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Immobilization of horseradish peroxidase in cross-linked
phyllosilicates: conditions and characterizations
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An innovative immobilization procedure was developed
for intercalation of enzymes into dispersed phyllo-
silicates which were cross-linked with silicates resulting
from the hydrolysis of tetramethyl orthosilicate. Do-
nor:hydrogen-peroxide oxidoreductase intercalative
immobilized in the cross-linked phyllosilicate exhibited
a similar or higher activity than the free enzyme. The
kinetic properties of peroxidase were unaffected by
intercalative immobilization. Different factors, includ-
ing drying methods, particle size, surface cations of the
phyllosilicate and ratio of phyllosilicate to tetramethyl
orthosilicate, were investigated to optimize immobil-
ization conditions. The immobilized peroxidase ex-
hibited similar kinetic properties to the free enzyme
and good storage stability.

Introduction

The immobilization of enzyme at the interface in a het-
erogeneous system is currently an active research area in
biotechnology. Inmobilized enzymes exhibit increased stab-
ility and enable a continuous conversion process with good
product recovery and minimal loss of enzyme activity. The
conventional methods of enzyme immobilization include
adsorption (electrostatic and hydrophobic adhesion) and
covalent binding (internal cross-linkage) of enzymes on a
solid support [1]. Unfortunately, covalent or ionic bonds
formed by these methods usually increase the stability but
decrease the activity of the enzymes [2]. Immobilization of
enzymes by entrapment has been achieved by encapsulating
enzymes through sol-gel processes. Sol-gel materials for
enzyme entrapment are usually prepared by mixing a silane,
e.g. tetramethyl orthosilicate (TMOS), buffer solution and
methanol in different ratios [3]. The entrapped enzyme
retains much of its activity and gains better stability in sol—gel
matrices [4]. But the extension of this technique has been
limited by two shortcomings of sol-gel materials; their
brittleness and narrow pore network [5]. Efforts were made
to improve the activity of immobilized enzymes by mixing
alkyl-substituted silanes in specific ratios, and introducing
polymers or phyllosilicates into sol-gel matrices [5-8].

As layered silicates with large surface area, phyllo-
silicates process both hydrophilic and hydrophobic sites on

their layer surfaces and edges. Their layered structures can
be broken down into nanoscale building blocks, which makes
them good matrices for intercalation. Metal hydroxyl poly-
meric cations, alkylammonium ions, polymers and com-
binations of these have been intercalated into phyllosilicates
to form a broad spectrum of materials ranging from pillared
clays and organoclays to polymer—clay nanocomposites
[9-12]. Linoleate:oxygen |3-oxidoreductase (lipoxygenase)
immobilized into cross-linked phyllosilicates exhibited high
enzymic activity and retained the characteristics of free
lipoxygenase [8,13]. The activities of immobilized enzymes
are sensitive to immobilization conditions and factors, which
deserve further study. Donor:hydrogen-peroxide oxido-
reductase (EC 1.11.1.7, peroxidase) is a hydrogen peroxide-
specific oxidoreductase with many applications in medical,
environmental and industrial processes [14,15]. In this study,
with horseradish peroxidase as a model protein, several
factors affecting the activity of intercalatively immobilized
enzymes, such as drying methods and ratio of volume of
phyllosilicate suspension to TMOS, were tested. The particle
sizes and surface cations were evaluated as they are major
factors for phyllosilicate dispersion, which determines the
space for enzyme intercalation. The properties of the
phyllosilicate-immobilized enzymes, including their kinetic
properties, storage stability and reusability, were also
characterized.

Materials and methods

A phyllosilicate of 2: | layer type (montmorillonite from WY,
U.S.A.; SWy-1) was obtained from the Source Clay Minerals
Repository (Clay Mineral Society, Columbia, MO, U.S.A).
The cation-exchange capacity (CEC) of this phyllosilicate was
0.764 mol-kg™' and the surface area was 756 x 10> m?-kg™'
[16,17]. The phyllosilicate was sodium-saturated by three
washes with | M NaCl solution, followed with three washes
with deionized water to remove excess salt. The saturation
of sodium was checked by determination of sodium content

Abbreviations used: TMOS, tetramethyl orthosilicate; CEC, cation-exchange
capacity; TMA, trimethylammonium chloride; HDTMA,
cetyltrimethylammonium chloride.
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on phyllosilicate surfaces and in the washing solutions [18].
The sodium-saturated SWy-1 was fractionated for particle
size <2 or <0.5um and dispersed in water. The con-
centration of SWy-1 in the suspension was 3.3% (w/v).

A portion of phyllosilicate suspension was added to a
glass tube. In some experiments, Na* ions were exchanged
with alkylammonium ions by treatment of the Na-phyllo-
silicate with trimethylammonium chloride (TMA, Aldrich) or
cetyltrimethylammonium chloride (HDTMA, Aldrich). The
intercalation of horseradish peroxidase (EC 1.11.1.7, type |
from Sigma) into the galleries (i.e. interlayers) of phyllo-
silicates was accomplished by mixing the enzyme with the
dispersed phyllosilicate in buffer solution (0.1 M sodium
citrate/phosphate, pH 7.0). The cross-linking of enzyme—
phyllosilicate mixture was initiated at 23 °C by adding TMOS
(Aldrich) to the mixture, and vortexing the tube for | min to
obtain an uniform mixture for silicate polymerization. A
small amount of sodium fluoride or other salts was added
as a catalyst for TMOS hydrolysis. The volume ratio of buffer
solution to phyllosilicate suspension was 1:1 (v/v). The
weight ratio of the horseradish peroxidase to phyllosilicate
was 0.006 (w/w). The volume ratios of phyllosilicate sus-
pension to TMOS are listed in the Figures and Tables. For
comparison, the simple sol-gel immobilization preparation
[3] was conducted by mixing TMOS with buffer solution
(volume ratio, 1:1) containing the same amount of the
peroxidase as other preparations. The cross-linked enzyme—
phyllosilicate complex was left to stand at 23 °C overnight
for completion of the polymerization reaction. To remove
unbounded peroxidase, the enzyme—phyllosilicate com-
posite was shaken with 10 ml of sodium citrate/phosphate
solution (0.1 M, pH 7.0) for 24 h, then centrifuged and
washed with deionized water. Three drying methods for the
composite were used: (i) freeze-drying, the composite was
first frozen and then kept in a freeze-drier (—35 °C) for
24 h; (i) vacuum drying, the composite was kept in a
desiccator (23 °C) at 101 kPa (I atm) suction for 24 h; and
(iii) air drying, the composite was left in a fume hood (23 °C)
for 48 h. After drying, the immobilized peroxidase was ready
for use. The residual water content of the dried composite
was determined by measuring a small portion of the
composite before and after oven drying (105 °C) for 48 h.
The enzyme and reagents were used as received without
further purification.

Activity of free and immobilized peroxidase was de-
termined by oxidation of guaiacol [19]. The reaction mixture
(2 ml) contained 0.5 mM guaiacol (Aldrich), 0.5 mM H,0,,
0.1 M sodium citrate/phosphate buffer (pH 7.0) and a
suitable amount of free or immobilized peroxidase. The
reaction was followed by absorbance increase at 436 nm
(6436 = 25.5 mM~"-ecm™"): | unit was defined as the amount
of peroxidase that oxidized | umol of guaiacol in | min at
24 °C and pH 7.0. Relative activity was compared on the

basis of the same protein amount for both free and
immobilized peroxidase. Protein concentration of peroxi-
dase in solution was measured by Lowry assay and the
protein content of immobilized peroxidase was calculated
as the difference between the total added enzyme protein
and the protein content in solutions after immobilization.
All measurements were in replicates of three or five.

Results and discussion

Intercalative immobilization of horseradish peroxidase was
very effective as the activity of peroxidase immobilized in the
cross-linked phyllosilicate was similar to that of the free
enzyme. The vacuum-dried samples exhibited higher activity
than freeze-dried samples for the intercalatively immobilized
peroxidase (Figure I). Vacuum drying only removed excess
water and methanol produced from the hydrolysis of TMOS,
and still kept the samples in a hydrated state, which
preserved the original structure of the enzyme—phyllosilicate
composite. Freeze drying removed most of the water and
caused shrinkage of the sample framework. The shrinkage of
the silicate framework may have denatured the immobilized
peroxidase. The air-dried samples showed similar properties
to the vacuum-dried samples, but air drying required a
longer time than vacuum drying. Accordingly, all samples
were vacuum dried in the subsequent experiments.

Figure 2 shows the activity of peroxidase immobilized in
differently treated phyllosilicates. For Na-phyllosilicate, the
activity of peroxidase immobilized in the fine-particle frac-
tion (< 0.5 um) was higher than that in the larger-particle
fraction (< 2 um). The particle size of phyllosilicates affects
their dispersion in aqueous media [20]. The fraction of
particle size < 0.5 #m was more dispersed than the <2 um
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Figure |  Activity ofimmobilized peroxidase after vacuum drying, air drying,

or freeze-drying

The activity of free peroxidase was measured as 98.2 ymol of
guaiacol-min~'-mg™'. Peroxidase was intercalatively immobilized in cross-
linked Na-phyllosilicate (CT), TMA-phyliosilicate (CTS), or simple sol-gel
material (S). The ratio of phyllosilicate suspension to TMOS was 5: 1 (v/v).
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Figure 2 Activity of peroxidase immobilized in cross-linked phyllosilicates

I, Na-phyllosilicate, < 0.5 um fraction; 2, Na-phyllosilicate, < 2 um fraction; 3,
TMA-phyllosilicate, < 2 um fraction; 4, HDTMA-phyllosilicate, <2 um frac-
tion; 5, peroxidase immobilized in simple sol-gel matrix. The ratio of
phyllosilicate suspension to TMOS was 5: 1 (v/v). The activity of free peroxidase

was measured as 98.2 umol of guaiacol-min™' -mg™".

fraction in the solutions under the same conditions, which
benefited enzyme intercalation.

For the same particle-size (< 2 um) fraction, surface
cations showed significant effect on the activity of inter-
calatively immobilized peroxidase (Figure 2). The activity of
peroxidase immobilized in TMA-phyllosilicate was similar to
that in Na-phyllosilicate, whereas the activity of peroxidase
immobilized in HDTMA-phyllosilicate was much lower. One
of the explanations may be the effect of surface cations on
the dispersion of phyllosilicates in water. With TMA
replacing Na* on the surface, phyllosilicate dispersion might
be decreased because TMA is less hydrated than Na*. The
hydrophobicity of phyllosilicate increased because of TMA
on the surface. As a result, the activity of immobilized
peroxidase was little affected by TMA replacement of Na*
on phyllosilicate surfaces. HDTMA contains far more
hydrophobic groups than TMA. The replacement of Na* by
HDTMA on the surface caused a great reduction in
phyllosilicate dispersion because of strong hydrophobic
attraction. X-ray diffraction indicated that average interlayer
distance decreased from 4.9 nm for TMA-phyllosilicate to
3.2 nm for HDTMA-phyllosilicate. The decrease in interlayer
spacing of the phyllosilicate reduced the galleries for enzyme
intercalation and, thus, the activity of immobilized per-
oxidase.

Various amounts of TMA or HDTMA were used to
occupy exchange sites of the phyllosilicate. The amounts of
TMA and HDTMA used were smaller than, equal to or larger
than the CEC of SWy-I. The activity of immobilized
peroxidase increased with the increasing amount of TMA on
the phyllosilicate surface (Figure 3). The activity of im-
mobilized peroxidase was the lowest when the amount of
HDTMA added was equal to the CEC of SWy-1. HDTMA
contains a long carbon chain and behaves similarly to
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Figure 3 Activity of peroxidase immobilized in cross-linked phyllosilicate
SWy-1 with different amounts of TMA or HDTMA

I, Less than the CEC of SWy-1; 2, equal to the CEC of SWy-1 ; 3, greater than

the CEC of SWy-1. The ratio of phyllosilicate suspension to TMOS was 5: |
(VV). The activity of free peroxidase was measured as 98.2 umol of
guaiacol-min™' -mg™".

polymers on the phyllosilicate surface. Added in moderate
amounts, HDTMA caused phyllosilicate flocculation,
whereas large amounts of HDTMA caused steric stabilization
of phyllosilicate suspension and small amounts of HDTMA
caused sensitization [21]. The amount of TMA or
HDTMA added affected phyllosilicate dispersion, which is
one of the important factors in intercalative immobilization
of enzymes.

As shown .in Table |, another important factor
influencing the activity of intercalatively immobilized per-
oxidase was the volumetric ratio (R,) of phyllosilicate
suspension and TMOS used in the cross-linking of phyllo-
silicates. With increasing R, the activity of immobilized
peroxidase increases. This trend was the same for all
phyllosilicates with different surface cations. An increase in
R, means a decrease in amount of TMOS used, for a given
amount of phyllosilicate, from 62.5 to 6.25, and a increase in
the stoichiometric ratio of water to silane from 8.5 to 84
(Table 1). When immobilizing lipases in methyltrimethoxy-
silane-derived gels, Reetz et al. [7] found that the optimal
stoichiometric ratio of water to silane was 8-10. Below and
above this region, the activity of immobilized lipases decr-
eased. In our study, phyllosilicates provided the framework
for the immobilizing matrix. TMOS was used only as a cross-
linking agent. With R < 10, increasing the amount of
phyllosilicate resulted in increasing porosity of the cross-
linked phyllosilicate [8], which reduced the limitation on the
substrate diffusion and increased the activity of immobilized
peroxidase. The attempt to use R, = 20 for intercalative
immobilization failed because the amount of TMOS fell short
of the minimum requirement for matrix solidification.

In the kinetic studies, free and immobilized peroxidases
were assayed at pH 7.0 with the concentration of
guaiacol ranging from 0.1 to 8 mM. The immobilized peroxi-
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Table |
(SWy-1) suspension to TMOS (v/v)

Relative activity (percentage of free enzyme) of peroxidase immobilized in the cross-linked phyllosilicates at various volume ratios (R,) of phyllosilicate

The activity of free horseradish peroxidase was measured as 98.2 umol of guaiacol- min~'-mg~". Peroxidase was immobilized in cross-linked Na-phyllosilicate (CS),

TMA-phyllosilicate (CTS) or HDTMA-phyllosilicate (CHS).

RV

10 5 25 |
Weight ratio of TMOS to SWy-1 ... 6.25 125 25 62.5
Treatment Molar ratio of water to silane (TMOS) ... 84 42 21 84
Cs 1285 109.7 842 143
CTS 136.7 104.9 67.5 17.7
CHS 42.5 19.6 82 22
0.14 The reusability of intercalatively immobilized peroxi-

Initial Rate (#mol/min)

0 L 1 1 )

0 0.5 1 1.5 2 25
Protein Content (ug)

Figure 4 Activity (initial transformation rate) of free and immobilized
peroxidase (POD) at different enzyme amounts

Peroxidase was immobilized in cross-linked Na-phyllosilicate (CS), or in TMA-
phyllosilicate (CTS). The ratio of phyliosilicate suspension to TMOS was 5: |
(WNV).

dase exhibited similar a K (0.29 mM) to free peroxidase
(0.24 mM). The V__, of the immobilized peroxidase increased
from 103 umol-min~'mg™" for free peroxidase to
192 umol -min~'-mg™" for CTS (peroxidase immobilized
cross-linked in TMA-phyllosilicate) and 218 umol-min™'-
mg™' for CS (peroxidase immobilized in cross-linked
Na-phyllosilicate) treatments. The activities of both
immobilized and free peroxidase increased in a similar way
to the enzyme amount (Figure 4). The kinetic properties of
the peroxidase were unaffected by intercalative immobil-
ization in the cross-linked phyllosilicates.

dase was evaluated by repeating incubation cycles with the
buffer solution (0. M sodium citrate/phosphate buffer,
pH 7.0). After each cycle, the reaction mixture was removed
and the immobilized peroxidase samples were washed with
deionized water and incubated in fresh buffer solution. Table
2 lists the activity of the immobilized peroxidase at different
incubation cycles (cycles 1-7). The activity of peroxidase
immobilized in Na-phyllosilicate showed an almost linear
decrease from cycle to cycle. The activities of peroxidase
immobilized in TMA- or HDTMA-phyllosilicate showed a
pronounced decrease during the second incubation cycle,
after which the decrease in activities were similar for
peroxidase immobilized in either Na-phyllosilicate or
(HD)TMA-phyllosilicate. At the seventh incubation cycle,
the residual activity of the immobilized peroxidase was
about 20% of the original activity.

The leaking of immobilized peroxidase during each
incubation and wash may be a major reason for the activity
decrease with the increasing number of cycles. Leaching
tests were conducted by incubating enzyme—phyllosilicate
composites in deionized water or 0. M sodium citrate-
phosphate solution and shaking at 70 rev./min for 24 h.
After centrifugation, the protein content of the incubation
solution was measured by Lowry assay. Protein leaking from
the enzyme—phyllosilicate composite was 5.5% when incu-
bated in water, and 9.8% in the citrate-phosphate solution.
As the decrease in percentage of activity from one cycle to
the next (Table 2) was larger than the amount of protein
leaking in one incubation, other factors must also have
contributed to the decrease of immobilized peroxidase

Table 2 Relative activity (percentage of Ist incubation) of immobilized peroxidase at different incubation cycles

Peroxidase was immobilized in cross-linked Na-phyllosilicate (CS), TMA-phyllosilicate (CTS) or HDTMA-phyllosilicate (CHS). The ratio of phyllosilicate suspension
to TMOS was 5: | (v/v). The peroxidase activity in the first incubation was 107.7, 103.1, and 9.3 umol of guaiacol- min~'-mg™' for CS, CTS and CHS, respectively.

RV
Treatment Cycle... | 2 3 4 5 6 7
CS 100 86.2 780 60.1 485 368 20.1
CTS 100 65.3 519 359 29.3 128 14.2
CHS 100 56.6 46.7 46.2 43.1 299 22.1
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Figure 5 Storage stability of peroxidase immobilized in Na-phyllosilicate

The volumetric ratio of phyllosilicate suspension to TMOS was 5: | (v/v). The
original activity of immobilized peroxidase was 107.7 umol of guaiacol-
min~' -mg™".

activity with each cycle. The possible factors include the
adsorption of reaction products in the cross-linked phyllo-
silicates and the denaturation of immobilized peroxidase.

The intercalatively immobilized peroxidases were
stored without buffer solution at 23 °C for 4 weeks. The
activity of intercalatively immobilized peroxidase decreased
5% in the first week and remained similar in the second week
(Figure 5). After 4 weeks of storage, the residual activity of
the immobilized peroxidase was about 90% of the original
activity. The half-life of intercalatively immobilized per-
oxidase was estimated to be 169 days by extrapolating the
results using regression analysis.

The intercalative immobilization of enzymes prevents
the diffusion of the protein from the interlayer space of
cross-linked phyllosilicates to the bulk solution space. This
physical arrangement does not hinder the free diffusion of
the enzyme substrate and the reaction product through the
cross-linked interlayers. Thus, the intercalative immobiliz-
ation does not significantly change the peroxidase activities.
Within the interlayer space, the enzyme presumably retains
its preferred conformation. The cross-linking of phyllo-
silicates also prevents the possible contact between the
enzyme and microbes in the solution. These two factors may
attribute to the long shelf life obtained for the immobilized
enzyme. The possibility of extending the described im-
mobilization approach to other enzymes is currently being
evaluated.
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