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ARTICLE INFO ABSTRACT

Keywords: In the present study, we aimed to develop a fast, non-toxic ultrasonic-assisted technique for the
Enzyme immobilization preparation of graphene oxide (GO) and GO that were accessorized with Fe304 (GO-Fe304) for
Ficin

enzyme immobilization. The structural properties of nanosheets were determined by FTIR, XRD,
and SEM. Immobilized enzymes on the GO-Fe304 and GO were counted. Enzyme activity, reus-
ability, and improvements in enzyme stability were studied. According to the results, the
immobilization efficiency was 256.86 mg ficin/GO (g), and 253.63 mg ficin/GO-Fe304 (g).
Furthermore, immobilized ficin was affected in terms of stability by variations in pH and tem-
perature. The immobilized ficin on the GO-Fe304 could be easily recycled from the reaction
medium by applying external magnetic separation, involving 10 cycles for 120 days. Over this
period and with this number of cycles, the immobilized enzyme on the GO-Fe304 retained 74% of
its original activity, whereas the immobilized enzyme on the GO was recycled from the reaction
medium after centrifuging, thereby retaining 70% of its original activity. Thus, GO and GO-Fe304
nanosheets were obtained efficiently from the ultrasonic-assisted technique and can be regarded
as excellent nanocarriers for enzyme immobilization.

Graphene oxide
Graphite

1. Introduction

Enzymes are often recognized as smart and native biocatalysts. Their immobilization is highly valued in manufacturing numerous
industrial products such as biofuels, pharmaceuticals, drugs, food, and chemicals [1]. Due to substantial differences in the material
properties of each carrier and enzyme-loading capacity, the best carrier type is yet to be finalized for efficient enzyme immobilization
[2]. An enzyme carrier can be based on graphene oxide (GO) and be applied successfully in several biologically-active apparatuses,
such as biosensors, novel biocatalysts, and drug delivery vehicles [3,4]. As the enzyme is adsorbed onto GO, it provides high enzyme
loading capacity, low diffusional resistance, and a large surface area [5]. A previous case of research revealed that GO is characterized
by multiple advantages, e.g. high pore volume, biodegradability, and thermal stability, which make it an appropriate option for
enzyme/biomolecule immobilization [6]. Furthermore, different oxygenated functional groups, including carboxyl, epoxy, and hy-
droxyl groups on the surface of GO can facilitate bonding between GO and inorganic nanoparticles, thereby allowing the formation of
different GO-based hybrids [7,8]. Meanwhile, there have been two main strategies for the specific purpose of GO preparation. These
methods are, namely, mechanical exfoliation and chemical oxidation-reduction [9]. There are limits on the mass-scale production of
GO through mechanical exfoliation, usually because of low yields and high costs. However, the Hummers’ method, which relies on
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Fig. 1. Schematic showing the ficin immobilization on the GO-Fe304 nanosheets.

oxidation-reduction, has the disadvantage of generating pollutants but remains a common method. Several other drawbacks of this
method include the release of byproducts, such as heavy metal ions, and a high risk of explosion due to the presence of unstable Mn,O7
intermediates [9,10]. Moreover, GO usually shows poor solubility when produced by conventional methods [11]. Thus, it is obvious
that another method is needed to produce graphene oxide. GO production is preferably assisted by ultrasonic methods, as an efficient,
fast, and probably environmentally-friendly technique for GO production. Meanwhile, it makes large inter-layer spaces and few-layer
counts that neither produce toxic gases nor have the disadvantages of the Hummers’ method [12]. Furthermore, oxygenated groups
which are generated on the surface of GO via the oxidation of carbon atoms during the ultrasonic process could be connected to various
molecules that can make it a good option for enzyme immobilization and magnetic nanoparticle binding. The use of a magnetic
nanocarrier is preferable to a non-magnetic nanocarrier for enzyme immobilization because of its ability to recover immobilized
enzymes by applying an external magnetic field to the reaction medium. Thus, sonication can be a desirable method to prepare
magnetic graphene oxide. As GO binds with Fe3O4, magnetic nanosheets are made as a site for enzyme immobilization and for
recycling the enzymes from the reaction medium [13]. To the best of our knowledge, numerous studies have considered relevant
aspects in this field, such as the removal of Azo dye from wastewater by immobilized lipase on the GO [14], enzyme cocktail
immobilization on magnetic graphene oxide for the enhancement of operational stability of sugarcane bagasse hydrolyzing [15], use of
immobilized cellulases and xylanases on the magnetic graphene oxide for the production of cellulosic ethanol [16], and the immo-
bilization of glucoamylase and xylanase enzymes on functional magnetic graphene oxide. These indicated that using hydrophilic
crosslinkers such as cyanuric chloride and polyethylene glycol bis amin assisted in improving the catalytic properties of the enzymes by
changing the microenvironment of the mentioned immobilized enzyme [17]. Graphene oxide was produced by the conventional
method in all of the cases mentioned above. However, there is a knowledge gap in the current understanding of enzyme immobilization
on GO and Fe304-bound GO (i.e. GO-Fe304) produced by ultrasonic-assisted methods. To date, there has been no research on their
usage as convenient and unique nanosheets for protease immobilization. As one of the first enzymes applied by humans in food
processing, protease is commonly used [18,19] because of its various applications in biotechnology, ranging from the synthesis of
amino acids to the production of bioactive peptides from inexpensive proteins, ultimately for enhancing functional and organoleptic
properties of foods [20-22]. While being a chemical alternative, protease avoids the destruction of some amino acids and the
occurrence of by-products [23]. Consumers reportedly showed less interest in using proteases from mammalian sources [24] due to the
risk of disease transmission, whereas recombinant proteases cannot be applied in human foods in some countries [25]. Among the most
prevalent types of applicable proteases with plant-based origin, ficin has particular importance [26]. It has been used in pharma-
ceuticals, brewing, and the production of bioactive peptides. Ficin has also been recognized for its ability to generate a reproducible
hydrolysis map and is known to have applications in the production of antibodies through specific hydrolysis [27]. In this study, we
modified the conventional Hummer’s method (KMnO4, H2SO4/H3POs3) by an ultrasound-assisted approach to decrease the temper-
ature and reaction time of graphite oxidation. We made a large amount of GO and GO-Fe304 with more hydrophilic groups which
resulted from a high level of oxidation due to acoustic cavitation, leading to locally high pressures and temperatures. Furthermore, in
this method, we did not need to use NaNOj3 for oxidation so that toxic NO3/N2O4 gas would not be generated. Accordingly, we
developed a nontoxic, ultrafast, ultrasound-assisted procedure to use high-quality GO and GO-Fe304 as platforms for the immobili-
zation of ficin (EC 3.4.22.3) for the first time. To assess the efficiency of our work, FTIR, XRD, and SEM were applied on the said
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nanosheets. The enzyme immobilization process is described in Fig. 1. Ultimately, several features of the free ficin were compared with
those of the immobilized ficin in the GO and GO-Fe3O4 nanosheets. In a comparative approach, these features were, namely,
enzyme-loading capacity, enzyme activity, reusability, stability against pH change, and thermal stability.

2. Materials and methods
2.1. Materials

Caseinate sodium and ficin (EC 3.4.22.3, from fig tree latex, as powder, >0.1 unit/mg solid) were purchased from Sigma Aldrich
Co. USA. Other chemicals included Coomassie brilliant blue G250, di-sodium hydrogen phosphate (NazHPO4), sodium dihydrogen
phosphate (NaH,POy), sodium hydroxide (NaOH), graphite powder (300 mush), hydrogen peroxide (H202), sulfuric acid 98%
(H2S04), potassium ferrate (KoFeOy), potassium hydroxide (KOH), hydrazine hydrate (HgN20), potassium permanganate (KMnQOj4),
sodium nitrate (NaNOs), phosphorus acid (H3POs). All were of analytical grade and were purchased from Merck Chemical Co.
Germany.

2.2. Synthesis of GO and magnetic GO

GO was synthesized according to Liu’s method with some changes [28]. For this purpose, 6 g of K;FeO4 was added to 400 mL of
H2S04 (98%) at room temperature. Then, 1 g of graphite powder was dispersed into the said mixture which, in turn, was exposed to the
ultrasound in a bath for 1 h. At this stage, the GO and Fe*?/Fe*® solutions were created and then separated into 2 portions. In the first
portion, Fe™2/Fe* and graphene oxide were separated in a solution using dialysis, a semi-permeable membrane that allows the
penetration of Fet2/Fe*3. The remaining colloidal solution in the dialysis bag, which contains graphene oxide but not iron ions, was
then centrifuged. The centrifuged sediments, i.e. graphene oxide, were then separated and collected for further evaluations. The
second portion was adjusted to a pH value of 12 by adding KOH (1 M) dropwise into the solution. This was followed by the addition of
1 mL hydrazine monohydrate. The suspension was exposed to ultrasound in a bath for 45 min at 30 °C and, subsequently, the mixture
was dialyzed for 72 h against distilled water to eliminate any reagents and remaining materials. Finally, the GO-Fe304 was obtained
through centrifugation. The GO-Fe304 were synthesized by co-precipitation of FeCls-6H20 and FeCly-4H20 in the presence of GO
prepared through Hummer’s method [29,33]. However, this was time-consuming in comparison with Liu’s modified method.
Therefore, the magnetic GO in the present study was prepared by the latter.

2.3. Dynamic light scattering (DLS)

The zeta potential and particle size of GO and GO-Fe304 nanosheets were determined through the DLS technique using a Zetasizer
(ZS-100, Horiba, Japon) at 25 °C based on dynamic light scattering methods. According to a protocol by Hegedds et al. [30], the
samples were tested in stoppered glass bottles and, prior to the measurements, they were homogenized by ultrasonic waves for 5 min.
The zetasizer used a 633 nm HeNe laser in backscatter mode at an angle of 173°.

2.4. Ficin immobilization

To allow conjugation between ficin and GO nanosheets, first, a dispersion (2.5 mg/mL) of GO and GO-Fe3O4 was prepared.
Accordingly, each GO nanosheet was sampled (10 mg) and dispersed in 4 mL of sodium phosphate buffer (10 mM, pH 7). Each
dispersion was mixed thoroughly with 0.1 mL ficin (5 mg/mL) and 4.8 mL distilled water for 2-12 h at ambient temperature. The
immobilized ficin was isolated from nanosheets at hour-to-hour intervals by applying an external magnetic field or through centri-
fugation. The Bradford method was used for evaluating the extent of immobilization of ficin on various nanosheets by measuring the
initial (Ci) and final (Cs) concentrations of protein in the reaction medium at 595 nm by the colorimetric method, thereby enabling
speed and precision. The amino acid composition of the measured proteins is known to affect the outcome of the reaction. Immobi-
lization efficiency (%) was calculated according to Eq. (1):

Immobilization efficiency (%) = (ci — cs / ci) x 100 1)
2.5. X-ray diffraction (XRD)

An assessment of X-ray diffraction was applied on a Bruker D8-advance in the range of 10-80° with monochromatic CuKal ra-
diation (0.15406 nm). The LECO CHNS-932 analyzer was used for elemental analysis [10].

2.6. Fourier transformed-infrared (FTIR) spectra

The GO hybrids were compacted with KBr into a pellet. The infrared absorption spectra were obtained via Nicolet Nexus 470
Fourier transform spectrometer (Thermo Fisher Scientific, Waltham, U.K.). The spectra ranged from 400 to 4000 em™! at a resolution
of 4 em™! [28].
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Table 1
Particle size and Zeta potential of nanosheets.
Sample Average hydrodynamic diameter (nm) Zeta-potential
GO 125.00 + 16.59 —42.00 £+ 0.00
GO-Fe304 195.00 + 11.83 —37.00 + 0.00
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Fig. 2. XRD pattern of GO (a) and GO-Fe304 (b).

2.7. Analysis of microstructure by scanning electron microscopy (SEM)

The microstructures of GO hybrids were determined by scanning electron microscopy. Sample preparation was done by pouring 20
pL of the dispersion on Sellotape which was placed on the sample holder. Then, the liquid content evaporated and the remaining
materials on the sample holder were sputtered with gold. All the images were obtained on a Vega3, TESCAN, Brno, Czech microscope
at an accelerating voltage of 20 kV.

2.8. Enzyme activity measurement

The enzyme unit, abbreviated as 1 U, is a measure of an enzyme’s catalytic activity and is defined as the quantity of the enzyme
required to catalyze the conversion of 1 pmol of substrate per minute, under specific conditions required by the assay’s protocol. The
proteolytic activity of ficin was estimated by the Kunitz and Devaraj method [31]. The stock solution of casein (1% w/v) was made by
dissolving 1 g casein in 99 mL sodium phosphate buffer (10 mM, pH 7) that contained 5 mM cysteine hydrochloride. To enable
measurements of proteolytic activity, 1 mL of the enzyme (1% W/V) was added to 1 mL of casein solution. The mixture remained on a
shaker for 20 min and was left to stand at 60 °C. The reactions were terminated after 10-min by adding 2 mL of trichloroacetic acid
(10%). Immobilized ficin was collected by an external magnetic field and the absorbance of the remaining solution was measurable at
280 nm.

2.9. Determination of temperature and pH stability of the immobilized ficin

To determine the temperature-related stability of free and immobilized enzyme activity, the enzyme was first incubated in a sodium
phosphate buffer (50 mM, pH 7) and was then exposed to 40, 50, 60, 70, and 80 °C as separate batches. Then, the enzymatic activities
of each incubated batch of immobilized enzyme were measured at 37 °C according to Kunitz and Devaraj.

The samples were preincubated on various buffer solutions, with pH values that ranged from 4 to 9 at 60 °C. The pre-incubation
determined the optimum pH value of the enzyme. Various buffers were used for achieving different ranges of pH values. They included
the Tris-HCI buffer (50 mM, pH 8-9), potassium phosphate buffer (50 mM, pH 6-7), and citrate buffer (50 mM, pH 4-6). After pre-
incubating the different buffers, which had different pH values, the residual enzyme activities were measured at pH 7 and 60 °C.

2.10. The activity and reusability of immobilized ficin

The stability and reusability of immobilized ficin were inspected by assaying ficin activity repeatedly at pH 7 (4 °C) for 120 days,
with 20-day intervals. For this purpose, the enzyme was incubated with sodium caseinate as substrate and, after each run, the enzyme
was separated from the reaction medium through an external magnetic field. When appropriate, it was rinsed with phosphate buffer
(pH 7) several times, thereby removing the remaining substrate and product, so that the residual enzyme activity could be determined.
Twenty days later, the next experiment was performed in a condition akin to that of the previous experiment on the immobilized
enzyme. Storage conditions were set at pH 7 and 4 °C, lasting for 20 days.
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Fig. 3. FTIR spectra of ficin (a), GO (b), GO-Fe304 (c), ficin immobilized on the GO (d), ficin immobilized on the GO-Fe304 (e)

2.11. Statistical analysis

2800 2400 2000 1600 1200 800 400

4000 3600 3200 2800 2400 2000 1600 1200 800 400

All treatments were carried out in triplicates. The analysis of variance (one-way ANOVA) was performed by SPSS 24 (SPSS Inc.,
Chicago, IL, USA) software. Tukey’s test was used for determining significant differences among mean values (p < 0.05).

3. Results and discussion

3.1. Characterization of GO nanoparticles

According to the results of dynamic light scattering (Table 1), the average hydrodynamic diameter of GO and GO-Fe304 showed
similar sizes that ranged approximately from 125 to 195 nm. As shown in Table 1, the zeta potential of GO was —42 mV because of
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Fig. 4. SEM images of graphite —700x (a), GO-700x (b) and GO-Fe304-700x (c).

Table 2

mg of immobilized ficin/gr GO-Fe304 and GO.
Time (h) GO-Fe30,4/ficin GO/ficin
2 51.60 + 0.718€ 53.65 =+ 0.55"€
3 85.13 + 1.01" 86.90 + 0.15%’
4 134.10 + 1.38°! 138.39 + 1.27™
5 171.08 + 1.079¢ 173.67 + 1.78%¢
6 188.97 + 1.17F 191.64 + 1.639¢
7 250.63 + 0.38%AB 256.86 + 0.79%
8 240.54 + 1.14°PF 243.27 + 1.40"C
9 242.12 + 0.20"° 245.98 + 0.68"%
10 240.39 + 0.74°° 242.08 + 0.64>¢
11 239.21 + 0.98"° 241.68 + 0.48"E
12 240.68 + 0.49°PF 241.00 + 2.44F

Different lowercase letters within a column and uppercase letters within a row show significant (p
< 0.05) differences.

—COOH and -OH groups. This value increased to —37 mV in the case of GO-Fe304 because Fe304 nanoparticles had a positive charge
(29 mV), thereby confirming relevant research in the available literature [32].

By showing the crystal texture of samples, the XRD pattern can reveal success in GO-Fe3O4 hybrid fabrication. The x-ray diffraction
patterns (XRD) of GO and GO-Fe304 revealed significant differences (Fig. 2). The diffraction pattern of GO demonstrated that 20 = 11,
thereby confirming similar measurements in a previous case of research [33]. The diffraction peak at 42° indicates the presence of
natural graphite and its complete oxidation with functional groups which contain oxygen [34]. While the ultrasound treatment causes
an asymmetric micro jet to be made on graphite, the collapse of cavitation bubbles usually leads to erosion on the surface of graphite
particles, thereby causing interlayer spacing. These few layers and the formation of the expanded structure of graphite can add to the
local pressure and increase the temperature due to transient hot spots. Accordingly, suitable sites are produced for oxidation among
epoxy and carboxylic groups in between the layers of GO [10,35]. The diffraction peaks of GO-Fe304 match magnetic Fe3O4 structures
according to JCPDS files no. 19-629.

The spectrum of ficin, GO and GO-Fe304 as well as ficin immobilized on the GO-Fe304 is shown in Fig. 3. The GO and GO-Fe304
displayed characteristics of the peaks in the C-O carboxyl (V¢_o at 1051 cm‘l), C-0 epoxy (Vc_o at 1274 cm‘l), CIC (V¢ic at 1615
cm’l), adsorbed water molecules (Vo—y at 1627 cm’l), C]O (Vgo at 1728 crn’l) and O-H (Vg_g at 3000-3600 crn’l). The spectra of
GO-Fe30, showed a new peak at 580 cm ™' corresponding to the Fe-O stretch vibration which appeared because the Fe30,4 was
incorporated into the GO [36]. A clear peak at 3390 cm ™! appeared in the GO and GO-Fe504 spectra, indicating that GO nanosheets
had absorbed water. The existence of epoxy and carboxyl groups on the GO nanosheets showed that functional groups containing
oxygen, during the oxidation of graphite, entered the carbon skeleton so that the extended cross-linked n-orbital system of the original
graphite was destroyed. The existence of C]C also indicated remnants of the sp? orbital [37]. The high intensities of the
oxygen-containing functional groups such as V¢jo, Vc-0, and Vo_g, as well as hydroxyl groups such as V¢_o_y showed that graphite was
oxidized completely because of the ultrasound treatment. This finally led to hydrophilic moieties of the GO nanosheets. On the one
hand, sonication assisted in the emergence of active sites and facilitated the interspersion of carbon layers, including epoxide,
carboxyl, and hydroxyl functionality in the reaction. On the other hand, it offered more advantages in alleviating extreme pressure,
high temperature, and fast cooling rates as a result of the cavitation. Ultimately, this facilitated the oxidation reaction at lower
temperatures and in shorter durations, compared to the conventional Hummer’s method [10,38]. The diffraction peaks of the con-
jugated forms between ficin and GO-Fe3O4 indicated a broad spectrum of absorption, regarding amine and its stretching vibration at
3410-3450 cm L. The C-N stretching vibration appeared at 1392 cm . Furthermore, the occurrence of spectral peaks at 1731 cm ™
and 1645 cm™! of the asymmetric and symmetric forms of the C]O stretching vibration can be assigned to the carboxylic acid and
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Fig. 5. (a) Effect of pH value on the relative activity of free and immobilized ficin on GO-Fe304. (b) The reusability of the immobilized ficin on the
GO-Fe304 nanocarrier at different pH values and a constant temperature of 60 °C.

amide groups, respectively.

The morphology of graphite, GO and GO-Fe304 were examined using scanning electron microscopy. As shown in Fig. 4, sonication
effectively exfoliated GO sheets by destroying their structure. This occurrence ultimately expanded the surface area of GO. Further-
more, a comparison of the morphologies revealed that GO consisted of a more porous and wrinkled structure than graphite. This
difference possibly resulted from the microjets and shockwave at the solid-liquid interface when GO nanosheets were produced [39].
The SEM image of GO-Fe304 nanosheets (Fig. 4c) clearly shows nanoparticles with different morphologies, compared to non-magnetic
GO that formed on the GO layers. In sum, sonication resulted in a higher surface area and a more narrow-size distribution [35].

3.2. Ficin immobilization and its activity at optimum values of temperature and pH

Ficin immobilization on the GO and GO-Fe304 occurred through the incubation of ficin and the nanosheets at pH 7 and room
temperature. The immobilization efficiency was measured according to a relevant method in the literature (Section 2.4). According to
Table 2., the optimum incubation time was 7 h for enzymes immobilized on the GO-Fe304 and GO. Increasing the time from 2 to 7 h
resulted in a steady increase in the amount of incubated ficin (mg) and, thereafter, no significant changes occurred for up to 12 h.
Meanwhile, the amounts of enzyme incubation on the graphene oxide and magnetic graphene oxide were not significantly different
from each other. The immobilization efficiencies for GO and GO-Fe304 were 256.86 and 253.63 mg ficin, respectively. Applying
sonication during the preparation of GO and GO-Fe304 not only created a more porous structure, along with a greater surface area, but
also allowed the placement of hydrophilic groups such as hydroxyl and carboxyl, thereby preventing the aggregation of the GO
nanosheets. For this reason, despite the magnetized nature of graphene oxide, with Fe3O4, there was no significant difference in the
amount of enzyme immobilized on the GO, compared to its magnetic counterpart. In this study, the magnetization of graphene oxide
only enabled an easier separation of the enzyme and did not affect the inhibition of GO aggregation. In fact, GO nanosheets that are
produced through ultrasound treatment do not usually aggregate in aqueous solutions since the nanosheets have hydrophilic groups in
their structure.

The initial activity of ficin was 0.1 units/mg of enzyme, which was considered the relative activity out of 100%. The optimal pH was
7 and the optimal temperature was 60 °C for free ficin activity. The reusability of immobilized ficin was determined in the said
conditions. After each run, the immobilized ficin that had been separated through the external magnetic field was rinsed, and its
activity was measured as stated previously. This cycle was repeated for up to 10 times. At first, ficin activities were assayed at tem-
peratures between 40 and 80 °C with intervals of 10 °C and at a constant pH (7). In the pH range of 4-9, however, the activities were
assayed at pH values of 4, 5, 6, 7, 8, and 9, at a constant temperature of 60 °C. The activities of immobilized ficin at 60 °C and pH 7
resulted in recovery rates of approximately 92% and 97%, respectively.

The stability of pH value in the case of free and immobilized ficin at 60 °C (Fig. 5a and b) can be seen in association with thermal
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Fe304 nanocarrier at different temperatures and a constant pH value of 7.
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Fig. 7. The long-term storage stability of free and immobilized ficin on GO and GO-Fe30,.

stability at pH 7 (Fig. 6a and b). The results confirmed significant improvements in enzyme stability after immobilization, probably due
to the occurrence of more structural rigidity of ficin in response to the immobilization [40,41]. In Figs. 5a and 6a, the results revealed
that the stability of ficin changed in response to the pH and temperature. These changes were significantly greater than those observed
in free ficin, perhaps because of an expanded porous structure and the features of enzyme/GO-Fe304 binding, which enhanced the
protection of ficin against denaturation [33].

3.3. Storage and reusability of immobilized ficin

The reusability of an enzyme can be considered an important advantage in the provision of economic industrial production.
Reusability, long term stability, and enhanced activity may be realized through enzyme immobilization on solid supports such as
nanosheets. The storage stability of free and immobilized ficin on the GO and GO-Fe304 was measurable at 4 °C (pH 7) over a period of
120 days. The immobilized ficin on the GO and GO-Fe304 lost 30% and 26% of its original activity, respectively. Regarding free ficin,
however, the decrease in activity was almost 50% of the initial ficin activity (Fig. 7.). The activity of immobilized ficin was higher than
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that of the free enzyme, probably because of the covering effect of nanosheets on the enzyme which may assist in preventing
conformational changes. Furthermore, these led to smaller distortion effects that were caused by the aqueous medium. Weaker dis-
tortions meant that the active site of ficin became less affected so that the immobilization could occur efficiently [42].

4. Conclusion

The present work showed that the ultrasound treatment shortened the reaction time required for the synthesis of the GO nano-
carrier, compared to the reaction time in the Hummer’s method. In conclusion, the present research developed a nontoxic, fast, direct,
and one-step reaction for the scaleable production of GO and magnetic GO. A simple magnetic separation technique can be used to
rapidly separate and recover the magnetic GO bound enzyme from an aqueous solution. This study’s findings demonstrate how
magnetic separation technology and magnetic composites based on graphene oxide can be used to manage enzyme activity. Multiple
characterization methods such as FT-IR spectra, XRD patterns, SEM, and light scattering could be used for demonstrating that GO-
Fe304 hybrids were successfully made. The GO-Fe304 hybrids had a high level of dispersibility and significant magnetic properties.
More importantly, GO-Fe3O4 hybrid surfaces were introduced with functional groups that could be used for immobilization. Ficin
revealed a strong affinity for absorption onto the surface of magnetic GO because of its large loading capacity. Since the recovery and
reusability of enzymes in industrial applications are considered key factors for successful operations, the immobilization of ficin in this
study not only enabled the reusability of enzyme through separation by an external magnetic force but also enhanced the enzyme’s
thermal stability and decreased its susceptibility to changes in pH value. In future research, using hydrophilic cross linkers, such as
cyanuric chloride, on the GO may improve the catalytic reaction more effectively. These qualities make this immobilization method an
appropriate option for industrial enzyme applications.
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