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Abstract

In this work, the magnetic silica aerogel support was prepared by iron oxide nanoparticles and
sodium silicate precursors in a sol-gel process followed by chemical surface modification and
ambient pressure drying. Immersion of the silica gels in nanoparticles alcoholic solution was
used to synthesis nanocomposites. Characterizations of synthesized samples by BET, FE-SEM,
TEM, FTIR, XRD and VSM showed the homogeneous surface morphology, the large surface
area (520 m?/g), mesoporosity, superhydrophobicity and ferromagnetic property which are the
attractive properties of magnetic aerogels as supports for lipase immobilization. The synthesized
nanocomposites were dispersed in alcoholic solution and used to immobilize Candida rugosa
lipase by adsorption method. The influence of the sonication amplitude and time in lipase
immobilization yield and activity were studied using response surface methodology (RSM).
Comparison between the performance dispersed and non-dispersed supports revealed the positive
effect of dispersion process on immobilization yield and enzyme activity. The success of
immobilization was confirmed by confocal laser scanning microscope (CLSM), proving that
enzyme is well distributed in the dispersed magnetic silica aerogel. A comparative study between
free and immobilized lipase on dispersed support, was conducted in terms of pH, temperature,
thermal stability and the kinetic parameters. Maximum adsorption capacity of lipase was

estimated as 81.9 mg g based on Langmuir isotherm.

Keywords:  Magnetic silica aerogel; Dispersion; Response surface methodology (RSM);

Ambient pressure drying; Immobilization; Candida rugosa lipase
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1. Introduction

Enzymes are biological catalysts that promote the transformation of chemical species in living
systems. They catalyze a multitude of different reactions occurring in biological cells under mild
conditions [1, 2]. Lipases (triacylglycerol ester hydrolases, EC 3.1.1.3) has the ability to catalyze
a number of reactions making it a unique industrial biocatalyst in chemistry, food,
pharmaceutical, agrochemical and biotechnology. It is successfully utilized in a variety of
hydrolysis and esterification reactions [3, 4]. The application of lipases due to their short
lifetimes, unstable structure and extensive separation costs are limited [5]. Biocatalytic process
economics can be enhanced by enzyme reuse and the improvement in enzyme stability afforded
by immobilization [6]. Therefore, significant efforts have been made on the preparation of
lipases in immobilized forms, which involves a variety of new support materials and
immobilization techniques [7]. Enzyme immobilization represents the attachment or
incorporation of enzyme molecules onto or into large structures, via binding to a support, cross-
linking and encapsulation [8]. Nanostructured biocatalysts such as enzyme nanoparticles [9, 10],
enzyme nanogels [11], flower-like enzyme-inorganic hybrid crystals [12, 13], enzyme-metal-
organic framework hybrid composites [14-16] and enzyme—polymer conjugates [17-20] have
been demonstrated as effective ways to re-engineer enzyme catalysts for improved activity and
stability in both aqueous and non-aqueous media [20, 21]. In recent years, magnetic zero-
dimensional nanoparticles especially magnetite (Fe;O4) have been proved as an important and
efficient support for the preparation of immobilized enzyme. But applications of these fine
particles usually are difficult because of their tending to aggregation and chemically active
natures [3, 22]. One method to solve these problems is coating nanoparticles with inorganic

layers such as carbon and silica [23]. Continuous matrix such as silica aerogel can be used to
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disperse iron nanoparticles [24, 25]. Silica aerogels and their composites has recently attracted so
much considerations because of their unusual properties such as very low density, high porosity,
high specific surface area, low dielectric constant and excellent heat insulation value [26, 27].
These structures have been used as supports for enzyme immobilization, using adsorption [28,
29] and encapsulation [30-32] methods.

It has previously been shown that the pore size is critical both for the immobilization yield and
for the enzymatic activity; however, less focus has been given to the influence of the particle
size. Gustafsson et al. were synthesized three types of discrete mesoporous silica particles with
varying particle morphology and particle size and immobilized lipase from M. miehei (MML)
and R. oryzae (ROL) into their pores. They found that the specific activity was clearly affected
by the particle size and morphology, but the loading did not differ significantly [33]. In the
previous works of enzyme immobilization on silica aerogels by adsorption method, this factor
was not investigated.

In this work magnetic Fe;Og4-silica aerogel were synthesized by simple ambient pressure drying
method and water glass as a cheap precursor by soaking the alcogels in iron oxide nanoparticles
suspension. The synthesized nanocomposites were dispersed in alcoholic solution and used as
supports in immobilization of Candida rugosa lipase. Dispersion parameters can be changed the
particle size distribution of supports, and thus enzyme immobilization yield and activity. The
main objective of this research is to evaluate the effect of dispersion parameters of magnetic
silica aerogel supports on immobilization yield and specific activity of Candida rugosa lipase.
Magnetic properties of the supports provide the separation of them from reaction media through

a simple and inexpensive process.
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2. Experimental

2.1. Materials

Lipase from Candida rugosa (type VII) was purchased from Sigma Aldrich (Saint Louis, MO,
USA). Olive oil with high purity was purchased from a local market. Iron oxide nanoparticles
were prepared from US Research Nanomaterials Company (Fe;Oa, high purity, 99.5+%, 15-20

nm). All the other chemicals used were of analytical grade.

2.2. Preparation of magnetic silica aerogel

In first step 1.35 sp. gr. sodium silicate solution was diluted to 1.07 sp. gr. solution with
deionized water. Removal of unwanted Na" ions from the water-glass solution was carried out by
mixing the diluted water-glass solution with the ion exchange resin in equal volume proportion.
After formation of silicic acid with pH around 2, ammonium hydroxide solution (1.0 M) was
added to raise its pH to 4 for gelation. The obtained silica sol was transferred to the Teflon
vessels immediately and a hydrogel formed. The gel, was kept in the oven in 50°C for 180 min to
strengthen the silica network. After aging, in order to exchange the pore water, the hydrogels
were immersed in isopropyl alcohol at 50°C for 18 h. After pore water exchange with isopropyl
alcohol, the obtained alcogel was immersed in isopropyl alcoholic solution of iron oxide
nanoparticles at 50C for 2 days. For preparation alcoholic solution of iron oxide nanoparticles,
0.5 g iron oxide nanoparticles were dispersed in 20 ml isopropyl alcohol. After impregnation, the
excess iron oxide solution was discharged. The obtained composite gel was washed three times
with isopropyl alcohol and the impregnated wet gels were immersed in Hexane for 24 h to

exchange the pore solution. Then the wet gels were immersed in HMDZ/n-hexane (1:4 v/v)
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solutions for 12 h at 50°C in order to modify the surface. In final step, the modified gels were

dried at room temperature for 24 h and then at 50, 80 and 120°C for 2 h, respectively [34].

2.3. Immobilization of lipase

In this work hydrophobic magnetic silica aerogel nanodispersion was used to immobilize
Candida rugosa lipase. The supports (0.1 g) were dispersed in ethanol solution (37, %v/v) using
a tip sonicator (Bandelin, Sonopuls 3100). Sonication was carried out using a tip with a diameter
of 3 mm (MS 73, Bandelin GmbH), which can transducer a maximum power of 100W at a
frequency of 20 kHz. The tip was immersed into the solution to a depth of about 10 mm. An ice-
water bath was used to prevent alcohol solution boiling and evaporation. Dispersion was done at
sonication amplitude ranging from 25 to 45% with varying sonication time (3-9 min) according
to the experimental design. In next step for lipase immobilization, the enzyme solution was
added to magnetic silica aerogel nanodispersion and mixture was stirred for 90 min at ambient
temperature to complete adsorption presses. To prepare enzyme solutions, the appropriate
amount of enzyme powder was added to 20ml phosphate buffer solution (0.2 M, pH 7.0). The
ratio of enzyme to support was considered 0.45 (w/w). After that, the suspension was filtrated
and the supports with immobilized lipase were separated, washed with phosphate buffer to
remove the unabsorbed enzyme and dried in the air. The filtrate and washing solutions were
collected for protein determination [35]. Fig. 1 shows schematic representation of the synthetic

procedure of biocatalyst.

In order to study the effect of dispersion process on lipase activity and immobilization yield,
non-dispersed supports also were used after pre-wetting in 5 ml of ethanol solution (37, %v/v) in

a closed conical flask for 3 hours. Next, the alcohol solution was discharged and the pre-wetted
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supports were suspended into enzyme solution. The other steps were done according above

procedure.

2.4. Characterization

Atomic absorption spectrometry (AAS, Analytic Jena novAA 300, Germany) was used for
obtaining the Fe contents in the nanocomposites. The bulk density of the nanocomposites was
calculated using a microbalance scale (10° g precision, Mettler Toledo, AT261 DeltaRange,
Greifensee, Switzerland) and coulisse. The BET surface area and pore size distribution of the
samples were measured using the amount of N, gas adsorbed at various partial pressures (BET,
Belsorp mini II, Japan and Quantachrome Instruments CHEMBET - 3000, USA). The pore
structure and particle morphology were characterized by transmission electron microscopy,
TEM, (Philips EM208, Eindhoven, Netherlands) and field emission scanning electron
microscopy (MIRA3 FE-SEM, Tescan, Czech). Organic and inorganic bonds present in the
composite samples were studied by Fourier transform infrared spectroscopy (FTIR) using an IR
spectrophotometer (PU 9800, from Philips, the Netherlands). X-ray diffraction (XRD)
measurements were performed at room temperature with a Bruker D8, Germany, advance X-ray
diffractometer using Cu Ka radiation. Magnetic properties of samples were studied by a
vibrating sample magnetometer (VSM, Daghigh Meghnatis Kashan Co.) at room temperature.
Dynamic light scattering (DLS) was used to measure the particle size distributions of dispersed
supports (Nano Series, Malvern Instrument, UK). To confirm that the lipase was successfully
immobilized on magnetic silica aerogel, lipase molecules were labeled by fluorescein

isothiocyanate (FITC) before immobilization and the image of confocal laser scanning
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microscopy (CLSM) was taken using a Nikon PCM 2000 confocal microscope (Nikon Instech

Co., Kanagawa, Japan) and the excitation wavelength was chosen to be 495 nm.

2.5. Lipase activity assay

Immobilized lipase activity was measured using the method based on olive oil hydrolysis. In this
method, 100 ml olive oil emulsion was prepared by mixing 50 ml olive oil and 50 ml gum arabic
solution (7% w/v). 3.0 ml phosphate buffer (0.2 M, pH 7.0) and 1ml free lipase (1 mg) or
immobilized lipase (60 mg) were mixed at 37°C using shaking in water bath at 100 rpm. After
increasing the temperature of the enzyme solutions to 37°C, 5.0 ml substrate (olive oil) emulsion
was added to it and after 15 min the reaction was stopped by the addition of 20 ml of acetone-
ethanol solution (1:1 v/v). The liberated fatty acid in the medium was determined by titration
with NaOH solution (0.05 N). One lipase unit corresponded to the release of 1 pmol of fatty acid
per minute under the assay conditions. The specific activity is the number of lipase units per mg-
protein [36, 37].

Protein content before and after immobilization was determined by the Lowry method using
bovine serum albumin as the standard [38].

Immobilization yield percentage (%) was calculated as in the following equation (1):

% Immobilization yield = Amount of protein loaded /Amount of protein introducedx100 (1)

Where, amount of protein loaded was calculated as the difference between initial protein

introduced concentration and concentration of protein in supernatant after immobilization.

2.6. Experimental design, optimization and statistical analysis
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A five level central composite design with two factors was employed to determine the effect of
dispersion parameters, such as sonication amplitude (x;) and sonication time (x;) on lipase
activity (Y;) and immobilization yield (Y). Response surface methodology (RSM) was used to
evaluate the effects of independent variables on the response variables. Each independent
parameter was studied at five different levels, namely, central point (x;: 35 %, x,: 6 min), level -
I (X1: 25 %, x5: 3 min), level 1 (x;: 45 %, X5: 9 min), level -a (X;: 21 %, x;: 1.8 min) and level a
(x1: 49 %, x2: 10.2 min). The independent variables and their levels are shown in Table S1. A
second order polynomial equation (2) was used to express the lipase activity and immobilization
yield as a function of the studied variables.

Y= agta;x;+ asxota; X+ anXo + a5X Xa (2)
Where, Y;and x; represent the responses and independent variables, respectively, ay is a constant,
a;i , a; and a;; are the linear, quadratic and interaction coefficients, respectively. Adequacy of the
models was examined taking into account the coefficient of determination (R?) and adjusting the
coefficient of determination (R*-adj) besides. To fit the second order polynomial equation,
analysis of variance (ANOVA) was used [39]. A small P-value (p< 0.05) represents significance
of each term in the models. For graphical explanation of the independent variable interactions,
three dimensional surface plots of the model were used. This is useful to visualize the
relationship between the response and the experimental levels of each factor. Numerical
optimization was performed by the response optimizer for determining the exact optimum
amount of independent variables leading to maximum enzyme activity and immobilization yield.
The experimental design, data analysis and optimization procedure were performed using the

Design Expert version7 statistical software (Stat-Ease Inc., NY, USA).
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2.7. Physico-chemical properties of free and immobilized lipase

The effect of pH on activity of the free and immobilized lipase was assayed in phosphate buffer
(0.2 M) of pH ranging from 6 to 8.5 by using the standard activity assay procedure mentioned
above.

The optimal temperature on the activities of the free and immobilized lipase was investigated in
the temperature range 30 to 60°C under the assay conditions.

In order to test the thermal stability, the residual activity of the free and immobilized lipases was
measured after being incubated in phosphate buffer (3 ml, 0.2 M, pH 7.0) at 60°C for various
periods of time for 0 min, 30 min, 60 min, 90 min and 120 min, respectively. After the enzyme
was cooled to room temperature the activity was determined under standard conditions (pH 7.0,
37°C) as described above.

The kinetic parameters of the Michaelis-Menten equation (3) for the free and immobilized
lipases were determined by measuring the initial rates of olive oil hydrolysis.

v_ S
V: max 3
K, +S ®

Where vmax is the highest possible specific lipase activity (U mg protein™), and Ky, is the
Michaelis constant (mM) determined from substrate concentration that gives a specific lipase

activity of 1/2 vmax [40]. The specific activity of lipase (v) was determined over the olive oil

concentration (S) range of 0-63 mM.

To test the reusability of immobilized lipase, the supports were separated from reaction medium
by magnetic field. Post-treatment of biocatalysts was done by washing three times with

phosphate buffer (0.2 M, pH 7.0) and dried for 1 hour. Recovered immobilized lipase was used

10
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in the next activity assay with fresh substrates. The assay condition was the same as described
above.
In this study, the relative activity (%) was defined as the ratio of the maximum activity value of

lipase in optimum or initial condition to the residual activity of each sample.

3. Results and discussions

3.1. Characterization of synthesized magnetic silica aerogel

In synthesis iron oxide- silica aerogel nanocomposites by soaking method, the total iron oxide
nanoparticles was not impregnated onto gel, and also a part of doped iron oxide was lost during
the subsequent solvent exchange steps. Thus the atomic adsorption spectroscopy was used to
determine the residual final amount of iron in the prepared supports. AAS analysis showed the
presence of 3.71% wt of iron in the prepared nanocomposites.

Density and specific surface area of the prepared composite was 0.34 g/em® and 520 m?/g,
respectively. Fig. 2(a) shows the nitrogen adsorption- desorption isotherm of magnetic silica
aerogel. The biocatalyst exhibited type IV isotherm which was given by mesoporous materials
and a superposition of H1 hysteresis loop according to IUPAC classification, which suggests the
presence of narrow distribution of cylindrical-like pores. The pore size distributions of samples
determined by BJH method are given in Fig. 2(b). The pore size is between 1 and 11 nm with a
relatively sharp peak between 2 and 3 nm suggesting uniform pore size. This mesoporous
structure provides enough space for C. rugosa lipase immobilization. Also due to high specific
surface area and large amount of nanopores, this carrier can facilitate the uptake of substrate and

thus increase the immobilization yield and apparent activity of immobilized lipase [41].

11
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Fig. 3 gives the XRD patterns of the iron oxide and prepared iron oxide-silica aerogel
nanocomposites. The pattern for nanocomposite had three characteristic peaks at 30.3° (220),
35.7° (311) and 62.7° (440) which was consistent with the standard pattern of Fe;O4 (00-019-
0629). The broad peak between 20 and 30 degree in pattern of nanocomposite, was due to
amorphous silica. This proved the existence of both amorphous silica and magnetite in
nanocomposite structure.

Crystallite size (D) is calculated using the Debye-Scherer’s formula [42]:

.7
pcosd

(4)

Where B is the full width at half maximum (FWHM) of the corresponding XRD peak, k is a
constant (~1), A is X-ray wavelength and 0 is the Bragg angle. Using Scherrer equation the mean
crystallite size of FeO was obtained as 42 nm and 21 nm for magnetite and magnetite- silica
aerogel nanocomposites. These results revealed nano crystallite size of structures.

Fig. 4 shows the FTIR investigation of the sample. In this figure the absorption peak at 585¢cm '
is the characteristic absorption of a Fe-O bond that confirm the presence of iron oxide particles in
the samples [43]. The major peaks at around 3500 and 1650 cm ' are attributed to O-H bonding.
The peaks at around 2900 and 1450 cm™ indicates to C-H bonds. The peaks at around 1092 and
854 cm™ show asymmetric and symmetric of SiO, respectively. The strong peak in 469cm™ are
attributed to O-Si-O bond [44].

Field emission scanning electron micrograph (FESEM) and transmission electron microscopy
(TEM) of nanocomposites are shown in Fig. 5. It can be seen that the microstructure of
composite was a three-dimensional nanoporous structure composed of nanoparticles with good

uniformity. The figure also showed that the particles and the pores size were less than 50 nm in

12
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agreement with XRD results. The TEM image showed that iron oxide nanoparticles were

surrounded by porous silica aerogel matrix.

Magnetization curve of synthesized sample in room temperature (298K) was obtained by the use
of vibrating sample magnetometer (VSM) with maximum magnetic field of 10 kOe (Fig. S1).
The results indicated that the silica aerogel-iron oxide nanocomposite exhibited ferromagnetic
behavior and the value of saturation magnetization (Ms) was 6.16 emu/g. The Mg value of pure
magnetite nanoparticles was 60.45 emu/g. After silica coating, the Ms value of magnetic silica
aerogel was decreased. One of the important reasons is that the non-magnetic silica aerogel layer,
influences the uniformity or magnitude of magnetization due to quenching of surface moments
decreases surface moments. On the other hand in nanocomposite structure there is a little amount

of ferromagnetic nanoparticles per unit weight [45].

3.2. Optimization of dispersion parameters

Ambient pressure-dried magnetic silica aerogels are prepared from hydrocarbon exchanged gels
and require the use of silylating agents to minimize forces exerted onto the gels during drying
and to prevent structural collapse. Hexamethyldisilazane (HMDZ), provides proper number of
non-polar groups (-CHj3) for the surface modification of the gel through the O-Si-CHj; groups.
Thus the resulting aerogel in this method have hydrophobic surfaces [46].

The hydrophobic/hydrophilic nature of the carriers surrounding the enzyme molecules can affect
the interfacial activation of them and the distribution of substrates between bulk solvent and
protein surface [41, 47]. It has been shown that lipases prefer to adsorb on hydrophobic supports.
Most types of lipase have a peptide ‘lid’ covering the active site. The lid shifts to an ‘open’

conformation in hydrophobic environments. Thus with immobilization of lipase in hydrophobic

13
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carriers, these enzymes can be kept in open and active form [41]. On the other hand the
superhydrophobic nature of supports don’t allow free enzyme to penetrate in pores. It seems that
with a considerable decrease in interfacial tension, the penetration of lipase into inner surface of
the pores is possible. In fact, by pre-wetting the supports with alcohol the lipase penetrates easily
into the supports and, after drying, when the alcohol leave the pores, lipase molecules present in
active form in hydrophobic media and act at their highest capacity. On the other hand, the
treatment supports with some polar solvents on immobilized lipases, can increase their activity
and stability. Activity enhancement is explained by opening the lid of the enzyme that is caused
by ethanol solution [48, 49].

Internal diffusion within carriers can restrict the apparent activity of immobilized enzyme. A
smaller size of carriers often gives a higher catalytic efficiency due to the reduced internal
diffusion resistance [41]. With dispersion and ultrasounding, magnetic silica aerogels change to
nanoporous segments, which save their initial properties. Nanodispersions without stabilizers
were stable for several hours to a few days and then agglomeration occurred causing their
deposition [50]. Highly dispersed carriers can display greatly enhanced enzyme activity. But
separation and recovering of very small supports after the reaction is difficult [47].

Thus with dispersion magnetic silica aerogel in alcoholic solution and optimization the
dispersion parameters, in addition to pre-wet the supports, the appropriate size for maximize the

activity and immobilization yield can be find.

3.2.1. Fitting the response surface models
The activity and immobilization yield of Candida rugosa lipase on nanodispersed magnetic silica

aerogel obtained from experimental runs in different dispersion conditions are shown in Table 1.

14
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Equation 2 was used to fit the data. The estimated regression coefficients for final reduced
models as well as the corresponding significance of regressions were given in Table 2. It should
be considered that lower p value and higher F ratio corresponds to higher significance of a term
on studied response variations. P value less than 0.05 for a factor indicates that its effect is
significant. The reduced models were obtained after removing the non-significant terms. The
results indicated that the coefficient of determination (Rz) of model for the response of the
enzyme activity was 0.9936 and the R* value for the response of immobilization yield was
0.9878. The obtained high R? values confirmed the suitability of the suggested models.
Furthermore, the attained non-significant lack of fits and high F values for the suggested models

ensured the models were significant (Table 2).

3.2.2. Analysis of response surfaces

As shown in Table 1, enzyme specific activity and immobilization yield varied from 13.6 to 17.8
U/mg-protein and 70.1 to 79.8%, respectively. As clearly observed in Table 2, the linear and
quadratic terms of all independent variables had significant (p<0.05) effects on enzyme activity
and immobilization yield. The results indicated that amplitude and sonication time had more
significant effects on both responces, respectively, due to their high F ratio values. The resulted
regression cofficients showed that, all the main terms had a positive effect on enzyme activity
and immobilization yield. It means that at low amplitude and sonication time, the enzyme
activity and immobilization yield increased by an increase in all the mentioned independent
variables and vice versa. The opposite results were obtained for effects of all the independent
variables at their high level on the activity of immobilized enzyme and immobilization yield

(Table 2).

15
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As clearly observed in Table 2, the interaction of sonication amplitude and time had non-
significant effect on immobilization yield. While this interaction had significant effect on activity
of immobilized lipase. Fig. 6 shows the interactive effect of parameters on lipase activity. As
indicated in this figure, at constant level of each parameter by increasing the other parameter,
enzyme activity was increased at first to reach its maximum amount and then was decreased. The
results indicated that maximum enzyme activity (17.9 U/mg-protein) was obtained at 32%
amplitude and middle time (5.5 min). Increase in sonication amplitude would increase the
ultrasonic radiation forces and led to a reduction in the particle size of the support. It was
attributed to higher shear force or disruption mechanism applied, which breaks magnetic silica
aerogel in to a smaller size. Also higher sonication time favored the formation of nanodispersed
solution with smaller particle size. It was due to the longer duration for the action of ultrasonic
radiation forces to disperse the magnetic silica aerogel into smaller sizes [51]. A probable
explanation to why the lipases have higher activity in smaller particles compared to the larger
particles, is that the smaller particles have shorter pores and therefore a larger relative amount of
enzyme accessible to the substrate [33].

The pure silica aerogel are very porous and fragile. In magnetic silica aerogels, incorporation of
the iron nanoparticles in aerogel pores improved the mechanical properties. In dispersion step
with more increasing in sonication time and amplitude, the particles size became smaller and
magnetic nanoparticles was emitted from the pores and the composite pores structures were
damaged. So immobilization yield and enzyme activity were decreased in high sonication time

and amplitude.

3.2.3. Optimization and verification of the dispersion conditions

16



Page 17 of 41

RSC Advances

The amount of sonication time and amplitude would be considered optimum if enzyme activity
and immobilization yield attain the largest possible values. Numerical optimization was used to
find the exact optimum levels of the studied variables. The optimum sonication conditions were:
36% amplitude and 6.2 min sonication time. The highest specific activity and immobilization
yield in these conditions predicted by the equations, were 17.6 U/mg-protein and 79.1%
respectively.

The optimal conditions were verified using an experimental test and were in good agreement
with the predicted results (Table S2), implying that the models derived from RSM can be used to
adequately describe the relationship between the factors and responses in immobilization of

Candida rugosa lipase in nanodispersed magnetic silica aerogel supports.

3.3. Particle size determination

Sonication time and amplitude were affected directly on particle size of magnetic silica aerogel
segments. So after optimization the sonication parameters to maximize enzyme activity and
immobilization yield, particle size distribution were determined in optimum sonication condition.
Fig. 7 shows the DLS results of dispersed magnetic silica aerogel in alcoholic solution using
36% sonication amplitude and 6.2 min sonication time. As shown in this picture the average size

of segments was 1600nm with narrow size distribution.

3.4. Comparison between dispersed and non-dispersed supports

In order to investigate the effect of dispersion process on immobilization yield and enzyme
activity, the performance of dispersed and non-dispersed supports at different adsorption time
were compared. In the case of dispersed supports, dispersion was done in optimized sonication

condition using 36% sonication amplitude and 6.2 min sonication time. Non-dispersed supports

17



RSC Advances

were used after pre-wetting process. Fig. 8 shows the results of this comparison. According to
this figure the adsorption process was completed at a reaction time of 90 min for both supports.
Immobilization yield and enzyme activity of dispersed support at all times was higher than non-
dispersed supports. As shown in the previous section, the dispersed supports have shorter pores
and therefore a larger relative amount of enzyme accessible to the substrate. Moreover in non-
dispersed supports, the surface pores were saturated with lipase molecules and thus in the inner
pores, the adsorption was not happened and immobilization yield in this form was decreased.

These results were confirmed by CLSM images (Fig. 9). This technique has been employed to
visualize the distribution of lipase throughout the dispersed and non-dispersed supports as well
as to evaluate restrictions to diffusion within them. Because of low magnification of CLSM, Sum
dispersed particles with lipase were employed in the observation. Firstly, as the control image,
no fluorescent signal was observed with magnetic silica aerogel without lipase, indicating that
any fluorescence would be due to the lipase. As can be seen from Fig. 9(a), in non-dispersed
supports the enzyme was not uniformly distributed. There were some dark spaces with no
fluorescent signal in these supports due to weak adsorption of lipase on the inner pores. Thus,
there is an apparent restriction for diffusional transport into the interior of the non-dispersed
supports. But in dispersed supports the lipase distribution was uniform (Fig. 9(b)). So restriction

of diffusion was eliminated in these supports by well dispersion.

3.5. Adsorption isotherm of lipase on dispersed support

Adsorption isotherms describe the support capacity and affinity for lipase, while the isotherm
shape reflects lipase distribution on the support surface. In order to determine the adsorption

capacity of dispersed magnetic silica aerogel for Candida rugosa lipase, the Langmuir

18
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adsorption isotherm was employed. Langmuir isotherm corresponds to the immobilization in a
monolayer [49].

The Langmuir isotherm is typically represented by equation 5:

_ qmax Ce

= 5
K,+C, )

q

Where q is the adsorption capacity defined as the amount of protein adsorbed per unit weight of
supports (mg g '), Ce is the residual amount of protein in unit volume of liquid phase (mg ml™),
Qmax 18 the maximum adsorption capacity (mg g ') and Ky is the Langmuir constant (mg ml ")
related to the energy of adsorption and the affinity between support and enzyme [52].

To determine the adsorption isotherm, different concentrations (0.2-3 mg ml™) of lipase were
incubated with 3 mg ml™ of dispersed supports at ambient temperature and pH of 7 for 90 min to
reach equilibrium. Fig. 10 shows that the experimental data of lipase adsorption on dispersed
magnetic silica aerogel can be fitted by Langmuir isotherm. The regression coefficient of
Langmuir model was 0.97, which implied the formation of a monolayer on the support surface.
This result indicates an energetically homogeneous surface where all affinities of the binding
sites for the enzyme molecule are identical. According to Langmuir model, the maximum
monolayer adsorption capacity of dispersed magnetic silica aerogel (qmax) and Langmuir constant

(Kq) were 81.9 mg g and 4.0 mg ml™ respectively.

3.6. Comparison between properties of free and immobilized lipase

The comparative study on enzymatic properties of both free and immobilized lipase on dispersed
support was carried out in terms of pH, temperature, thermal stability and the kinetic parameters.

To study the effect of changing pH on the activity of free and immobilized lipases, pH values
from 6 to 8.5 were tested (Fig. S2). The optimum pH for the Candida rugosa lipase was shifted
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to a more alkaline value after immobilization. The maximum activity of the immobilized lipases
was observed at pH 8.0, which was higher than that for the free lipase (pH 7.0). Thus the
immobilization of lipase molecules results in improved lipase tolerance to high pH conditions
[53].

The dependence of temperature on both free and immobilized lipases is displayed in Fig. S3.
From these data, the optimum temperatures for the free lipase and immobilized lipases were
40°C and 50°C, respectively. Additionally, the immobilized lipases retained higher activities than
free lipase at higher temperatures. This behavior can be attributed to the more rigid structure of
the immobilized system.

The rigidity of the immobilized system structure can also explain the higher thermal stability for
the immobilized lipase, in contrast to the free enzyme (Fig. S4). Thermal stability of the
immobilized lipase in 60°C was improved toward free lipase. The relative activity was about
60% for immobilized enzyme after 2 h but it reached zero for free lipase in this time [54].
Kinetic studies show that the dependence of dispersed magnetic silica aerogel immobilized lipase
activity on substrate (olive oil) concentration can be described by M-M model (Fig. 11). The co-
relation coefficients (R?) of the curve was 0.98. Table 3 shows the kinetics constants of free and
immobilized lipase for the substrate olive oil. The vy, 1s intrinsic catalytic character of the
enzyme and K, reflects the affinity between enzyme and substrate [40].

As shown in table 3, vp.,x was decreased upon immobilization from 71.5 U/mg-protein for the
free one to 20.4 U/mg-protein for immobilized lipase. These results show that immobilization
had an effect on the enzyme kinetics and reduced activity was the result of a structural change
induced by electrostatic and hydrophobic interactions during the adsorption of a protein [40, 55].

The higher K, value indicated lower affinity of substrate and enzyme. As shown in table 3 the
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affinity of immobilized lipase to its substrate was lower than the free lipase (higher ky, value),
probably due to the unfavorable conformational transition in the structure of lipase within the
matrix that led to hindered accessibility of the substrate to the active site of the immobilized
lipase [41].

Reusability is the most important advantage of an immobilized enzyme compared to the free
enzyme. The improved stability and reusability can significantly reduce the cost of enzyme and
thus make the industrial application economically feasible [56]. The reusability of immobilized
enzyme was studied ten times and the results are shown in Fig. S5. It can be observed that the
immobilized lipase shows good stability and retains more than 60% of their initial activity after

10 consecutive reuses.

4. Conclusion

In this study, magnetic silica aecrogels were synthesized using sodium silicate precursor and iron
oxide nanoparticles by ambient pressure drying method. Characterization of these supports by
different methods, revealed mesoporosity, hydrophobicity and ferromagnetic properties of
synthesized nanocomposites that are attractive for lipase immobilization. C. rugosa lipase was
successfully immobilized on dispersed supports by simple physical adsorption. Response surface
methodology (RSM) and central composite design (CCD) were employed to optimize the
sonication parameters that effect on specific enzyme activity and immobilization yield. Kinetic
constants indicated the altered enzyme activity after immobilization. The increased protein
rigidity caused a decrease of enzyme activity, but increased its temperature stability and

reusability. Magnetic silica aerogel showed a promising future for immobilization enzymes as it
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allowed easy immobilization and separation from reaction media through a simple and

inexpensive process.
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Table 1. Two factor central composite design and the experimental and predicted values of

responses
Specific activity Immobilization yield
Amplitude (%) Lme (U/mg-protein) (%)
Run (min)
Experimental Predicted Experimental Predicted
1 25 3 16.8 16.68 70.1 70.3
2 45 3 15.3 15.19 76.7 77.06
3 25 9 16.7 16.57 72.5 72.9
4 45 9 14.3 14.18 78.4 78.97
5 21 6 16.32 16.45 70.6 70.3
6 49 6 13.6 13.71 79.8 79.3
7 35 1.8 16.5 16.62 73.5 73.25
8 35 10.2 15.7 15.83 77 76.45
9 35 6 17.8 17.73 78.9 78.72
10 35 6 17.75 17.73 78.6 78.72
11 35 6 17.8 17.73 78.4 78.72
12 35 6 17.7 17.73 78.6 78.72
13 35 6 17.6 17.73 79.1 78.72
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Table 2. The significance probability (p value, F ratio) of regression coefficients and Lack-of-fit,

regression coefficients, R? and R* adjusted for the final reduced models

Immobilization
Enzyme activity Regression coefficient
Parameters  Variables yield
(Y1) Y, Y2
(Y2)
F ratio P value Fratio P value
o 0.87 32.32
Main X] 353.53 <0.0001 332.8 <0.0001 a; 0.87 1.72
X 29.33 0.0010 41.9 0.0003 a 1.17 3.16
Quadratic X] 574.50 <0.0001 109.3  <0.0001 a -0.01 -0.02
X2 186.27 <0.0001 106.6 <0.0001 ax -0.08 -0.21
Interaction X12 9.54 0.0176 0.50 0.5019 ap -0.01 -
Regression 21591 <0.0001 113.3  <0.0001
Lack-of-fit 5.74 0.0623 6.1 0.0570
R’ 0.9936 0.9878
R? adjusted 0.9890 0.9791
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Table 3. Comparison of kinetics parameters for free and immobilized lipase

Ky (mM) Vinax (Umg'l)

Magnetic silica aerogel 8.9 20.4

Free lipase 3.9 71.5
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Fig. 5 FESEM (a) and TEM (b) images of magnetite- silica aerogel nanocomposite (Iron oxide

nanoparticles were specified with yellow arrows in TEM image)
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Fig. 9 CLSM images of immobilized FITC-labeled lipase in non-dispersed (a, b) and dispersed

(c, d) magnetic silica aerogel at two magnifications.
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