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Abstract

Silica aerogels have a wide range of applications in enzyme immobilization studies as silica-based carrier materials with low 
density, high surface area and porosity. Their properties provide a more stable environment for enzymes and allow them 
to maintain their current activities. Immobilization of enzymes enables higher efficiency in enzyme-catalyzed industrial 
applications and reduces economic costs by reusing the immobilized enzyme. In this study, the enzyme laccase from T. 
versicolor was immobilized on aminated silica aerogel (SA-NH3) by covalent binding. SA-NH3 was prepared by a 24-hour aging 
process at 50 °C and had a surface area of 535 m²/g before amination. After amination, the surface area was calculated to be 
43 m²/g at an APTES concentration of 1%. Analysis of the nitrogen adsorption/desorption isotherms showed that both SA 
and SA-NH3 had type IV isotherms and the material had a mesoporous structure. FTIR, XRF, SEM and zeta potential analyzes 
were performed for SA and SA-NH3 and it was confirmed that they had suitable characteristic properties for immobilization. 
The most suitable conditions for enzyme immobilization were a temperature of 25 °C, a pH of 4.5 and a glutaraldehyde 
concentration of 2%. Under these conditions, the immobilization efficiency was 35 % and the activity efficiency was 25%. 
This study showed that SA-NH3 is a potential carrier material for enzyme immobilization.
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Abbreviations

SA: Silica Aerogel; SA-NH3: Silica Aerogel; BCA: 
Bicinchoninic Acid; BSA: Bovine Serum Albumin; N2: Nitrogen 
Gas; BET: Brunauer-Emmett-Teller; BJH: Barrett-Joyner-
Halenda; FT-IR: Fourier Transform Infrared Spectroscopy; 
SD: Standard Deviation; MRT: Multiple Range Test; ANOVA: 
Analysis of Variance; SEM: Scanning Electron Microscope; 
XRF: X-Ray Fluorescence Spectroscopy.

Introduction

Laccase (E.C.1.10.3.2) is a multicopper-containing 
enzyme of the oxidoreductase class. It oxidizes aromatic 
amines, diphenols and aliphatic amines as well as various 
phenolic and non-phenolic compounds [1]. Due to their high 
stability and broad substrate selectivity, they are extremely 
useful biocatalysts for various biotechnological applications 
[2]. This oxidoreductase enzyme is of great importance 
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for the development of properties relevant to promising 
industrial applications such as fiber biosynthesis, energy 
utilization, environmental protection, biosensors, food 
improvement, cosmetics industry, paper industry, textile 
industry and biodegradation of environmental pollutants [3]. 
However, the use of laccase in free form faces limitations such 
as stability issues and difficulties in reuse. At this point, the 
immobilization of laccase enzymes proves to be an effective 
method that both increases the stability of the enzyme and 
enables its reuse [4]. Immobilized laccase enzymes are used 
in many applications to reduce environmental pollution, 
especially in the removal of phenolic compounds and dyes. 
They also play an important role in the development of 
biosensors and in the production of antioxidants in the food 
industry. The immobilization of laccase enzymes contributes 
to the development of sustainable technologies. For example, 
it is used in the textile and paper industry to remove dyes 
and for wastewater treatment. It is also used in innovative 
applications such as the pre-treatment of lignocellulosic 
materials in the production of biofuels and energy generation 
in bioelectrochemical systems. With the development 
of carrier materials and immobilization techniques, the 
potential applications of laccase are expected to expand even 
further in the future [5].

Five techniques are used to immobilize laccase: physical 
adsorption, entrapment, encapsulation, covalent binding 
and cross-linking. These techniques can be roughly divided 
into physical (entrapment, encapsulation and adsorption) 
and chemical (covalent binding and cross-linking). The 
methods used for immobilization differ in terms of cost 
and ease of production, stability, catalytic efficiency and 
physical properties of the biocatalyst [6]. Immobilization by 
physical techniques results in relatively weak and reversible 
interactions with the carrier. This preserves the properties 
of the enzyme in solution, while the structure of the enzyme 
is less damaged [7]. However, weak interactions between 
the enzyme and the carrier led to leakage of the enzyme, 
which can result in a loss of activity and contamination of the 
environment [8]. Covalent binding is the most widely used 
method for binding enzymes (usually via lysine residues) to 
solid supports, but solid supports can also reduce the specific 
and volumetric activity of the biocatalyst [9].

A variety of materials from different sources can be 
used as carriers for the immobilization of enzymes. These 
materials can be broadly categorized as organic, inorganic, 
hybrid or composite materials. The carrier protects the 
enzyme structure from harsh reaction conditions and thus 
helps the immobilized enzyme to maintain its high catalytic 
activity [10]. However, there are some limitations in this 
area, as the matrix should not have a negative impact on the 
enzyme structure and should ensure a stable enzyme-matrix 
interaction [11]. In addition, for effective immobilization, the 

support should expose the active sites of the catalyst to allow 
easy binding of substrate molecules and reduce diffusion 
restrictions for substrates and products [12]. Among the 
many supports for immobilization, silica-based materials 
prepared by the sol-gel process are quite remarkable.

Silica aerogels are extremely light, porous and large-area 
materials that play an important role in various areas due 
to their physical and chemical properties. These aerogels 
are generally characterized by a low density (0.01-0.3 g/
cm³), a porosity of more than 90% and a large surface area 
of 500-1500 m²/g. Thanks to their high thermal insulation 
properties, they play an important role in energy saving 
and environmental protection. Thanks to their chemical 
stability, they’re also resistant in aggressive environments. 
These properties allow silica aerogels to be widely used in 
biotechnological and industrial applications [13].

Thanks to their porous structure, silica aerogels are an 
excellent carrier material for the immobilization of enzymes. 
The enzymes are stabilized by physically or chemically binding 
them to the pores inside the aerogel. This process ensures that 
the enzymes retain their activity over a long period of time and 
can be reused. By modifying the aerogel surface, the biological 
activity of the enzymes is optimized and at the same time their 
protection against environmental influences is increased. 
Studies on the immobilization of enzymes such as lipase and 
glucose oxidase have shown that this approach increases both 
enzyme activity and stability. Immobilization of enzymes in 
aerogels facilitates access to substrates and increases the cost 
efficiency of industrial processes [14].

Silica aerogels have several important advantages over 
other conventional carrier materials, including metal oxides 
such as aluminum oxide and titanium dioxide, carbon-based 
materials such as activated carbon and carbon nanotubes, and 
polymer carriers. The high porosity and large surface area of 
silica aerogels improve their reactivity as a catalyst support 
material, whereas this property is limited for metal oxides. 
In terms of thermal insulation, the thermal conductivity of 
silica aerogels is far below that of metal oxides, making it a 
very good insulator. It also has a higher chemical resistance 
to acidic and basic conditions than previous materials [15]. 
Silica aerogels do not burn and are more thermally stable 
compared to carbon-based carriers. Carbon carriers are 
usually damaged at high temperatures, whereas silica aerogel 
shows no changes under these conditions. Silica aerogel 
offers environmentally friendly production with much lower 
production costs than carbon materials - carbon nanotubes 
and graphene [16,17]. Due to their mechanical strength and 
thermal stability, aerogels are more reliable than polymer 
carriers in harsh environments. These versatile advantages 
make silica aerogels a preferred choice for many industrial 
and scientific applications.
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In this study, the enzyme Trametes versicolor laccase 
[18] was immobilized by covalent binding to silica aerogel 
prepared by sol-gel technique. Prior to immobilization, 
material characterization studies were performed on the silica 
aerogel and its characteristic properties were determined. 
Subsequently, the temperature, pH and glutaraldehyde 
concentration were optimized for the immobilization of the 
laccase enzyme, and the immobilized laccase enzyme was 
obtained.

Materials and Methods

Laccase Production

The preparation and purification of the laccase enzyme 
from T. versicolor was carried out according to the methods 
described by Karakus YY, et al. [18]. The enzyme activity was 
quantified using a spectrophotometric method. Guaiacol 
served as substrate. A reaction mixture consisting of 3.9 mL 
acetate buffer (10 mM, pH 5.0), 1 mL guaiacol (1.76 mM, Ɛ= 
12100 M-1 cm-1) and 0.1 mL enzyme sample was incubated 
at 25 °C for 30 min. The absorbance was then measured at a 
wavelength of 450 nm. One unit of activity is defined as the 
amount of enzyme required to oxidize 1 µmol of guaiacol in 
one minute [19]. The protein concentration of the enzyme 
samples was quantified using the bicinchoninic acid (BCA) 
method [20]. Standardization was performed with bovine 
serum albumin (BSA).

Silica Aerogel Production

The method of Yücel S, et al. [21] was used for the synthesis 
of the silica aerogel, while the method of Nayak JP, et al. [22] was 
used for the aging phase in solvents. The silica concentration of 
the commercial Na2SiO3 solution to be used in the preparation 
was determined prior to the preparation of silica aerogel. For 
this purpose, 3 mL of sodium silicate solution was diluted with 
12 mL of dH2O (1/5), using commercially neutral Na2SiO3. A 
semi-liquid gel-like structure was then prepared with 1 mL of 
6N HCl. It was vacuum filtered after being purified with 200 mL 
dH2O to get rid of the sodium salts, and the sample remaining 
on the filter paper was dried at 110 ℃ for 12 h. The substance 
was weighed after drying and yielded 28.7% SiO2. The sodium 
silicate solution with the determined amount of silica was 
used to produce silica aerogel. For this purpose, 6N and 1N 
HCl solutions were prepared to form the gel-like structure. 
After the gel-like structure was formed, it was filtered through 
a filter under vacuum. The solid structure accumulated on 
the filter paper was placed in a beaker and washed with pure 
water to remove sodium-containing salts. It was then filtered 
through the filter again. The filtered sample was aged with a 
solution of 80% ethanol at 50 ℃ for 24 h. Then the surface was 
modified with 70% TEOS / 30% EtOH at 50 ℃ for 20 h and 70 
℃ for 4 h. At the end of this period, it was aged in n-hexane 

(three washes) at 50 ℃ for 24 h and then in n-hexane (two 
washes) at 50 ℃ for 72 h. At the end of this process, it was 
dried at 80 ℃ for 20 h and at 100 ℃ for 4 h.

Amine Functionalization of Silica Aerogel

The amination of silica aerogel was carried out with 
APTES (3-aminopropyltriethoxysilane). Support material 
and toluene (10:1) were combined in an Erlenmeyer flask at 
a concentration of 1% and the support material was shaken 
in an ultrasonic homogenizer for 30 min. After the addition 
of APTES (1:1; APTES: toluene), a redistillation (reflux) was 
performed. The conditions for re-distillation were set for 24 h 
at 110 ℃ and a stirring speed of 250 RPM. To get rid of excess 
APTES and solvent, centrifugation was performed at 9000 
RPM for 15 min at the end of 24 h. After three ethanol washes, 
it was dried in a vacuum oven at 50 to 80 ℃ for 24 h [23].

Characterization of Silica Aerogel

The analysis of specific surface area, pore size and pore 
volume of silica aerogel (SA) and amine-functionalized silica 
aerogel (SA-NH3) was performed using an automated surface 
area and pore size distribution analyzer (Micrometrics, 
TriStar II 3020). Nitrogen gas (N2) adsorption–desorption 
isotherms were measured at 77 K. Dried samples were 
degassed under nitrogen gas flow at 90 ℃ for 1 h and 250 
℃ for 2 h prior to nitrogen gas adsorption/desorption 
measurements. The specific surface area of SA and SA-NH3 
was determined using the Brunauer-Emmett-Teller (BET) 
method. The pore size and pore volume of the samples were 
calculated using the Barrett-Joyner-Halenda (BJH) method. 
The functional groups of SA and SA-NH3 were determined by 
Fourier transform infrared spectroscopy (FT-IR) (Shimadzu 
IR Prestige 21, Kyoto, Japan) in the wavenumber range of 
4000–650 cm-1. The morphology of SA and SA-NH3 was 
imaged with a scanning electron microscope (SEM) (Zeiss 
EVO® LS 10 T) at 5 kV and different magnifications (x2.5K, 
x5K, x10K, x20K, x40K). Energy-dispersive X-ray fluorescence 
spectrometry (ED-XRF; Spectro, Xepos III, Germany) was 
used to determine the chemical elemental composition of SA. 
The zeta potential of SA and SA-NH3 was measured with the 
Zetasizer (Nano ZS, Malvern Instruments, England). For this 
purpose, 1.5 mg of silica aerogel samples with and without 
APTES were weighed and added to 20 mL of distilled water 
and the particles were homogeneously dispersed in the 
buffer using an ultrasonic bath for half an hour. Then 800 µL 
of the particle-PBS mixture was added to the cuvette and the 
measurement was performed for analysis.

Immobilization of Laccase Enzyme

Laccase immobilization was performed on SA-NH3 
with glutaraldehyde, a cross-linking agent. SA-NH3 was 
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incubated for 3 h at 25 ℃ with a glutaraldehyde solution 
at concentrations of 1-3% (w/v). The supernatant was 
then removed by centrifugation at 9,000xg for 10 min, and 
the pellet was washed three times with sodium acetate 
buffer (100 mM, pH 5.0) to remove excess crosslinker. 
Glutaraldehyde-treated SA-NH3 was incubated with an 
enzyme solution containing 0.3 mg laccase for 2 h [24]. At 
the end of the period, pellet activity measurements were 
performed to determine the enzymes bound to the aerogel 
surface, while the enzymatic activity in the upper phase 
and supernatant after washing was determined to identify 
the enzymes that could not bind [25]. The BCA method [20] 
was used to determine the amount of protein bound to the 
support.

Optimization of Immobilization Conditions

Temperature, pH and glutaraldehyde concentration were 
tested in the immobilization of laccase on carrier materials 
using the covalent binding method. The range of 4-45 ℃ was 
used to measure the effects of temperature. Buffer solutions 
with a concentration of 100 mM and a pH between 3.5 and 
6.0 were used to measure the effect of pH. Glycine-HCl- (pH 
2.0–3.0) and sodium acetate buffer (pH 4.0–6.0) were used 
for this purpose. To determine the optimal glutaraldehyde 
concentration in the covalent binding method, experiments 
were performed with 1% (w/v), 2% (w/v) and 3% (w/v) 
glutaraldehyde in a volume of 5 mL [26,27].

Statistical Analysis

All experiments were conducted three times, and the 
data are presented as “mean value ± standard deviation 
(SD).” Means were compared using Duncan’s multiple range 
test (MRT) after conducting analysis of variance (ANOVA) at 
a significance level of p ≤ 0.05, as applicable. The statistical 
analysis was conducted using IBM SPSS Statistics software, 
version 22.

Results and Discussion

Characterization of Prepared Aerogel Materials

FT-IR Analysis of Silica Aerogel After Surface 
Modification (Functionalization) with 3-(aminopropyl) 
Triethoxysilane (APTES)

In silica aerogel, the bands at 1086 and 794 cm-1 

(Figure 1) represent the asymmetric and symmetric Si-O-Si 
stretching of silica gel, respectively, which are well known 
in the literature. The bands at 967 cm-1 correspond to the 
silanol -OH groups. The -OH stretching bands of silanol 
groups were observed at 3430 cm-1. A broad band between 
3000 and 3700 cm-1, observed on the silica aerogel surface 
due to the absorption of atmospheric moisture, represents 

the fundamental stretching vibration of the O-H hydroxyl 
groups. The characteristic bands of C-H and N-H stretching 
are also observed in the range of 2917 cm-1 [28]. The band at 
1410 cm-1 indicates the band compatible with -CH3 vibrations. 
Before amination, the bands at 3430 cm-1 and 1637 cm-1 
represent water molecules adsorbed on the surface [29]. 
After amination, the band corresponding to NH2 bending 
at 1570 cm-1 and the stretching vibration of the other CH2 
appeared in the FT-IR spectrum of the silica aerogel at 2917 
cm-1 due to the methyl group added during amination [23]. 
Before amination, the bands at 3430 cm-1 and 1635 cm-1 in 
the silica aerogel represent water molecules adsorbed on the 
surface [29].

Figure 1: FT-IR spectra of silica aerogel before and after 
APTES.

Brunauer-Emmett-Teller (BET) Surface Area, Pore 
Size and Pore Volume

The specific surface area, pore size and pore volume of 
the synthesized silica aerogel were determined using the 
specific surface area and pore size distribution analyzer 
(Micromeritics, TriStar II 3020, USA) based on nitrogen 
adsorption-desorption measurements at 77 K. The specific 
surface area was determined according to the Brunauer 
method. The specific surface area was calculated using 
the Brunauer-Emmett-Teller (BET) method. The pore size 
and pore volume were determined from the isothermal 
desorption values obtained using the Barrett-Joiner-Halenda 
(BJH) method. Prior to analysis, moisture was removed from 
the prepared samples at 120 ℃ using a moisture analyzer. 
The samples from which the moisture was removed were 
weighed into sample tubes and degassed with nitrogen gas 
at 200 ℃ for 4 h (degassing).

After amine functionalization, the surface area, pore 
volume and pore diameter of the silica aerogel changed. The 
surface area of the silica aerogel decreased with increasing 
APTES concentration. It is expected that the surface area will 
decrease after functionalization. A decrease in pore volume 
with increasing APTES concentration was also observed 
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here. However, the opposite is true for the pore diameters. 
For the silica aerogel treated with 1% APTES, an increase 
in pore diameter is observed compared to the initial value. 
The silica aerogel produced with an aging temperature 
of 50 ℃ and an aging time of 24 h has a very high surface 
area of 535 m2/g before amination. The surface area of the 
silica aerogel with 1% APTES concentration was 43 m2/g, 
36 m2/g with 5% APTES concentration and 14 m2/g with 
10% APTES concentration. Examination of the adsorption/

desorption isotherms for nitrogen (N2) showed that 
aminated and non-aminated aerogels exhibited a type IV 
isotherm (Figure 2). This situation shows that silica aerogels 
have a mesoporous structure [30]. Non-aminated aerogels 
exhibit higher nitrogen adsorption values. In addition, it was 
found that the nitrogen adsorption capacity decreased with 
increasing APTES concentration for all aerogels. This is due 
to the decreasing surface areas after functionalization of the 
aerogels [29].

Figure 2: Nitrogen (N2) adsorption/desorption isotherms of silica aerogel: (a) Pure silica aerogel, (b) 1% APTES + silica 
aerogel, (c) 5% APTES + silica aerogel, (d) 10% APTES + silica aerogel.

Scanning Electron Microscope (SEM)
Images were taken at 10 kV and different magnifications 

(x1K, x1.5K, x10K, x20K and x40K) for three different aerogels 
that were produced and functionalized. From the SEM images 
of the silica aerogels shown in Figure 3, the synthesized silica 

aerogels have a spongy and porous network structure. These 
imaging results are also like the known silica aerogel samples 
[31,32]. After functionalization, the particle sizes of the silica 
aerogel increased (Figure 4). This is due to the increase in 
amine concentration after functionalization [29].

https://medwinpublishers.com/OAJMB
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Figure 3: SEM analysis of silica aerogel (a-b: x10K, c-d: x20K, e-f: x40K growth dimensions).

Figure 4: SEM analysis of silica aerogel after functionalization (a: x2.5K, b: x5K, cd: x10K, e-f-g: X20K, h-ı: X40K growth 
dimensions).

X-Ray Fluorescence Spectroscopy (XRF) Analyses
The XRF analysis was performed to determine the 

element content of silica aerogel. It was previously stored in 
a muffle furnace at 1000 ℃ for 1 day to remove impurities. 
The loss on ignition was also calculated in this way. The XRF 
analysis of the silica aerogel revealed an SiO2 content of 82%. 
As TEOS was used in the synthesis stage, this proportion is 
naturally higher. This is because silica aerogel with TEOS 
contains more silica. The reactions of Si–OH in silica and 
Si–OC2H5 in tetraethylorthosilicate lead to the formation of 

siloxane bonds (Si–O–Si). Therefore, the silica content in 
silica aerogel with TEOS is higher [31].

Zeta Potential Analysis
The characterization of the effect of amine groups bound 

to the surface by functionalization of silica aerogel with 
APTES on the surface charge distribution was performed 
by measuring the zeta potential with the Zeta Sizer 
(Malvern Instruments). The zeta potential was measured 
by dispersing silica aerogels in distilled water at 25 ℃. The 
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modification of support materials requires the interaction of 
hydroxyl groups (-OH) on silicon with silanol groups (Si-OH) 
in APTES. The negative surface charge caused by the Si-OH 
groups on the surface of the silica aerogel materials used 
decreases because of the amine groups bound to the surface 
after modification with APTES, while the surface becomes 
more positive. The amine groups on the surface of the carrier 
materials modified with APTES therefore cause the surface to 
be positive [33]. According to the result of the zeta potential 
analysis, it was observed that the negative charge decreased 
after the functionalization of the surface of the non-APTES 
functionalized substrates (SA-15.2 mV; SA-NH3-2.18 mV). In 
the literature, based on the results of zeta potential analysis 
at pH 8.0 for silica aerogels functionalized with pure silica 
and increasing concentrations of APTES, it was found that the 
surface charge is negative for pure silica, while the negative 
charge of the surface decreases significantly with increasing 
APTES concentrations [29].

Optimization of Immobilization Conditions

Determination of Optimum Temperature for Laccase 
Immobilization

To determine the effect of temperature on the 
immobilization of the laccase enzyme on SA-NH3 by 
the covalent binding method, the laccase activity of the 
immobilized enzyme was measured at temperatures of 
4, 15, 20, 25, 30, 35, 40 and 45 ℃ (Figure 5). While the 
immobilization efficiency for silica aerogel partially decreased 
with increasing temperature, the activity efficiency was 
observed at the highest temperature of 25 ℃. For this reason, 
25 ℃ with 23% immobilization efficiency and 17% activity 
efficiency was set as the optimum temperature value. In the 
experiments performed with SA-NH3, similar immobilization 
efficiency and activity efficiency values were reached at 
temperatures between 20 and 40 ℃. Quite low values were 
obtained in terms of activity efficiency at temperatures of 4 
and 45 ℃. At 25 ℃, the immobilization efficiency reached the 
highest value as 33% and activity efficiency as 23%.

Figure 5: Temperature optimization of laccase immobilized on silica aerogel by covalent binding method (I.E: Immobilization 
efficiency; A.E: Activity efficiency). The means having the same superscript letters are not significantly different by One- way 
ANOVA (Duncan)test (P < 0.05).

Determination of Optimum pH in Laccase 
Immobilization

To determine the effect of pH on different support 
materials in the immobilization of laccase enzyme by 
the covalent binding method, each support material was 
immobilized at pH 3.5, pH 4.0, pH 4.5, pH 5.0, pH 5.5 and 
pH 6.0 and the laccase activity was determined (Figure 6). 
For SA-NH3, the immobilization efficiency at pH 3.5 and pH 
6.0 was determined to be 10 and 12, respectively, while 

the activity efficiency was determined to be 14% and 9%, 
respectively. At a pH of 4.5, the immobilization efficiency was 
23% and the activity efficiency was 17%, which is the highest 
value. This shows that the binding of the enzyme to the 
carrier during the immobilization process and the activity 
efficiency are better under slightly acidic conditions. The 
binding of the enzyme to SA-NH3 is quite limited at pH 3.5 
and pH 5.5-6.0. The activity efficiency decreases accordingly 
at pH 5.5 and 6.0.
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Figure 6: pH optimization of laccase immobilized on silica aerogel by covalent binding method (I.E: Immobilization efficiency; 
A.E: Activity efficiency). The means having the same superscript letters are not significantly different by One- way ANOVA 
(Duncan)test (P < 0.05).

Figure 7: Determination of glutaraldehyde concentration in laccase immobilization using silica aerogel (I.E: Immobilization 
efficiency; A.E: Activity efficiency). The means having the same superscript letters are not significantly different by One- way 
ANOVA (Duncan)test (P < 0.05).

Determination of Optimum Glutaraldehyde 
Concentration in Laccase Immobilization

To determine the optimal glutaraldehyde concentration 
of the covalent binding method, each SA-NH3 was treated with 

1% (w/v), 2% (w/v) and 3% (w/v) glutaraldehyde in a total 
volume of 5 mL and experiments were performed (Figure 
7). The highest percentage values for immobilization and 
activity efficiency in SA-NH3 were measured as 35% and 25%, 
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respectively, in the presence of 2% (w/v) glutaraldehyde. The 
decrease in immobilization efficiency and activity efficiency 
at a value of 1% glutaraldehyde is due to the lack of sufficient 
aldehyde groups on the silica surface, so that the amino 
groups of the enzyme are unable to form sufficient bonds 
[18]. Although the increase in immobilization efficiency at a 
glutaraldehyde concentration of 3% is due to the excessive 
binding of glutaraldehyde and amino groups of the enzyme, 
the decrease in activity at this concentration shows that the 
3% glutaraldehyde concentration inhibits the enzyme [34].

Studies on the immobilization of the laccase of T. 
versicolor on SA-NH3 are quite limited. In the study by 
Bautista LF, et al. [25], the laccase of T. versicolor was 
immobilized on mesoporous silica material, but the results 
regarding immobilization and activity efficiency were not 
considered. In the study by Guardado, et al. [35], commercial 
T. versicolor laccase enzyme was immobilized on silica gel 
with 35% immobilization efficiency by covalent binding and 
the laccase activity was 14±2 U g-1 silica gel. In our current 
study, the immobilization efficiency was also 35%, while the 
laccase activity was 25 U g-1 SA-NH3. This shows that the silica 
aerogel used in our study better preserves laccase activity.

The 35% activity yield and 25% immobilization yield 
obtained when immobilizing the enzyme laccase on silica 
aerogel are an important starting point for evaluating 
the efficiency and industrial applicability of this method. 
However, potential challenges that may arise in large-
scale applications include increasing the immobilization 
yield, ensuring the long-term stability of enzyme activity 
and optimizing production costs [36]. In this direction, 
strategies such as modifying the surface properties of the 
aerogel, using more effective binding chemicals and adapting 
immobilization protocols to process integration can be 
investigated. Furthermore, by evaluating the reusability, 
resistance to reaction conditions and performance of the 
enzyme-aerogel system in large-scale production processes, 
optimizations can be made that offer advantages in terms 
of economic and environmental sustainability. In addition 
to increasing industrial scalability, these approaches can 
also significantly expand the potential for use in various 
biotechnological applications [37,38].

Conclusion

In this study, the T. versicolor laccase was immobilized 
on SA-NH3. SA-NH3, which was prepared at an aging 
temperature of 50 ℃ and an aging time of 24 h, exhibited a 
high surface area of 535 m2 g-1 before amination. At an APTES 
concentration of 1%, the surface area was 43 m2 g-1. Based 
on the adsorption/desorption isotherms for nitrogen (N2), it 
was found that aminated and non-aminated SA-NH3 exhibited 
a type IV isotherm. The content analyzes of SA-NH3 were 

performed using FTIR, XRF, SEM and zeta potential analysis 
techniques. Subsequently, the optimal immobilization 
condition for the laccase enzyme immobilized on silica 
aerogel was determined to be a temperature of 25 ℃, pH of 
4.5 and glutaraldehyde concentration of 2%. Under these 
immobilization conditions, the immobilization efficiency 
was 35 % and the activity efficiency was 25 %.
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