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Abstract: The aim of this study is to covalently immobilize horse radish peroxidase (HRP)
onto new hybrid membranes synthesized by the sol-gel method based on silica precursors,
dendrimers and cellulose derivatives. This new system will be used for designing biosensor.
For investigation of the properties of membranes, HRP was used as a modeling enzyme.
Kinetic parameters, pH and temperature optimum were determined, and the structure of the
membranes surface was examined. Results showed higher relative and residual activity of
HRP immobilized onto membranes with cellulose acetate butyrate with high molecular
weight CAB/H. This novel biosensor could offer a simple, cheap and rapid tool with
enhanced sensing performance as well as having potentials to find application in medicine,
pharmacy, food and process control and environmental monitoring.
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Introduction

Over the last decade biosensors research especially for optical biosensors emerged as a
successful alternative to the other traditionally used expensive and complicated analytical
techniques, where biosensors exhibit high specificity, efficiency, direct applicability, reliability
and cost effectiveness towards detecting many compounds and samples contaminated with toxic
compounds [2, 4, 9].

Sol-gel method revealed many advantages for development of biosensors like being versatile,
simple and reproducible, to successfully produce materials with excellent surface properties,
porosity and transparency [21]. Previous research papers in the area of biosensors reported using
horseradish peroxidase (HRP) for detection of different substrates [3, 8].

Enzyme immobilization including attachment or incorporation onto or within solid matrices, via
different approaches from adsorption, covalent attachment, confinement or entrapment became
very popular in designing potential biosensors [1, 12, 26]. This immobilization helps overcoming
enzyme limitations by reducing the required enzyme amounts, prolonging its lifetime, while
increasing the potential for enzyme reuse [1] and enzyme stability [13, 14, 26]. While the
potential applications of biosensors allow detection of wide range of compounds in food [20],
pharmaceutics [10], environment [11] and industry [2, 22].
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Nanostructured materials and that on micro scale were used as supports for enzyme
immobilization [13, 26]. Using solid membranes as matrices for covalent immobilization,
helps improving recovery of immobilized enzymes, this could optimize operational cost while
keeping the enzyme active and preserved. Covalent immobilization process onto solid
membrane involves immobilization of the enzyme onto the prefabricated membrane support
and using the resulting conjugates for the sensing process [16].

Materials and methods

Reagents

Peroxidase isolated from horseradish (E.C. 1.11.1.7) were purchased from Sigma-Aldrich;
methyltriethoxysilane (MTES) and trimethoxysilane (TMOS) from Merck; cellulose acetate
propionate with low molecular weight (CAP/L) and cellulose acetate butyrate with high
molecular weight (CAB/H), ~15000 and ~25000, respectively, PAMAM dendrimers
(Polyamidoamine) second generation from Sigma-Aldrich; hydrogen peroxide solution (35%)
and chloroform from Merck. Other chemicals were of analytical reagent grade.
Double-distilled and deionized water was used.

Synthesis of hybrid membranes by sol-gel method

Three groups of new hybrid membranes were prepared by sol-gel method with participation
of silica precursors TMOS and MTES according to the general procedure as illustrated in
Fig. 1. Cellulose acetate propionate with low (CAP/L) and cellulose acetate butyrate with high
(CAB/H) molecular mass were used dissolved in chloroform as the system’s organic
component. As well as PAMAM dendrimers that was used as a source of active groups for
covalent immobilization. The precursors were hydrolyzed in methanol for TMOS and ethanol

for MTES [24].
\/
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Fig. 1 Schematic illustration sol-gel synthesis of hybrid membranes

Group 1 (without silica precursors):

Chloroform was used as solvent for 1.5 g CAP/L or CAB/H, after the cellulose derivative
being well dissolved, 50 ul PAMAM dispersed in chloroform was then added, and then stir
mixture at room temperature for 3 hours. After stirring, solution poured, membranes formed
and allowed to dry at room temperature.

Group 2 (With TMOS silica precursors):

Two solutions were prepared, A and B. Solution A was prepared as explained in Group 1, and
solution B was prepared by dispersing 1 ml TMOS in 6 ml methanol while using concentrated
HCI as a catalyst, and letting the resulting mixture to stir at room temperature for 90 minutes.
After stirring, the two solutions were combined, stirred and dried as in Group 1.
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Group 3 (With MTES silica precursors):
Group 3 was prepared like Group 2 but using MTES as the silica precursor.

Oxidation method for peroxidase

Oxidation of carbohydrate residues of peroxidase was done according to Zaborsky and
Ogletree’s method [21]. The oxidized enzyme was dialyzed using dialysis membrane from
Serva, Germany, by submerging for 24 h in 50 mmol/L acetate buffer with pH 5.6.

Covalent immobilization of peroxidase onto hybrid membranes

The immobilization process to the support could be achieved through different approaches
including Zaborsky and Ogletree method as well as glutaraldehyde method. Within Zaborsky
and Ogletree method, enzyme immobilization onto activated support is achieved by covalent
linkage between amino groups flanking onto the fabricated matrices to the carbohydrate
residues existing within the enzyme structure [7]. The effect of various parameters, including
pH, enzyme concentration and addition of functional additives was reported to have an effect
on enzyme immobilization efficiency and catalytic properties.

Peroxidase immobilization was carried out in the following sequence: 1.0 g of the hybrid
membranes was added to 10 ml of the oxidized dialyzed solution of peroxidase.
Immobilization was done under continuous stirring for 24 h at 4 °C.

Determination of enzyme activity and content of protein

Peroxidase activity was determined spectrophotometrically at A = 460 nm using H,0O, as a
substrate. Total protein content was determined by modified Lowry [17] method using bovine
serum albumin as a standard.

pH and temperature optimum
pH optimum and residual activity for free and immobilized HRP was determined at pH values

from 4.0 to 8.0, and the temperature optimum was determined in the range from 20 °C
to 60 °C.

Determination of Michaelis constant

Kinetic parameters for free and immobilized HRP were determined. The kinetic parameters of
the different matrices used for immobilization were compared and evaluated against those
parameters for the free HRP. Michaelis-Menten (Ky,) constant of the enzymes was calculated
using Matlab program.

Membranes imaging
Hybrid membranes structure was examined using microscope “Carlzeiss”, Jena, Jenatech
Inspection, monochromatic light source with CCD camera.

Results and discussion

The three groups of constructed hybrid membranes exhibited good uniformity, flexibility,
with homogeneous distribution of the silica particles, transparency and surface properties.
In addition, used cellulose derivatives and silica exhibit biocompatibility [15], in addition to
their inertness towards the enzyme and being cheap. Using sol-gel process resulted in having
hybrid membranes with good characteristics suitable for immobilization [7, 21].
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It was reported that the used inorganic silica precursors is integrated within the cellulosic
matrix forming hydrogen bonding connecting both organic and inorganic phases [23].
These uniformity and good surface characteristics was reported as one of the desirable criteria
for sensing applications and enzyme immobilization [15]. Adding silica to membranes and
sol-gel processing influenced the drying phase by overcoming the phenomena that some of
the larger pores are emptied while smaller pores stay wet by the solvent that decrease the
resulted internal pressure gradients. This resulted in better membrane properties and
performance while enhanced drying process at room temperature within shorter time periods.
Also using PAMAMs as being a polymeric material might affected the inorganic
condensation-polymerization process [12].

Fig. 2 shows group (1) membranes, we can observe a high and uncontrolled porosity of the
membranes with CAB/H compared to those with CAP/L that showed less and controlled
porosity with good transparency. This coincides with previous work done on Ketotifen release
from CAB and CAP membranes reporting higher release from CAB membranes versus
uniform release from CAP membranes which is associated with the pores distribution [3].
On the other hand, no phase separation was observed between PAMAM and cellulose
derivatives.
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Fig. 2 Optical microscopy images for membrane surface. Magnification x10, light field.

Fig. 3 Optical microscopy images for membrane surface. Magnification %10, light field.

As shown in Fig. 3, TMOS/CAB/PAMAM synthesized membrane showed a uniformly and
homogeneously pleated structure due to the used CAB/H, with no observed silica aggregates
which resulted in a smooth like transparent structure. While both MTES/CAB/PAMAM and
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MTES/CAP/PAMAM were similar showing homogeneous membrane structure, with well and
homogeneous distribution of SiO; particles in a resulted grainy structure. On the other hand,
synthesizing hybrid membranes using CAB and CAP in ratio 1:1, along with MTES
precursors, showed phases separation of the two derivatives, resulting in non-homogeneous
membrane structure, distinguishing CAP small uniform and CAB large uncontrolled porous
structure.

19 = 50

- 5 '  i (A)

[ Bonded HRP protein onto different
4.5] (B) hybrid membranes

Absorption

Bonded protein amount mg/g abs.dry weight
»

AcS Ac? Ph5 Ph7 CAPPAN IOSCABS e
Buffer/pH Hybrid membranes

Fig. 4 (A) Immobilization efficiency and activity of HRP against the medium type and pH,
(B) Bonded protein amount onto hybrid membranes at pH 7.0.

Fig. 4 (A) shows optimization step by evaluating resulted immobilization efficiency by
optimizing the pH value and type of used buffer for the immobilization process. Comparison
involved phosphatic and acetate buffers with different pH values, where phosphatic buffer
with pH 7.0 resulted in the best immobilization and activity followed by acetate buffer with
pH 7.0, while low immobilization efficiency was observed using lower pH. These results
coincides with previous reported data where using pH near isoelectric point (ISP) of the used
protein — that is around 7.0 in our case — results in better covalent immobilization on solid
supports, while at other higher or lower pH values the immobilization yield dropped
drastically [19]. This is principally because maximum adsorption of a protein can be achieved
when it has a neutral charge, i.e. at the ISP. At other pH, the protein molecules will carry a
charge and so repel from each other.

Conditions utilized for oxidation of carbohydrate residues of peroxidase were selected in a
manner to maximally preserve enzyme activity, while obtaining sufficient reactive groups for
immobilization. As reported previously, by using higher concentration of oxidizing reagent, a
risk of activity loss exists [21]. Covalent binding of the enzyme to PAMAM dendrimers was
established between the amide groups of PAMAM and the oxidized carbohydrate residues of
HRP. This method was reported and applied in previous work, exhibiting an advantage that
the immobilization does not change the conformation of the enzyme molecule nor interfering
with active site as binding always takes place away from these active centers [15].

As shown in Fig. 4 (B), highest levels of HRP were found to be linked to the membranes
containing TMOS/CAB/PAMAM, then CAB/PAMAM, followed by MTES/CAB/PAMAM.
Results obtained for HRP specific and relative activity with membranes containing
TMOS/CAB/PAMAM, and CAB/PAMAM were shown to be the highest as well. This due to
the CAB higher available surface with its higher surface irregularities and porosity compared
with CAP based membranes, which might be due to the different size of the butyrate group
compared with the propionate group, having CAB membranes with more open structure at the
end [3].
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Immobilization of HRP on membranes obtained by the sol-gel method

Catalytic properties of free and immobilized HRP

Tables 1 and 2 present the HRP catalytic properties onto different membranes.
Upon comparison, TMOS/CAB membranes showed better results, where the highest relative
activity was found to be 58% and 62% for TMOS/CAB and CAB respectively, followed by
CAP and MTES/CAB that recorded 54% and 53% respectively. The reason for this might be
that CAB/H has high porosity with absence of aggregates as being elaborated previously, this
enhanced substrate penetration into the membrane and the products out by decreasing
diffusion limitation. While as reported before by Lagoa et al. [15] and Bayramoglu et al. [5],
the inclusion of CAP/L in the hybrid membranes results in having more homogeneous
structure with controlled porosity, this way it is believed that CAP/L exhibited diffusion
limitations which also corresponds to results reported by Bayramoglu et al. [5].

Table 1. Catalytic properties of free and immobilized peroxidase onto different matrices

Specific Relative Temp.
Sample Atﬁnd;y}” L activity, activity, 0 t?rlr_:um optimum,

- [U/mg] o] | °P °C]
Free HRP - 67 - 6.0 25
CAB/PAMAM 2.6 41.9 62 6.5 35
CAP/PAMAM 14 36.9 54 6.0 40
TMOS/CAB/PAMAM 2.7 39.2 58 6.0 40
MTES/CAB/PAMAM 1.9 35.7 53 6.0 40
MTES/CAP/PAMAM 1.3 19.2 28 6.0 40

In Table 2, kinetic parameters of the HRP immobilized on different membranes were
compared with the parameters of the free HRP. TMOS/CAB/PAMAM and CAB/PAMAM
showed the highest results compared to the free HRP, followed by the other membranes.
Using Lineweaver Burk plotting for characterization of our immobilized HRP, both
immobilized and free HRP exhibited response to the reduction of H,O, with a recorded linear
range from 3.4 pmol/l till 10.2 mmol/l. Ky values obtained were found varying between
6.3x10 and 28.7x107, These obtained K, values coincides with those obtained by Mohamed
et al. [18] that were 5.5 and 3.6 mM for free and immobilized peroxidase respectively upon
immobilization onto chitosan. These results show that our immobilized HRP might has a
greater affinity to the substrate compared to the free HRP enzyme [12, 24].

Table 2. Kinetic parameters for free and immobilized peroxidase onto hybrid membranes

Sample K, [0M] Vinax, [MM/min] R®
CAB/PAMAM 6.33 6.25 0.891
CAP/PAMAM 10.23 2.99 0.828

TMOS/CAB/PAMAM 6.9 6.88 0.975
MTES/CAB/PAMAM 12.14 5.72 0.981
MTES/CAP/PAMAM 28.7 5.43 0.977

Free HRP 19.1 42.11 0.945

It was observed that using cellulose derivatives and silica precursors in the gel formation
process affected resulted pores dimensions and the matrix structure, which enhanced
immobilized enzyme activity by facilitating substrate molecules diffusion through the
membranes while receiving greater protection from the environment. This explains the
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resulted increase in enzymatic activity in CAB/PAMAM, TMOS/CAB/PAMAM and
MTES/CAB/PAMAM [6].

As shown in Fig. 5 and as a function of pH, 100% residual activity remained the same for all
samples at optimum pH 6.0 except a shift to pH = 6.5 that was recorded by CAB/PAMAM.
Immobilized HRP curves showed optimum pH range were shown to be wide, with relatively
high residual activity over a wider pH range, which coincides with previous results [25].

—@— Free HRP |-®—Free HrP
{—w—caBPAMAM
—w— CAP/PAMAM (A) —— MTES/CABIPAMAM (B)
100 | —@— MTES/CAP/PAMAM 100 4

—i— TMOS/CAB/PAMAM

Residual activity %
Residual activity %

rrrrrrrrr

¥ T T T T L] T T T T T T T T
35 40 45 50 55 60 65 7.0 75 80 85 35 4,0 45 5.0 5.5 6.0 6.5 7.0 7.5 80 85
pH pH

Fig. 5 pH effect on residual activity of immobilized HRP, compared to free HRP residual
activity at optimum pH. Assay was performed at room temperature.

As shown in Fig. 6 and as a function of temperature, results showed a more general stability
of HRP behavior in all systems by shifting of the temperature optimum from 25 °C for free
HRP to 35 °C for CAB/PAMAM, and 40 °C for the other membranes, where matrix found to

be influencing temperature optimums and enzyme stability, this observations corresponds
with previous work results done by our group [26].

20
120 R @ Free HRP L B @ Free HRP
Fs 1 —ap—CABPAMAM
(A) —w— CAPIPAMAM (B) —@— MTES/CABPAMAM
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Fig. 6 Temperature effect on residual activity of Immobilized HRP,
compared to free HRP at optimum temperature. Assay was performed at pH 6.0.

Conclusions

For obtaining system for efficient enzyme immobilization, membranes were prepared with
participation of different silica precursors and HRP covalent immobilization was performed as
a model enzyme. Analysis for immobilized enzyme onto different membranes showed change
in pH and temperature optimums compared to those of free enzyme. The results showed that
the highest relative activity were 58% and 62% for TMOS/CAB and CAB respectively.
A better immobilization on matrices with CAB was observed. Efficiency of immobilization
appeared to be depending on the type of used cellulose derivative, and conditions including

183



@ Int.J. BIOAuTOMATION, 2015, 19(2), 177-186

temperature and pH. The achieved system based on the optimized co-immobilized HRP
demonstrated enhanced operational potential towards designing biosensor and further
construction of immunosensor.

Abbreviations

CAB/H —  cellulose acetate butyrate with high molecular weight
CAP/L —  cellulose acetate propionate with low molecular weight
PAMAM dendrimer — poly (amidoamine) dendrimer

TMOS — trimethoxysilane

HRP - horseradish peroxidase

MTES — methylthriethoxysilane
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