synthesis of
2-(phenylsulfonyl)-2,3-dihydrophthalazine-1,4-dione. In this work, the reactions were performed in
various solvents to investigate the effects of the solvents. The results from this work have shown that
the most effective solvent was PBS (pH = 5, 0.1 M). In H2O, EtOH, and H2O:EtOH (1:1) where the
reactions gave yields, the results ranged between 40% to 60% (Table 2,). Some solvents such as DMF
and DMSO gave no reaction, presumably due to the denaturation of the laccase enzyme.

Table 2. Optimization experiments to investigate the effect of the catalyst and solvent on the synthesis
of 2-(phenylsulfonyl)-2,3-dihydrophthalazine-1,4-dione.

Entry Catalyst (U) Solvent GC Yield (%)

1 No Lac/Fe3O4/GO PBS (0.1 M pH = 5) −

2 Fe3O4 (50 mg) PBS (0.1 M pH = 5) 10
3 Lac/Fe3O4/GO (30) PBS (0.1 M pH = 5) 34
4 Lac/Fe3O4/GO (40) PBS (0.1 M pH = 5) 75
5 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 5) >99
6 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 4) 80
7 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 6) 85
8 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 7) 67
9 Lac/Fe3O4/GO (50) 0.1 M sodium acetate buffer pH = 5 70
10 Lac/Fe3O4/GO (50) H2O 40
11 Lac/Fe3O4/GO (50) EtOH 53
12 Lac/Fe3O4/GO (50) H2O/EtOH (1:1) 60
13 Lac/Fe3O4/GO (50) DMSO −

14 Lac/Fe3O4/GO (50) DMF −

In order to generalize the scope of the reaction, 2,3-dihydrophthalazine-1,4-dione with sodium
benzensulfinates derivatives were examined under optimal conditions, and the results are listed in
Table 3.
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Table 3. Synthesis of sulfonamide derivatives in the presence of Lac/Fe3O4/GO and aerial oxygen at
room temperature.

Entry 2,3-dihydrophthalazine
-1,4-dione

Sodium
Benzenesulfinate Product Yield (%)

1

Catalysts 2020, 10, x FOR PEER REVIEW 9 of 15 

 

2.4. The Catalytic Application of Lac/Fe3O4/GO in the Aerobic Oxidative Coupling of 2,3-
Dihydrophthalazine-1,4-dione and Sodium Benzenesulfinates at Mild Conditions 

The catalytic activity of Lac/Fe3O4/GO as a recoverable nanobiocatalyst was investigated for the 
synthesis of sulfonamides in PBS solution at ambient temperature. The optimization of the reaction 
conditions for the synthesis of sulfonamides took into account the influence of the nanobiocatalyst as 
well as the type of solvent on the product yield in the equimolar reactions of phthalhydrazide and p-
toluene sulfinic sodium salt, which were studied at room temperature (Table 2). The results also 
indicate that the reaction could not take place without the presence of Lac/Fe3O4/GO and in its 
absence, even after 24 h (Table 2), no reaction could take place. The observations from this study 
indicate that when Fe3O4 was used as a catalyst instead of Lac/Fe3O4/GO under the same reaction 
conditions, a yield of 10% for a corresponding sulfonamide was obtained (Table 2). Moreover, 
Lac/Fe3O4/GO (50 U) in the PBS buffer (0.1 M, pH = 6) was found to be an optimum amount that is 
ideal for the synthesis of 2-(phenylsulfonyl)-2,3-dihydrophthalazine-1,4-dione. In this work, the 
reactions were performed in various solvents to investigate the effects of the solvents. The results 
from this work have shown that the most effective solvent was PBS (pH = 5, 0.1 M). In H2O, EtOH, 
and H2O:EtOH (1:1) where the reactions gave yields, the results ranged between 40% to 60% (Table 
2,). Some solvents such as DMF and DMSO gave no reaction, presumably due to the denaturation of 
the laccase enzyme. 

Table 2. Optimization experiments to investigate the effect of the catalyst and solvent on the synthesis 
of 2-(phenylsulfonyl)-2,3-dihydrophthalazine-1,4-dione. 

Entry Catalyst (U) Solvent GC Yield (%) 
1 No Lac/Fe3O4/GO PBS (0.1 M pH = 5) − 
2 Fe3O4 (50 mg) PBS (0.1 M pH = 5) 10 
3 Lac/Fe3O4/GO (30) PBS (0.1 M pH = 5) 34 
4 Lac/Fe3O4/GO (40) PBS (0.1 M pH = 5) 75 
5 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 5) >99 
6 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 4) 80 
7 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 6) 85 
8 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 7) 67 
9 Lac/Fe3O4/GO (50) 0.1 M sodium acetate buffer pH = 5 70 
10 Lac/Fe3O4/GO (50) H2O 40 
11 Lac/Fe3O4/GO (50) EtOH 53 
12 Lac/Fe3O4/GO (50) H2O/EtOH (1:1) 60 
13 Lac/Fe3O4/GO (50) DMSO − 
14 Lac/Fe3O4/GO (50) DMF − 

In order to generalize the scope of the reaction, 2,3-dihydrophthalazine-1,4-dione with sodium 
benzensulfinates derivatives were examined under optimal conditions, and the results are listed in 
Table 3. 

Table 3. Synthesis of sulfonamide derivatives in the presence of Lac/Fe3O4/GO and aerial oxygen at 
room temperature. 

Entry 2,3-dihydrophthalazine-1,4-dione Sodium Benzenesulfinate Product Yield (%) 

1 
NH
NH

O

O  

SO2Na

 

N
H
NO

O

S
O

O

 

81 

2 
NH
NH

O

O  

SO2Na

H3C  

N
H
NO

O

S
O

O

CH3

 

95 

Catalysts 2020, 10, x FOR PEER REVIEW 9 of 15 

 

2.4. The Catalytic Application of Lac/Fe3O4/GO in the Aerobic Oxidative Coupling of 2,3-
Dihydrophthalazine-1,4-dione and Sodium Benzenesulfinates at Mild Conditions 

The catalytic activity of Lac/Fe3O4/GO as a recoverable nanobiocatalyst was investigated for the 
synthesis of sulfonamides in PBS solution at ambient temperature. The optimization of the reaction 
conditions for the synthesis of sulfonamides took into account the influence of the nanobiocatalyst as 
well as the type of solvent on the product yield in the equimolar reactions of phthalhydrazide and p-
toluene sulfinic sodium salt, which were studied at room temperature (Table 2). The results also 
indicate that the reaction could not take place without the presence of Lac/Fe3O4/GO and in its 
absence, even after 24 h (Table 2), no reaction could take place. The observations from this study 
indicate that when Fe3O4 was used as a catalyst instead of Lac/Fe3O4/GO under the same reaction 
conditions, a yield of 10% for a corresponding sulfonamide was obtained (Table 2). Moreover, 
Lac/Fe3O4/GO (50 U) in the PBS buffer (0.1 M, pH = 6) was found to be an optimum amount that is 
ideal for the synthesis of 2-(phenylsulfonyl)-2,3-dihydrophthalazine-1,4-dione. In this work, the 
reactions were performed in various solvents to investigate the effects of the solvents. The results 
from this work have shown that the most effective solvent was PBS (pH = 5, 0.1 M). In H2O, EtOH, 
and H2O:EtOH (1:1) where the reactions gave yields, the results ranged between 40% to 60% (Table 
2,). Some solvents such as DMF and DMSO gave no reaction, presumably due to the denaturation of 
the laccase enzyme. 

Table 2. Optimization experiments to investigate the effect of the catalyst and solvent on the synthesis 
of 2-(phenylsulfonyl)-2,3-dihydrophthalazine-1,4-dione. 

Entry Catalyst (U) Solvent GC Yield (%) 
1 No Lac/Fe3O4/GO PBS (0.1 M pH = 5) − 
2 Fe3O4 (50 mg) PBS (0.1 M pH = 5) 10 
3 Lac/Fe3O4/GO (30) PBS (0.1 M pH = 5) 34 
4 Lac/Fe3O4/GO (40) PBS (0.1 M pH = 5) 75 
5 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 5) >99 
6 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 4) 80 
7 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 6) 85 
8 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 7) 67 
9 Lac/Fe3O4/GO (50) 0.1 M sodium acetate buffer pH = 5 70 
10 Lac/Fe3O4/GO (50) H2O 40 
11 Lac/Fe3O4/GO (50) EtOH 53 
12 Lac/Fe3O4/GO (50) H2O/EtOH (1:1) 60 
13 Lac/Fe3O4/GO (50) DMSO − 
14 Lac/Fe3O4/GO (50) DMF − 

In order to generalize the scope of the reaction, 2,3-dihydrophthalazine-1,4-dione with sodium 
benzensulfinates derivatives were examined under optimal conditions, and the results are listed in 
Table 3. 

Table 3. Synthesis of sulfonamide derivatives in the presence of Lac/Fe3O4/GO and aerial oxygen at 
room temperature. 

Entry 2,3-dihydrophthalazine-1,4-dione Sodium Benzenesulfinate Product Yield (%) 

1 
NH
NH

O

O  

SO2Na

 

N
H
NO

O

S
O

O

 

81 

2 
NH
NH

O

O  

SO2Na

H3C  

N
H
NO

O

S
O

O

CH3

 

95 

Catalysts 2020, 10, x FOR PEER REVIEW 9 of 15 

 

2.4. The Catalytic Application of Lac/Fe3O4/GO in the Aerobic Oxidative Coupling of 2,3-
Dihydrophthalazine-1,4-dione and Sodium Benzenesulfinates at Mild Conditions 

The catalytic activity of Lac/Fe3O4/GO as a recoverable nanobiocatalyst was investigated for the 
synthesis of sulfonamides in PBS solution at ambient temperature. The optimization of the reaction 
conditions for the synthesis of sulfonamides took into account the influence of the nanobiocatalyst as 
well as the type of solvent on the product yield in the equimolar reactions of phthalhydrazide and p-
toluene sulfinic sodium salt, which were studied at room temperature (Table 2). The results also 
indicate that the reaction could not take place without the presence of Lac/Fe3O4/GO and in its 
absence, even after 24 h (Table 2), no reaction could take place. The observations from this study 
indicate that when Fe3O4 was used as a catalyst instead of Lac/Fe3O4/GO under the same reaction 
conditions, a yield of 10% for a corresponding sulfonamide was obtained (Table 2). Moreover, 
Lac/Fe3O4/GO (50 U) in the PBS buffer (0.1 M, pH = 6) was found to be an optimum amount that is 
ideal for the synthesis of 2-(phenylsulfonyl)-2,3-dihydrophthalazine-1,4-dione. In this work, the 
reactions were performed in various solvents to investigate the effects of the solvents. The results 
from this work have shown that the most effective solvent was PBS (pH = 5, 0.1 M). In H2O, EtOH, 
and H2O:EtOH (1:1) where the reactions gave yields, the results ranged between 40% to 60% (Table 
2,). Some solvents such as DMF and DMSO gave no reaction, presumably due to the denaturation of 
the laccase enzyme. 

Table 2. Optimization experiments to investigate the effect of the catalyst and solvent on the synthesis 
of 2-(phenylsulfonyl)-2,3-dihydrophthalazine-1,4-dione. 

Entry Catalyst (U) Solvent GC Yield (%) 
1 No Lac/Fe3O4/GO PBS (0.1 M pH = 5) − 
2 Fe3O4 (50 mg) PBS (0.1 M pH = 5) 10 
3 Lac/Fe3O4/GO (30) PBS (0.1 M pH = 5) 34 
4 Lac/Fe3O4/GO (40) PBS (0.1 M pH = 5) 75 
5 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 5) >99 
6 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 4) 80 
7 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 6) 85 
8 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 7) 67 
9 Lac/Fe3O4/GO (50) 0.1 M sodium acetate buffer pH = 5 70 
10 Lac/Fe3O4/GO (50) H2O 40 
11 Lac/Fe3O4/GO (50) EtOH 53 
12 Lac/Fe3O4/GO (50) H2O/EtOH (1:1) 60 
13 Lac/Fe3O4/GO (50) DMSO − 
14 Lac/Fe3O4/GO (50) DMF − 

In order to generalize the scope of the reaction, 2,3-dihydrophthalazine-1,4-dione with sodium 
benzensulfinates derivatives were examined under optimal conditions, and the results are listed in 
Table 3. 

Table 3. Synthesis of sulfonamide derivatives in the presence of Lac/Fe3O4/GO and aerial oxygen at 
room temperature. 

Entry 2,3-dihydrophthalazine-1,4-dione Sodium Benzenesulfinate Product Yield (%) 

1 
NH
NH

O

O  

SO2Na

 

N
H
NO

O

S
O

O

 

81 

2 
NH
NH

O

O  

SO2Na

H3C  

N
H
NO

O

S
O

O

CH3

 

95 

81

2

Catalysts 2020, 10, x FOR PEER REVIEW 9 of 15 

 

2.4. The Catalytic Application of Lac/Fe3O4/GO in the Aerobic Oxidative Coupling of 2,3-
Dihydrophthalazine-1,4-dione and Sodium Benzenesulfinates at Mild Conditions 

The catalytic activity of Lac/Fe3O4/GO as a recoverable nanobiocatalyst was investigated for the 
synthesis of sulfonamides in PBS solution at ambient temperature. The optimization of the reaction 
conditions for the synthesis of sulfonamides took into account the influence of the nanobiocatalyst as 
well as the type of solvent on the product yield in the equimolar reactions of phthalhydrazide and p-
toluene sulfinic sodium salt, which were studied at room temperature (Table 2). The results also 
indicate that the reaction could not take place without the presence of Lac/Fe3O4/GO and in its 
absence, even after 24 h (Table 2), no reaction could take place. The observations from this study 
indicate that when Fe3O4 was used as a catalyst instead of Lac/Fe3O4/GO under the same reaction 
conditions, a yield of 10% for a corresponding sulfonamide was obtained (Table 2). Moreover, 
Lac/Fe3O4/GO (50 U) in the PBS buffer (0.1 M, pH = 6) was found to be an optimum amount that is 
ideal for the synthesis of 2-(phenylsulfonyl)-2,3-dihydrophthalazine-1,4-dione. In this work, the 
reactions were performed in various solvents to investigate the effects of the solvents. The results 
from this work have shown that the most effective solvent was PBS (pH = 5, 0.1 M). In H2O, EtOH, 
and H2O:EtOH (1:1) where the reactions gave yields, the results ranged between 40% to 60% (Table 
2,). Some solvents such as DMF and DMSO gave no reaction, presumably due to the denaturation of 
the laccase enzyme. 

Table 2. Optimization experiments to investigate the effect of the catalyst and solvent on the synthesis 
of 2-(phenylsulfonyl)-2,3-dihydrophthalazine-1,4-dione. 

Entry Catalyst (U) Solvent GC Yield (%) 
1 No Lac/Fe3O4/GO PBS (0.1 M pH = 5) − 
2 Fe3O4 (50 mg) PBS (0.1 M pH = 5) 10 
3 Lac/Fe3O4/GO (30) PBS (0.1 M pH = 5) 34 
4 Lac/Fe3O4/GO (40) PBS (0.1 M pH = 5) 75 
5 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 5) >99 
6 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 4) 80 
7 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 6) 85 
8 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 7) 67 
9 Lac/Fe3O4/GO (50) 0.1 M sodium acetate buffer pH = 5 70 
10 Lac/Fe3O4/GO (50) H2O 40 
11 Lac/Fe3O4/GO (50) EtOH 53 
12 Lac/Fe3O4/GO (50) H2O/EtOH (1:1) 60 
13 Lac/Fe3O4/GO (50) DMSO − 
14 Lac/Fe3O4/GO (50) DMF − 

In order to generalize the scope of the reaction, 2,3-dihydrophthalazine-1,4-dione with sodium 
benzensulfinates derivatives were examined under optimal conditions, and the results are listed in 
Table 3. 

Table 3. Synthesis of sulfonamide derivatives in the presence of Lac/Fe3O4/GO and aerial oxygen at 
room temperature. 

Entry 2,3-dihydrophthalazine-1,4-dione Sodium Benzenesulfinate Product Yield (%) 

1 
NH
NH

O

O  

SO2Na

 

N
H
NO

O

S
O

O

 

81 

2 
NH
NH

O

O  

SO2Na

H3C  

N
H
NO

O

S
O

O

CH3

 

95 

Catalysts 2020, 10, x FOR PEER REVIEW 9 of 15 

 

2.4. The Catalytic Application of Lac/Fe3O4/GO in the Aerobic Oxidative Coupling of 2,3-
Dihydrophthalazine-1,4-dione and Sodium Benzenesulfinates at Mild Conditions 

The catalytic activity of Lac/Fe3O4/GO as a recoverable nanobiocatalyst was investigated for the 
synthesis of sulfonamides in PBS solution at ambient temperature. The optimization of the reaction 
conditions for the synthesis of sulfonamides took into account the influence of the nanobiocatalyst as 
well as the type of solvent on the product yield in the equimolar reactions of phthalhydrazide and p-
toluene sulfinic sodium salt, which were studied at room temperature (Table 2). The results also 
indicate that the reaction could not take place without the presence of Lac/Fe3O4/GO and in its 
absence, even after 24 h (Table 2), no reaction could take place. The observations from this study 
indicate that when Fe3O4 was used as a catalyst instead of Lac/Fe3O4/GO under the same reaction 
conditions, a yield of 10% for a corresponding sulfonamide was obtained (Table 2). Moreover, 
Lac/Fe3O4/GO (50 U) in the PBS buffer (0.1 M, pH = 6) was found to be an optimum amount that is 
ideal for the synthesis of 2-(phenylsulfonyl)-2,3-dihydrophthalazine-1,4-dione. In this work, the 
reactions were performed in various solvents to investigate the effects of the solvents. The results 
from this work have shown that the most effective solvent was PBS (pH = 5, 0.1 M). In H2O, EtOH, 
and H2O:EtOH (1:1) where the reactions gave yields, the results ranged between 40% to 60% (Table 
2,). Some solvents such as DMF and DMSO gave no reaction, presumably due to the denaturation of 
the laccase enzyme. 

Table 2. Optimization experiments to investigate the effect of the catalyst and solvent on the synthesis 
of 2-(phenylsulfonyl)-2,3-dihydrophthalazine-1,4-dione. 

Entry Catalyst (U) Solvent GC Yield (%) 
1 No Lac/Fe3O4/GO PBS (0.1 M pH = 5) − 
2 Fe3O4 (50 mg) PBS (0.1 M pH = 5) 10 
3 Lac/Fe3O4/GO (30) PBS (0.1 M pH = 5) 34 
4 Lac/Fe3O4/GO (40) PBS (0.1 M pH = 5) 75 
5 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 5) >99 
6 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 4) 80 
7 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 6) 85 
8 Lac/Fe3O4/GO (50) PBS (0.1 M pH = 7) 67 
9 Lac/Fe3O4/GO (50) 0.1 M sodium acetate buffer pH = 5 70 
10 Lac/Fe3O4/GO (50) H2O 40 
11 Lac/Fe3O4/GO (50) EtOH 53 
12 Lac/Fe3O4/GO (50) H2O/EtOH (1:1) 60 
13 Lac/Fe3O4/GO (50) DMSO − 
14 Lac/Fe3O4/GO (50) DMF − 

In order to generalize the scope of the reaction, 2,3-dihydrophthalazine-1,4-dione with sodium 
benzensulfinates derivatives were examined under optimal conditions, and the results are listed in 
Table 3. 

Table 3. Synthesis of sulfonamide derivatives in the presence of Lac/Fe3O4/GO and aerial oxygen at 
room temperature. 

Entry 2,3-dihydrophthalazine-1,4-dione Sodium Benzenesulfinate Product Yield (%) 

1 
NH
NH

O

O  

SO2Na

 

N
H
NO

O

S
O

O

 

81 

2 
NH
NH

O

O  

SO2Na

H3C  

N
H
NO

O

S
O

O

CH3

 

95 

Catalysts 2020, 10, x FOR PEER REVIEW 9 of 15 

 

2.4. The Catalytic Application of Lac/Fe3O4/GO in the Aerobic Oxidative Coupling of 2,3-
Dihydrophthalazine-1,4-dione and Sodium Benzenesulfinates at Mild Conditions 

The catalytic activity of Lac/Fe3O4/GO as a recoverable nanobiocatalyst was investigated for the 
synthesis of sulfonamides in PBS solution at ambient temperature. The optimization of the reaction 
conditions for the synthesis of sulfonamides took into account the influence of the nanobiocatalyst as 
well as the type of solvent on the product yield in the equimolar reactions of phthalhydrazide and p-
toluene sulfinic sodium salt, which were studied at room temperature (Table 2). The results also 
indicate that the reaction could not take place without the presence of Lac/Fe3O4/GO and in its 
absence, even after 24 h (Table 2), no reaction could take place. The observations from this study 
indicate that when Fe3O4 was used as a catalyst instead of Lac/Fe3O4/GO under the same reaction 
conditions, a yield of 10% for a corresponding sulfonamide was obtained (Table 2). Moreover, 
Lac/Fe3O4/GO (50 U) in the PBS buffer (0.1 M, pH = 6) was found to be an optimum amount that is 
ideal for the synthesis of 2-(phenylsulfonyl)-2,3-dihydrophthalazine-1,4-dione. In this work, the 
reactions were performed in various solvents to investigate the effects of the solvents. The results 
from this work have shown that the most effective solvent was PBS (pH = 5, 0.1 M). In H2O, EtOH, 
and H2O:EtOH (1:1) where the reactions gave yields, the results ranged between 40% to 60% (Table 
2,). Some solvents such as DMF and DMSO gave no reaction, presumably due to the denaturation of 
the laccase enzyme. 

Table 2. Optimization experiments to investigate the effect of the catalyst and solvent on the synthesis 
of 2-(phenylsulfonyl)-2,3-dihydrophthalazine-1,4-dione. 

Entry Catalyst (U) Solvent GC Yield (%) 
1 No Lac/Fe3O4/GO PBS (0.1 M pH = 5) − 
2 Fe3O4 (50 mg) PBS (0.1 M pH = 5) 10 
3 Lac/Fe3O4/GO (30) PBS (0.1 M pH = 5) 34 
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2.5. Reusability of Lac/Fe3O4/GO

The recovery and reusability of Lac/Fe3O4/GO were investigated for the synthesis of 2-(phenylsulfonyl)-
2,3-dihydrophthalazine-1,4-dione via aerobic oxidative coupling of 2,3-dihydrophthalazine-1,4-dione and
p-toluene sulfinic sodium salt. It took at least 24 h for the Lac/Fe3O4/GO to separate from the mixture
through the influence of an external magnet. The results show that 85% of the initial activity of the recycled
enzyme was retained after eight consecutive reaction runs (Figure 5). The cause for the loss of activity could
be due to either the leakage of the enzyme from the support’s surface, or its inactivation as a result of the
enzymatic conformational changes that might have taken place during the storage phase.
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3. Methods

3.1. Chemicals

Laccase (E.C. 1.10.3.2) from Trametes Versicolor, 2,2-azinobis(3-ethylbenzthiazolin-6-sulfonate)
(ABTS), 3-aminopropyltriethoxysilane (APTES), glutaraldehyde (GA), iron(II) chloride tetrahydrate
(FeCl2.4H2O), iron(III) chloride hexahydrate (FeCl3.6H2O), ammoniumhydroxide (25%, w/w), graphite,
potassium permanganate (KMnO4), concentrated sulfuric acid (H2SO4), sodium nitrate, sodium
hydroxide, hydrogen peroxide, (30% w/w), toluene, and ethanol were purchased from Sigma-Aldrich
Co. LLC. (St. Louis, CA, USA). All other materials were also bought from Sigma and used without any
additional purification.

3.2. Preparation of Graphene Oxide

Graphene oxide (GO) was prepared using the modified Hummers method [44]. Graphite (3 g)
was added into concentrated sulfuric acid (150 mL) under continuous stirring in ice water then sodium
nitrate (3 g) was added while stirring. The potassium permanganate (KMnO4) (18 g) was slowly added
into the reaction and stirred for 2 h. Then, the reaction was heated to 35 ◦C and stirred for a further
30 min. The distilled water (200 mL) was then added to the reaction mixture and the temperature was
again increased to 90 ◦C and maintained for 20 min. The reaction mixture was then cooled down to
room temperature. Then, hydrogen peroxide (18 mL) was added in order to neutralize the unused
KMnO4. This resulted in the formation of a bright yellow solution and a precipitate was formed
and collected by centrifugation. The precipitate was washed several times using hydrochloric acid
(5% v/v) before being washed with distilled water until the pH of the supernatant reached neutral
levels. Finally, the obtained sample was dried in a vacuum oven at 60 ◦C overnight.

3.3. Preparation of Fe3O4/GO Nanocomposite

Fe3O4 nanoparticles were deposited over the surface of graphene oxide by a co-precipitation
method based on the hydrolysis of a mixture of Fe2+ and Fe3+ ions (molar ratio 1:2). Initially, the GO
(3 g) was dispersed in distilled water (150 mL) by sonication for 1 h. A solution of FeCl3.6H2O (3 g)
and FeCl2.4H2O (1.10 g) in distilled water (100 mL) was then added dropwise to the suspension and
mechanically stirred for 30 min under nitrogen at room temperature. The temperature of the mixture
was then increased to 80 ◦C and the NH4OH solution (60 mL; 25%) was added dropwise until the pH
reached about pH 11. After 60 min, the temperature was decreased and the resulting precipitate was
filtered, washed, and dried at 50 ◦C for 12 h to obtain Fe3O4/GO.

3.4. Preparation of NH2/Fe3O4/GO, GA/Fe3O4/GO, and Immobilization of Laccase onto Fe3O4/GO Nanocomposite

In order to introduce the much needed appropriate functional groups onto the Fe3O4/GO,
surface modification had to be performed. This was carried out by treating Fe3O4/GO with APTES to
introduce amine groups. The surface modification procedures were initiated by adding Fe3O4/GO
nanocomposites (3 g) to the anhydrous toluene (60 mL), followed by APTES (60 mL). The solution
was then refluxed at 80 ◦C for 12 h. The resulting product was separated by an external magnetic
field using a magnet and washed several times with ethanol and dried in a vacuum oven at 60 ◦C
overnight. Then, the NH2/Fe3O4/GO was sonicated in PBS buffer (60 mL; 0.1 M pH = 7) for two hours,
and then crosslinked with glutaraldehyde (under the optimal GA concentration) at 25 ◦C while stirring
at different times (i.e., 2, 4, 6, and 8 h). The concentration of glutaraldehyde solution was set from 2%
to 8%. Then, the excess glutaraldehyde was washed with PBS buffer in the presence of an external
magnet and GA/Fe3O4/GO was the resulting aldehyde containing product.

In order to immobilize the laccase GA/Fe3O4/GO solution in PBS solution (0.1 M pH = 5), it was
ultrasonicated for 30 min and mixed with a solution of laccase (5 mL) in PBS solution (0.1 M pH = 5)
with the optimal laccase concentration (15.2 U, 5 mg·mL−1) and the reaction mixture was shaken at 4
◦C for 24 h. The concentration of laccase solution was set from 1 to 7 mg·mL−1. Then, the immobilized
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laccase was separated using a magnet, before being washed with PBS solution (0.1 M pH = 5).
The washing process was repeated several times until no free laccase was detected in the rinsing
solution. The residual concentration of laccase in the rinsing solution was determined by the Bradford
method [51]. The product was then dried under reduced pressure and stored at 4 ◦C for future use.

3.5. Activity Assay of Free and Immobilized Laccase

The activities of free and immobilized laccase were measured using ABTS as a standard in
Na-acetate buffer (0.1 M, pH = 5.0) as described previously [52].

3.6. Determination of Kinetic Parameters of Free and Immobilized Laccase

The Michaelis–Menten constant (Km) and apparent maximum velocity (Vmax) were determined
with varying concentrations of ABTS (0.01–1 mM) in PBS solution (0.1 M pH = 5) at 25 ◦C. The kinetic
parameter values for the substrate (ABTS) were obtained according to the Lineweaver–Burk plot and
Km and Vmax were determined from the intercepts at x and y axes, respectively.

3.7. Effect of Temperature and pH on the Activity of Free and Immobilized Laccase

The effect of pH on the activity of free and immobilized laccase was determined at a pH range
between 3 to 8 at room temperature for two hours using the standard ABTS assay. The buffers used
were Na–acetate buffer for pH = 3–5 and Na–phosphate buffer for pH = 6–8. The effect of temperature
on the biocatalyst activity was assayed at different temperatures ranging from 20 to 80 ◦C in PBS
solution at pH = 5. Laccase activity was determined using the standard ABTS assay. Relative activities
were normalized to the highest activity, which was taken as 100%.

3.8. Thermal and Storage Stability of Free and Immobilized Laccase

Thermal stability was investigated by incubating the free and immobilized laccase at different
temperatures ranging from 15 to 85 ◦C in PBS solution (0.1 M, pH = 5) for 2 h; thereafter, the residual
enzymatic activity was measured using the standard ABTS assay. Storage stability of the free and
immobilized laccase was ensured upon calculating the residual activity of immobilized and free laccase
using the standard ABTS assay after being stored at 4 ◦C in PBS solution (0.1 M, pH = 5) for 20
days. In all stability experiments, the initial activity of the immobilized laccase was assumed as 100%,
while other activities were the relative values in comparison with the initial activity.

3.9. General Procedure for Synthesis of Sulfonamide Derivatives by Aerobic Oxidative Coupling between
2,3-Dihydrophthalazine-1,4-Dione and Sodium Benzenesulfinates in the Presence of Lac/Fe3O4/GO as a
Recoverable Nanobiocatalyst

Sodium benzenesulfinates (1 mmol) was added to a mixture of Lac/Fe3O4/GO (50 U) and
2,3-dihydrophthalazine-1,4-dione (1 mmol) in PBS buffer (15 mL; 0.1 M pH = 5). Then, the reaction was
stirred under air at room temperature for 24 h. The catalyst was separated by an external magnet and
the solid was collected by suction filtration and washed, dried, and then characterized using various
techniques including FTIR and NMR (1H and 13C) (See Suplementary Material).

4. Conclusions

In the present study, Trametes Versicolor laccase was successfully immobilized onto an
Fe3O4-graphene oxide nanocomposite using glutaraldehyde as a cross-linking reagent and then
characterized by various techniques. The optimum conditions for laccase immobilization on the
functionalized Fe3O4/GO were determined. Compared to free laccase, the stability of Lac/Fe3O4/GO
was based on the ability of thermal tolerance, pH, and long-term storage, where it was observed that for
Lac/Fe3O4/GO, there was an improvement of up to 37%, 25%, and 48%, respectively. For the first time
tolerance, Lac/Fe3O4/GO was used as a highly active and efficient nanobiocatalyst for the synthesis of
sulfonamides in good yields through the oxidative coupling of 2,3-dihydrophthalazine-1,4-dione with
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sodium benzene sulfonates in PBS (0.1 M, pH = 5) as a green solvent and using air as an oxidant at room
temperature. The nanobiocatalyst was also found to have both (i) heterogeneous catalysis advantages,
and significantly high reusability without any significant loss of activity) and (ii) homogeneous free
laccase properties, which positioned it as a very reliable alternative for applications related to the
synthesis of sulfa drugs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/4/459/s1,
Spectral data of some synthesized compounds.
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