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Abstract—Lipase from Candida rugosa was immobilized on MgO-SiO, hybrid grafted with amine, thiol, cyano, phe-
nyl, epoxy and carbonyl groups. The products were analyzed using Fourier transform infrared spectroscopy, nuclear
magnetic resonance, low-temperature N, sorption and elemental analysis. Additionally, the degree of coverage of the
oxide material surface with different functional groups and the number of surface functional groups were estimated.
The Bradford method was used to determine the quantity of immobilized enzyme. The largest quantity of enzyme (25-
28 mg/g) was immobilized on the hybrid functionalized with amine and carbonyl groups. On the basis of hydrolysis
reaction of p-nitrophenyl palmitate to p-nitrophenol, it was determined how the catalytic activity of the obtained bio-
catalysts is affected by pH, temperature, storage time, and repeated reaction cycles. The best results for catalytic activity
were obtained for the lipase immobilized on MgO-SiO, hybrids with amine and carbonyl groups. The biocatalytic sys-
tem demonstrated activity above 40% in the pH range 4-10 and in the temperature range 30-70 °C. Lipase immobi-
lized on the MgO-SiO, systems with amine and epoxy groups retains, respectively, around 80% and 60% of its initial
activity after 30 days of storage, and approximately 60-70% after 10 reaction cycles.
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Activity and Stability

INTRODUCTION

The choice of an appropriate support is of key importance for the
overall feasibility of industrial applications of immobilized enzymes.
The support should have the capacity to immobilize as large as pos-
sible a quantity of the protein on its surface. The hydrophobicity of
the surface should usually be minimized, since it favors undesired
protein adsorption and denaturation. The support must also con-
tain functional groups that enable the functionalization and activa-
tion of the matrix. These groups should provide high surface den-
sity while minimizing steric hindrance. After immobilization, how-
ever, the support should be completely inert under the working
conditions of the enzyme, not interfering with the desired reac-
tion. A suitable support should also offer chemical resistance, ther-
mal stability, mechanical strength, insolubility in the reaction en-
vironment, and high surface area. The support should be relatively
inexpensive and not harmful to the environment, minimizing the
economic impact of the process [1-9]. Substances with the afore-
mentioned properties include mesoporous silica-based materials
[10], having pore diameters in the range 2-50 nm and surface areas
in the range 300-1,500 m” [1].

In carrying out the immobilization process, attention must be
paid to the correct preparation of the matrix. Supports are not usu-
ally capable of connecting directly to proteins; hence they are acti-

"To whom correspondence should be addressed.
E-mail: agnieszka.kolodziejczak-radzimska@put.poznan.pl
Copyright by The Korean Institute of Chemical Engineers.

2220

vated using substances that ensure the reactivity of the matrix with
functional groups of the enzyme being immobilized. Activation of
a support involves the introduction onto its surface of appropriate
groups (including -OH, -NH, -C=0, -SH, -COC) which are respon-
sible for electrophilic functions. In this way a functionalized matrix
is obtained, and the introduced chemical groups improve the effec-
tiveness of the immobilization process and cause the enzyme to be
more durably attached.

Mesoporous silicates (MPS) are attractive materials for use as
supports in the immobilization of enzymes [11-14]. MPS synthesis
is relatively straightforward and produces materials with well-defined
and ordered porous structures, high surface areas and good mechani-
cal and chemical stability. Functionalization of the surface of an
MPS can be tailored to favor the immobilization of a particular
enzyme [15-17]. The porous structure of an MPS can provide a
very stable environment for enzymes, with substantial increases in
stability versus that observed for the enzyme in solution. This stabil-
ity can be obtained without significant loss in catalytic activity [18].

The attractiveness of these compounds is confirmed by literature
reports concerning the immobilization of various enzymes on their
surface. There have been studies [19,20] in which catalase and glu-
cose oxidase were immobilized on the surface of Florisil (a com-
mercial magnesium silicate). Lipase, in turn, has been immobilized
primarily on mesoporous materials such as SBA, PPS and MPS
[21-23]. Hybrids materials are characterized with well-developed
porosity. Combined and reinforced materials usually exhibit prop-
erties not observed for their individual components. Moreover, hy-
brid supports in general provide a suitable environment for bio-
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molecules that favors the retention of high catalytic properties by
the immobilized enzyme, makes the biocatalytic system reusable
and protects it against conformational changes during storage [9,
24,25]. Up to now, hybrid materials used in the enzyme immobili-
zation process are, for example, hybrids containing Fe,O, [26-32],
polyaniline-polyacrylonitrile composite, polyacrylonitrile-multi-walled
carbon nanotubes [25,33] and others [34-36].

In general, inorganic hybrids exhibit good chemical and ther-
mal stability, mechanical resistance and chemical inertness. More-
over, their precursors are easily available and in many cases their
synthesis is simple and hence relatively cheap. The hydroxyl groups
(-OH) present on their surface determine the hydrophilic charac-
ter of these materjals. Additionally; the presence of many functional
groups increases affinity of the hybrid supports to biomolecules,
enhances immobilization efficiency and allows easy functionaliza-
tion of the surface [37,38]. Besides simple modification, the pres-
ence of various chemical moieties allows the production of combined
materials with desired technological features and high affinity for
enzymes, which makes these materials promising for practical ap-
plications [9,39,40]. Based on this information, in the present work
for the first time, organofunctionalized-MgO-SiO, was used as a
support for the immobilization of lipase from Candida rugosa. The
magnesium silicate surface was functionalized using glutaralde-
hyde and silane coupling agents containing amine, thiol, phenyl,
cyano and glycidoxy groups. The porous structure of the resulting
systems was then analyzed. A key stage in the study was the deter-
mination of the effect of the type of functional groups on the quan-
tity of immobilized enzyme and on the properties of the resulting

systems. The effectiveness of the immobilization process was deter-
mined by the Bradford method and by analysis of FTIR and NMR
spectra. The effect of pH and temperature on catalytic activity; as
well as the systems’ storage stability and reusability;, were investigated
based on a model reaction in which p-nitrophenyl palmitate was
hydrolyzed to p-nitrophenol.

MATERIALS AND METHODS

1. Materials

In the synthesis of magnesium silicate, an aqueous solution of
sodium metasilicate (general formula Na,O-mSiO,xH,O, produced
by Vitro-Silicon S.A.) and a solution of magnesium sulfate (VI)
(obtained from pure MgSO,-7H,O, produced by Chempur) were
used. The modifiers used for surface functionalization of MgO-
SiO, were 3-aminopropyltriethoxysilane (APTES), 3-mercaptopro-
pyltrimethoxysilane (MPTMS), phenyltriethoxysilane (PTES), 3-
cyanopropyltriethoxysilane (CPTES), 3-glycidyloxypropyltrimethox-
ysilane (GPTMS) and glutaraldehyde (GA), purchased from Sigma
Aldrich. Lipase from Candida rugosa (LCR), monobasic sodium
phosphate (NaH,PO,), dibasic sodium phosphate (Na,HPO,) p-
nitrophenyl palmitate (p-NPP), p-nitrophenol (p-NP), 2-propanol,
Triton X-100 and Arabic gum were purchased from Sigma Aldrich
(Saint Louis, MO, USA).

Table 1 lists the properties of the modifiers used and the names
of the samples obtained.
2. Synthesis and Surface Grafting of MgO-SiO,

MgO-SiO, was synthesized by the classical precipitation method

Table 1. Characterization of used modifiers and description of obtained samples

Modifier Groups Structural formula Sample acronym
3-Aminopropyltriethoxysilane (A) -NH OC.H, MgO-SiO,_A
C,H,O—Si/\/\NHz
OCH,
3-Mercaptopropyltrimethoxysilane (M) -SH CI)CH, MgO-Si0, M
cHOo—si” N\,
OCH,
3-Cyanopropyltriethoxysilane (C) -CN OCH, MgO-SiO, C
CH,O0— s.l A
OC,H.
Phenyltriethoxysilane (P) -C¢H; Cl)C,H, MgO-SiO, P
C,H,0— sl i —O
OC.H.,
3-Glicydoxypropyltrimethoxysilane (G) -COC (IJCH, MgO-Si0, G
CH,0— slt/\/\ 0/\V
OCH,
Glutaraldehyde (GA) -C=0 0 MgO-SiO, GA
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developed by Ciesielczyk et al. [41]. To a reactor containing a 5%
solution of magnesium sulfate, an appropriate quantity of sodium
silicate was added. The system was stirred, and the reaction was
allowed to proceed until the pH of the suspension reached a value
of 5-6. The mixture was then filtered under pressure, and the result-
ing precipitate was dried and sieved. Dry MgO-SiO, powder was
modified using silane modifying compounds (APTES, MPTMS,
TEPS, CPTES, GPTES) and glutaraldehyde (GA). Modification was
performed using a “dry method” [42,43]: the silane coupling agents
were firstly hydrolyzed in a methanol/water system (4: 1, v/v) and
then sprayed directly onto the surface of the synthetic magnesium
silicate. The silane coupling agents were used in an amount of 3
wt/wt [44,45]. Modification with glutaraldehyde was performed by
pouring a 5% solution of glutaraldehyde over an appropriate quan-
tity of MgO-SiO,. The system was stirred for 24 h at room tem-
perature, and was then filtered under pressure and dried. Fig. 1 shows
a schematic representation of the process of synthesis and modifi-
cation of magnesium silicate. The codes used for the obtained sam-
ples are given in Table 1.
3. Immobilization of Lipase from Candida rugosa on Grafted
MgO-SiO, Hybrid

The immobilization process was carried out by a covalent method.
A defined quantity of the previously prepared support was immersed
in a solution of lipase from Candida rugosa (3 mg/mL, 0.2 M solu-
tion of phosphate buffer (PBS) at pH=7). The process was contin-
ued for 24h at room temperature, after which the immobilized

Synthesis of MgO-Si0,
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WASHING H.O
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system was filtered and dried, again at room temperature. All pro-
tein concentrations were determined by the Bradford method [46],
using bovine serum albumin (BSA) as standard. The quantity (P)
of lipase from Candida rugosa deposited on the modified MgO-
SiO, was calculated from Eq. (1):

P:(CO—CI)-V
m

)

where C, and C, denote the concentration of the enzyme (mg/mL)
in solution before and after immobilization, respectively, V is the
volume of solution (mL), and m is the mass of modified MgO-SiO,
®.

Fig. 2 shows a schematic representation of the immobilization
process.

4. Physicochemical Analysis of Samples

To identify the characteristic groups present on the surface of the
products, samples were subjected to FTIR analysis using a Vertex
70 spectrophotometer (Bruker, Germany). The samples were ana-
lyzed in the form of KBr tablets, as KBr crystals are inactive in the
IR range. The analysis was performed over a wavenumber range
of 4,000-400 co™".

“C CP MAS NMR analysis of the prepared materials was per-
formed in a DSX spectrometer (Bruker, Germany). A sample of
about 100 mg was placed in a ZrO, rotator 4 mm in diameter, which
enabled spinning of the sample. Centrifugation at the magic angle
was performed at a spinning frequency of 8.4 kHz. The °C CP MAS

Grafting of MgO-5i0, with silanes coupling agenis
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Fig. 1. Schematic diagram of synthesis and modification of MgO-SiO, hybrid.
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Fig. 2. Schematic diagram of the immobilization of lipase onto grafted MgO-SiO, hybrid.

NMR spectra were recorded at 100.63 MHz in a standard 4 mm
MAS probe by application of single pulse excitation with high-power
proton decoupling (pulse repetition 10s, spinning speed 10 kHz).
Low-temperature N, sorption was also applied. The surface area
(Aggr), total pore volume (V,) and mean pore diameter (S,) were
determined using an ASAP 2020 instrument (Micromeritics Instru-
ment Co., USA). All samples were degassed at 120 °C for 4 h prior
to measurement. The surface area was determined by the multi-
point BET (Brunauer-Emmett-Teller) method using the adsorp-
tion data as a function of relative pressure (p/p,). The BJH (Barrett-
Joyner-Halenda) algorithm was applied to determine the total pore
volume and the mean pore diameter. Due to the high accuracy of
the instrument used, surface area was determined to an accuracy of
+0.1 m*/g, pore volume to +0.01 cm’/g, and pore size to +0.01 nm.
The elemental composition of the materials was established with
a Vario El Cube instrument (Elementar Analysensysteme GmbH,
Germany), which gave the percentage content of carbon, nitrogen
and hydrogen after high-temperature combustion of the analyzed
samples. Results are given as averages for three measurements, each
accurate to +0.0001%. The degrees of coverage of the MgO-SiO,
support with the modifiers were also evaluated from the results of
elemental analysis, using the Berendsen and de Golan equation [27]:
10°-C

=200 N,—CM-D] A @

where P (umol/m’) is the degree of coverage, C is the percentage
content of carbon from elemental analysis, N, is the number of
carbon atoms in the attached molecule, M is the molar mass of
the attached compound, and A is the surface area of the support.

Further, the number of surface functional groups Ny (nm™?),
which reflects the density of modifier grafted on the MgO-SiO, sur-
face, was calculated from the results of elemental analysis and BET
measurement. Ny, is defined as the number of aminopropyl, mer-
captopropyl, phenyl, cyanopropyl, glycidyloxypropyl and carbonyl
groups on the MgO-SiO, surface per nm’, and is calculated from
the following equation [47]:

C-N,

Ne= 1301003 ®

where C is the percentage content of carbon from elemental anal-
ysis, n is the number of carbon atoms in a molecule of the silane
coupling agent excluding methoxy groups, N, is Avogadros num-
ber, and S is the surface area of the sample.

5. Enzyme Assay

The hydrolytic activity of the immobilized enzymes was esti-
mated according to the methodology described by Zdarta et al.
[48]. Briefly, the spectrophotometric measurements were based on
the ability of the enzymes to transform p-NPP (p-nitrophenyl pal-
mitate) into p-NP (p-nitrophenol). The release of the product was
observed at 410nm (using a JASCO V650 spectrophotometer,
Japan). All reactions (performed in triplicate) were carried out with
stirring at 100 rpm for 2 min at 30 °C.

6. Evaluation of Stability of Free Lipase and Immobilization
Products

The effect of temperature on the activity of free and immobi-
lized aminoacylase was examined from 30-80 °C, at pH=7. The
effect of pH was tested over a range of 4-10, at 30 °C. All determi-
nations were based on the hydrolysis of p-NPP to p-NP.

The reusability of the immobilized lipase was studied by meas-
uring the residual enzyme activities repeatedly on 12 cycles. After
each reaction, the enzyme was separated from the substrate solu-
tion by centrifugation and washed with fresh phosphate buffer
(pH=7). The retention of activity was determined under optimal
conditions (30 °C, 2 min and pH=7).

We also investigated how the enzymatic activity of the immobi-
lized systems is affected by conditions of storage. For this purpose
the systems were immersed in a buffer solution at pH=7 and stored
for 30 days at room temperature or at approximately 4 °C. Every
five days samples were filtered and dried, and their enzymatic activ-
ity was tested by the procedure described above.

All measurements were made in triplicate. Results are presented
as mean +3.0 SD.

RESULTS AND DISCUSSION
1. FTIR and NMR Analysis
Unmodified and modified MgO-SiO, underwent comprehen-

sive physicochemical analysis to determine the effectiveness of the
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Fig. 3. FTIR spectra of unmodified MgO-SiO, and oxide materials modified with amine, thiol and cyano groups (a); phenyl, epoxy and car-

bonyl groups (b).

modification process. FTIR spectra of the products are shown in
Fig. 3.

As previously stated, one of the main goals of this study was to
confirm the possibility of using an inorganic MgO-SiO, hybrid mate-
rial as an effective support for enzymes. The FTIR spectrum of the
inorganic mixed oxide matrix (Fig. 3(a)) shows a broad signal in
the wavenumber range 3,600-3,400 cm ", characteristic for stretch-
ing vibrations of hydroxyl groups. This shows that the material
was susceptible to surface modification and effective enzyme attach-
ment. The spectrum also contains signals at 1,100, 800 and 650
cm', generated by stretching vibrations of Si-O-Si, Si-O and Si-O-
Mg bonds, respectively; which confirm the composition of the mate-
rial [49].

FTIR spectra were then examined to confirm the effective func-
tionalization of the hybrid material with amine, thiol and cyano
groups (Fig. 3(a)) and with phenyl, epoxy and carbonyl groups (Fig.
3(b)). All of the spectra revealed a significant decrease in the inten-
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sity of the characteristic signal for -OH groups. There also appeared
bands related to stretching vibrations of -C-H bonds, characteristic
for the aliphatic chains of the modifiers, in the wavenumber range
2,900-2,800 cm ™', indicating that the modifying agents were suc-
cessfully attached to the surface of the support [50]. In addition,
signals attributed to functional moieties present in the structure of
the functionalizer, such as a peak at 2,240 cm™" (stretching vibra-
tions of C=N in the spectrum of MgO-SiO, C), a signal with a
maximum around 1,400 cm™" (stretching vibrations of C-N bonds
in the spectrum of MgO-SiO, A) or bands at around 800 and 530
cm™ (stretching vibrations of C-O-C bonds and deformational
vibrations of epoxy rings in the spectrum of MgO-SiO,_G) proved
the presence of these groups in the analyzed samples, and hence
confirmed the successtul surface functionalization.

To provide indirect confirmation of the effectiveness of the im-
mobilization process, FTIR spectra were obtained for the systems
following immobilization (Fig. 4).

— LCR
MgO*SiO,_P_LCR
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Fig. 4. FTIR spectra of free lipase and of the enzyme immobilized on an MgO-SiO, system modified with amine, thiol and cyano groups (a);

phenyl, epoxy and carbonyl groups (b).
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Fig. 4 shows the FTIR spectrum of free lipase from Candida
rugosa and the spectra of the produced biocatalytic systems with
immobilized enzyme. The spectrum of free LCR contains four major
signals, characteristic for the protein backbone of the enzyme: a
band centered at 3420 cm™, attributed to stretching vibrations of
N-H bonds in -NH, groups (which are mainly responsible for attach-
ment of the enzyme); an amide I band with maximum at 1,653
cm', originating from stretching vibrations of carbonyl groups; an
amide IT band at 1,543 cm™; and an amide IIT absorption band at
wavenumber 1,415 cm ", derived from bending vibrations of N-H
bonds and stretching vibrations of C-N bonds [51]. In the spectra
of the immobilized enzyme, irrespective of the modifying agent
used, there are changes in the intensity of the signals in the wave-
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mcarbon in the methylene group

Glu, Asp

MgO*SiO, A_LCR /AP ﬁ 1

L ]
MgO*Sio, A M
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2225

number ranges 3,600-3,300 cm™" and 2,950-2,800 cm™' compared
with the spectra of the support before immobilization. Moreover,
in the wavenumber range characteristic for amide bands, the spec-
tra of the systems after immobilization contain peaks of low inten-
sity, indicating the presence of the biocatalysts in the analyzed
samples [52]. It can be concluded that the changes in intensity and
broadening of the bands characteristic for the relevant functional
groups indirectly confirm the effective deposition of the lipase onto
the surface of the inorganic oxide system.

Changes confirming the success of the modification and immo-
bilization processes were also observed on the carbon nuclear mag-
netic resonance spectra for systems modified with amine and epoxy
groups (Fig. 5). The spectra of MgO-SiO,_A (Fig. 5(a)) and MgO-
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Fig, 5. °C CP MAS NMR spectra of the supports, free lipase, and lipase immobilized on MgO-SiO, with amine groups (a); MgO-SiO, with

epoxy groups (b).
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Fig. 6. Probably mechanism of immobilization of lipase onto MgO-SiO, modified with amino- and epoxy groups.
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Fig. 7. Nitrogen adsorption/desorption isotherms of unmodified MgO-SiO, and the support modified with amine, thiol and cyano groups

(a); phenyl, epoxy and carbonyl groups (b).

SiO, G (Fig. 5(b)) contain many signals (20-55 ppm) originating
from the carbon in the methylene group (-CH,) in the modifier
structures [53]. The spectrum for lipase (Fig. 5) contains two clear
signals at chemical shifts of 70 and 170 ppm, attributed to carbon
atoms from certain amino acids (G, glutamic acid and Asp, aspar-
tate), as well as several bands of much smaller intensity and wider
range [54]. The spectra of the systems following immobilization
(MgO-SiO,_A_LCR, Fig. 5(a); MgO-SiO, G_LCR, Fig. 5(b)) dis-
play signals originating from both the support and the enzyme.
There is a characteristic signal at 170 ppm which was not observed
in the spectra of the supports. Analysis of the °C CP MAS NMR
spectra confirms the effectiveness of the immobilization of the
enzyme on the modified magnesium silicate.

Fig. 6 presents the probable mechanism of immobilization of
lipase onto MgO-SiO, modified with amino- and epoxy groups.
The mechanism is based mainly on electrostatic interactions (NH,
COO, O), but the covalent bonds generated between the enzyme
(-NH, and -COOH) and silane groups (-NH and -COC) are also
of great significance, which was confirmed by the analysis of FTIR

and NMR spectra. Irrespective of the type of modification, the con-
tribution of these bonds is associated with the amount and type of
silane functional groups in oxide hybrid structure [55-57].
2. Porous Structure Parameters of Supports and Resulting Bio-
catalysts

An analysis was made of the porous structure of the supports
used for immobilization. Fig. 7 shows low-temperature nitrogen
adsorption/desorption isotherms for unmodified MgO-SiO, and
all of its modified forms. All isotherms are of type IV according to
the TUPAC dlassification, indicating the presence of mesopores [58].
Surface areas range from 293 to 520 m”/g, pore volumes from 0.03
to 0.72 cm’/g and pore sizes from 5.6 to 12.5 nm (Table 2), show-
ing that these materials have well-developed structures. From the
data in Table 2 it can be concluded that the modification process
was effective. There was a significant decrease in the surface area
and pore volumes in the modified systems compared with pure
MgO-SiO,. Magner [2] has found that mesoporous materials can-
not be used as supports for enzymes if their pores are smaller than
3 nm, because these are too small to accommodate enzymes. In

Table 2. Porous structure parameters of unmodified and modified MgO-SiO, and samples after immobilization

Sample Specific surface areas (mz/g) Total pore volume (cm3/g) Average pore size (nm)
MgO-SiO, 520 0.72 5.6
MgO-SiO,_A 339 0.92 12.0
MgO-SiO,_A_LCR 209 0.03 1.9
MgO-Si0, M 444 0.06 9.1
MgO-§8iO,_M_LCR 313 0.03 1.9
MgO-SiO,_C 444 0.05 8.7
MgO-§iO,_C_LCR 261 0.03 19
MgO-SiO,_P 455 0.05 9.0
MgO-SiO,_P_LCR 265 0.03 2.0
MgO-§i0,_G 344 0.30 12.5
MgO-§iO,_G_LCR 278 0.29 12.5
MgO-Si0,_GA 294 0.33 12.2
MgO-§iO,_GA_LCR 243 0.28 12.5
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accordance with this finding, the proposed modified MgO-SiO,
may prove a good support for enzyme immobilization, since it has
pore sizes in the range 8.7-12.5 nm.

At the next stage it was determined how the immobilization
process affects the chief porous structure parameters (surface area,
pore volume and pore size) of the systems. The results (Table 2)
provide indirect confirmation of the effectiveness of the immobili-
zation process. This is evidenced by the smaller surface area values
compared with the original supports. Also observed was a signifi-
cant reduction in the pore sizes of the biocatalytic systems formed
by immobilization of the enzyme on supports modified with
amine groups (MgO-SiO, A_LCR), thiol groups (MgO-SiO, M_
LCR), cyano groups (MgO-SiO, C _LCR) and phenyl groups (MgO-
SiO, P_LCR). This may be because the enzyme molecules are
immobilized inside the pores, or because they block the pore spaces.
Additionally, entry of the enzyme into the pores of the MgO-SiO,
support creates a more stable environment for the protein and
prevents damage by external shear forces. Similar findings were
reported by Forde et al. [12]. On the other hand, the pore volume
and pore size of MgO-SiO, G and MgO-SiO, GA were not altered
by LCR immobilization. This indicates that the LCR molecules do
not occupy the mesoporous spaces of MgO-SiO, G and MgO-
SiO, GA, but exist on the outer surface of particles [2,59]. In this
case, stable bonds may also have been formed between the enzyme
and the functional groups of the support.

3. Elemental Analysis

Direct evidence of the effectiveness of the modification process
is provided by the results of elemental analysis (Table 3). The modi-
fied samples were found to have an increased carbon content, which
results from the introduction of molecules of the modifier onto
their surface. Also, the samples modified with APTES and CPTES
had nitrogen content of 0.638% and 0.214%, respectively, and the
MPTES-modified sample had a sulfur content of 0.775%. Based
on the results of elemental analysis and the values of surface area
(Aggr), a determination was made of the degree of coverage (P) of
the support surface with the modifier and of the number of sur-
face functional groups (Ny) (Table 3). The highest degrees of cov-

@ Relative activity
®  Amount of lipase loaded onto support

30

100 - !

80 4

25

HH

20
60 4

(B/Buw)
Z0o1s-0BN 0Juo papeo) ased)| Jo Junowy

40

H
L}

Relative activity (%)

20 A

o
o

A M c P G GA

Modifier type

(a)

Number of surface functional groups

2227

Table 3. Elemental analysis, degree of surface coverage and number
of surface functional groups for modified MgO-SiO, systems

Content (%)

P

N

Sample N C H § (umo/m’) (nm?)
MgO-SiO, - 0082 3071 - - -

MgO-Si0, A 0638 4037 2487 - 0.78 020
MgO-Si0O, M - 1087 1885 0775  0.30 0.04
MgO-Si0, C 0214 1329 1766 - 022 0.04
MgO-SiO, P - 1815 1812 - 025 0.03
MgO-Si0, G - 2274 1696 - 0.43 0.06
MgO-SiO, GA - 3620 1866 - 1.19 0.12

erage (0.78, 0.43 and 1.19 umol/m’) were obtained for the hybrid
modified with amine, epoxy and carbonyl groups, respectively, while
the smallest values were recorded for samples modified with thiol
groups (0.30 umol/m®), cyano groups (0.22 pmol/m®) and phenyl
groups (0.25 pmol/m’). A similar pattern is observed in the case
of the number of surface functional groups, which was highest for
the samples modified with amine and carbonyl groups (0.20 and
0.12nm"’, respectively), and for the remaining systems lay in the
range 0.03-0.06 nm .
4. Characterization of Hybrid Biocatalysts

Fig. 8(a) shows the relative activity of lipase immobilized on
modified MgO-SiO,. The relative activity was highest for lipase im-
mobilized on MgO-SiO, modified with amine and carbonyl groups
(100% and 76%, respectively). This may be related to the fact that
these are the systems on which the greatest quantities of enzyme
were immobilized (28.5 mg/g for MgO-SiO, A and 25 mg/g for
MgO-SiO, GA). The same systems (MgO-SiO, A and MgO-SiO,
GA) were also found to have the largest number of surface func-
tional groups (Ny) (Fig. 8(b)). Somewhat smaller values were ob-
tained for the systems MgO-SiO, M (39%) and MgO-SiO, G
(38%), which were also found to have smaller quantities of immo-
bilized enzyme (10 and 14 mg/g, respectively). The smallest val-
ues of both relative activity and quantity of immobilized lipase

@ Number of surface functional groups (N;)
B Amount of lipase loaded onto support
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Fig. 8. Relative activity of lipase immobilized on MgO-SiO, modified with different groups and quantity of lipase immobilized (a); influence
of number of surface functional groups and amount of lipase loaded onto MgO-SiO, on relative activity (b).
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Fig. 9. Effect of pH (a) and temperature (b) on the activity of free and immobilized lipase; storage stability of free and immobilized lipase at
5°C (c) and 20 °C (d); and reusability of lipase immobilized on modified MgO-SiO, (e).

were recorded for the samples MgO-SiO,_C (20%, 8 mg/g) and
MgO-SiO, P (11%, 6.5mg/g). Hong et al. [60] obtained similar
results for the immobilization of chymotrypsin and lipase on mes-
oporous silica (SBA-15; 25 mg/g) and silicates (MSU-F; 30 mg/g).
Kuwahara et al. [61] immobilized lipase from Candida antarctica
on materials with different silica shell structures (OSN), achieving
the immobilization of 18.9 mg of enzyme per gram of support.

A determination was next made of the effect of pH, tempera-
ture and storage on the catalytic activity of the systems with im-
mobilized lipase, as well as the reusability of these systems. These
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parameters were determined for selected biocatalytic systems (MgO-
SiO,_A_LCR, MgO-SiO, M_LCR, MgO-SiO, G_LCR, MgO-SiO,
GA_LCR). These systems were chosen because they exhibited the
highest catalytic activities and contained the greatest quantities of
immobilized enzyme (Fig. 8). The results obtained are shown in
Fig. 9.

Temperature and pH are important parameters that determine
the possible applications of biocatalysts in enzymatic reactions. As
can be seen from Fig. 9(a), (b), the pure enzyme has the greatest
relative activity at pH=7 and 30 °C. For the other values of both
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pH and temperature, the activity declined. In the case of the im-
mobilized systems, however, the relative activity remains high (above
40%) over the whole of the analyzed pH range. The catalytic activ-
ity of these systems falls with increasing temperature, but they retain
a higher activity than the pure enzyme over the whole analyzed tem-
perature range. The catalytic activity of the system MgO-SiO,
A_LCR does not fall below 70% anywhere in the analyzed pH
and temperature ranges. These data imply the formation of stable
bonds between the -NH, groups of the modifier and the -NH,
groups in the structure of the enzyme, which leads to an increase
in the rigidity of the enzyme structure and improves its stability in
harsh reaction conditions. Similar results were obtained by Khoobi
et al. [62] in a study of the immobilization of lipase on functional-
ized polyethylenimine-grafted mesoporous silica spheres, where
again the systems following immobilization retained approximately
40% of their initial activity. Tukel et al. [19] and Ozyilmaz et al.
[20] used magnesium silicate (Florisil) as a support for, respec-
tively, catalase and glucose oxidase; in the pH range 4-10 the level
of activity retained was 40% and 30% in the respective cases.

The curves in Fig. 9(c) show that lipase immobilized on MgO-
SiO, A and MgO-SiO, GA, after being stored at 5 °C for 30 days,
retains a higher activity (above 80% and 60% respectively) than
the enzyme in its native form. However, the other two systems
(MgO-SiO, M and MgO-SiO, G) have lower activity than the pure
lipase. This may be related to the formation of stronger bonds be-
tween the lipase and MgO-SiO, A or MgO-SiO, GA and to the
greater quantity of enzyme immobilized on the support surface.
Comparison of these results with data from the literature confirms
that the supports proposed in this study can be used successfully
in immobilization processes. The systems used by Khoobi et al.
[62] (lipase on functionalized polyethylenimine-grafted mesoporous
silica spheres) retained approximately 50% of their initial activity
after 14 days of storage. Abdallah et al. [23] obtained a biocatalytic
system (lipase immobilized on porous spherical silicate material)
which retained 40% of its activity after 21 days of storage. The
immobilized systems stored at 20 °C for 30 days exhibited similar
activity (Fig. 9(d)) to that of pure lipase, except in the case of the
lipase deposited on the system MgO-SiO, A, which retained approx-

imately 80% of its initial activity.

As shown in Fig. 9(e), the systems MgO-SiO, A and MgO-
SiO,_GA retained approximately 50% of their initial activity after
ten reaction cycles. The system MgO-SiO, G retained 40% of its
initial activity for up to five cycles, after which it fell off rapidly.
The lowest activity was that of MgO-SiO, M. These findings may
result from the nature of the interactions between the support and
the enzyme and from the quantities of enzyme adsorbed on the
surfaces of the various supports. Similar results were reported by
Abdlallah et al. [23] (40% of activity retained after seven cycles),
Kuwahara et al. [44] (40% of initial activity after 10 cycles), Tukel
et al. [19] (30% of initial activity after seven cycles) and Ozyilmaz
et al. [20] (50% of initial activity after ten cycles). Additionally, we
also checked the protein content in the reaction mixture; however,
mainly due to the covalent binding of the enzyme to the support,
the amount of the detached enzyme was negligible. Thus, we con-
cluded that decrease in the enzyme activity during reusability tests
is related mainly to its deactivation caused by the reaction condi-
tions as well as enzyme inhibition by the substrate and products
molecules. Moreover, based on the results previously published in
ours and other study [63,64] leakage of the enzyme during its reus-
ability at mild conditions (phosphate buffer at pH 7) is restricted.

A comparison of the effects of the various parameters described
above (pH, temperature, storage, repeated reaction cycles and type
of functional groups) on the catalytic activity of immobilized sys-
tems, as determined in the present work and in previous studies,
appears in Table 4.

CONCLUSIONS

The present study reports a proof-of-concept for application of
MgO-SiO, composite oxide system with various functional groups
(-NH, -SH, -CN, -C¢H;, -COC and -C=0) as a support for lipase
immobilization. The applied supports have a very well-developed
porous structure, and also contain characteristic groups enabling
their successful use in the immobilization of enzymes, as it is also
proved by the results presented here. The effectiveness of immobi-
lization has been confirmed by FTIR, NMR and BET analysis. More-

Table 4. Comparison of the stability of immobilized enzymes on different mesoporous silicates

Relative ) N Relative activity Relative
... . Relative activity in o
activity in after 30 days (%) activity (%), .
Name of sample Enzyme temperaturerange — — —* ~ ° Literature
pH=4-10 30-80°C (%) . . number of
(% ) 0 5 C 20 C CY Cl es (_)
MgO-SiO, A_LCR Lipase 40 20 80 60 60, 10 This study
MgO-§iO, M_LCR Lipase 40 20 40 40 20,5 This study
MgO-SiO, G_LCR Lipase 40 40 40 40 30, 8 This study
MgO-SiO, GA_LCR Lipase 70 30 60 40 50, 10 This study
Mesoporous silicate (MPS) Trypsin - - 60 60 40, 6 [12]
Florisil (magnesium silicate) Catalase 40 20 - - 30,7 [19]
Florisil (magnesium silicate) Glucose oxidase 30 - 40 - 50, 10 [20]
PMS Lipase - - 40 - 40,7 [23]
Mesoporous silica (SBA-15, MSU-F)  Lipase - - - 80 - [61]
MCM-41 Lipase 40 - 50 - - [62]
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over, all of the biocatalytic systems exhibit relatively good activity
of more than 40% in the whole of the analyzed ranges of pH (4-
10) and temperature (30-70 °C). Results also showed that these sys-
tems may be used over ten reaction cydles, retaining a relative activ-
ity of around 50-70%. The data obtained show that the systems
analyzed in this study may be successfully used as biocatalysts in
catalytic reactions, and that the type of functional groups supplied
by the surface modifier has a significant effect on the quantity of
immobilized enzyme and on the activity and stability of the result-
ing system. However, relatively easy surface modification, high im-
mobilization efficiency and retention of good catalytic properties
by immobilized enzyme caused that the above-mentioned sup-
port material might easily be used for the immobilization of other
biocatalysts resulting in production of biocatalytic systems for appli-
cation in many branches of industry.
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