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a b s t r a c t

The immobilization of enzymes in inorganic materials has been widely used because it can produce an
enhancement of the catalytic stability and enzymatic activity. In this article, the effect of the immobi-
lization of iso-1-cytochrome c (CYC-Sc) from Saccharomyces cerevisiae and chloroperoxidase (CPO) from
Caldariomyces fumago on the enzyme stability and catalytic oxidation of styrene was studied. The immobi-
lization was carried out in three silica nanostructured supports with different pore size MCM-41 (3.3 nm),
SBA-15 (6.4 nm) and MCF (12.1 nm). The adsorption parameters and leaching degree of immobilized
enzymes were determined. Catalytic parameters of immobilized and free enzymes were determined at

◦

ytochrome c

mmobilization
inetic stability
anostructured supports

different temperatures (20–60 C) and in different acetonitrile/water mixtures (15–85% of acetonitrile).
The results show that there is low leaching of the enzymes in the three supports assayed and the adsorp-
tion capacity (qmax) was higher as the pore size of the support increased. The pore size also produces the
enhancement of peroxidase activities on the styrene oxidation. Thus, CPO adsorption into SBA-15 and
MCF showed remarkable thermal and solvent stabilities at 40 ◦C showing a total turnover numbers of
48,000 and 54,000 times higher than free CPO, respectively. The enhancement of activity and stability

r the
doubtless is interesting fo

. Introduction

During last twenty years the use of enzymes as catalyst in indus-
rial processes has experienced a significant growth. The high-level
f quimio-, regio- and stereo-specificities of active sites of enzymes
ffers a new alternative to classic chemical modifications in dif-
erent areas such as pharmacology [1], agriculture, food industry,
uel refinement [2] and fine chemical production [3,4], as well
n bioremediation [5,6]. Furthermore, these enzymatic processes
ools represent an attractive alternative to improve environment,
eing a fundamental part of the green chemistry [7].

Peroxidases are oxidoreductases that act with hydrogen per-
xide or alkyl peroxides as electron acceptors. These enzymes

ave been used in the bioremediation and show potential applica-
ions for biotechnological processes in the petroleum industry, such
s desulfurization, aromatic oxidation, asphaltene transformation,
nd others [8,9]. Beside activation with hydrogen peroxide, the
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∗∗ Corresponding author at: Universidad de Concepción, Quimica Organica,
dmundo Larenas 129, Concepción, Chile. Fax: +56 41 2245974.
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potential industrial use of peroxidases.
© 2011 Elsevier B.V. All rights reserved.

trend of the reaction of these proteins depends on the active-site
environment, metal coordination and axial ligands nature, redox
potential, etc.

Yeast iso-1-cytochrome c (CYC-Sc) is an intermembrane mito-
chondrial heme protein. In vivo, electrons are transported from
cytochrome c reductase to cytochrome c oxidase, followed by
reduction of oxygen molecule to water, which provides the driving
force for ATP synthesis [10]. It is well known that CYC-Sc is able to
catalyze peroxidase like-reactions on several types of organic com-
pounds [11]. Despite the diminished rates of the transformation,
the main advantage of this peroxidase model is the higher stabil-
ity of heme group which it is covalent-linked to the protein main
chain. Chloroperoxidase from Caldariomyces fumago (CPO) is other
peroxidase, which has been widely used in the biotransformation
of different organic substrates. CPO is a versatile heme enzyme
because of its catalytic diversity. CPO is a peroxide-dependent chlo-
rinating enzyme and it also catalyzes peroxidase-, catalase- and
cytochrome P450-type reactions of dehydrogenation, H2O2 decom-
position and oxygen insertion, respectively [12–15].
CYC-Sc and CPO has been reported to catalyze the oxidation of
a wide variety of organic substrates, including aromatic hydrocar-
bons [16–22]. In general, the aromatic hydrocarbons are insoluble
in water and their low diffusion rate can produce problems dur-
ing the biocatalysis in aqueous solution. In addition, one central

dx.doi.org/10.1016/j.molcatb.2011.02.008
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
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roblem arises from the intrinsic instability of peroxidases and
emeproteins. Peroxidases and heme-proteins are swiftly inacti-
ated in the presence of catalytic amounts of hydrogen peroxide
nd this low stability restricts their applications on a large scale.
lthough the inactivation mechanism is not completely explained,
everal events such as heme destruction, intermolecular crosslink-
ng and oxidation of low redox potential amino acid residues are
nown to lead to activity loss [23]. The inactivation is considered a
uicide, as the main inactivating species are the enzymatic interme-
iates involved in the catalytic cycle. Several approaches have been
eveloped in order to overcome these problems such as: the uti-

ization of surfactants, the use of water-miscible organic solvents,
he raising of reaction temperature, the chemical modification of
nzyme surfaces and site-directed mutagenesis [21,24]. Several
eports have showed that immobilization of cytochrome c into
esoporous silicates improve their stability and catalytic activity,

till in extreme conditions [25]. Recently, Lee et al. [26], have shown
hat the immobilization of cytochrome c into nanostructured alu-

inosilicates increases the activity in the oxidation of pyrene and
nthracene compared with the free enzyme.

The enzyme immobilization allows the incorporation of pro-
eins between or within a larger structure, through simple
dsorption or covalently bonded encapsulation [27,28]. This pro-
ess may increase the enzyme stability due to the interaction
etween the support and protein surfaces, reducing protein denat-
ration [28]. In addition, immobilization can increase resistance to
enaturation originated by the presence of either organic solvents
nd of water–organic solvent mixtures.

Silicates with mesoporous structure are a kind of materials that
an provide a good support for the immobilization of enzymes.
hese supports have pore diameters ranging between 2 and 50 nm,
nown as mesoporous materials, which have a high surface area,
igh pore volume and an appropriate pore structural order [29,30].
esoporous materials can be synthesized through the polymer-

zation of silica around a regular aligned mycelial template and
ubsequently removed by extraction or calcinations.

Enzyme immobilization in MCM-41 was first reported by Diaz
nd Balkus in 1996 [31]. They found that the immobilization is
ependent on the molecular size of the enzyme. The immobiliza-
ion of large enzymes such as horseradish peroxidase (spherical

olecule of 4.6 nm diameter) was insignificant into MCM-41,
hose average diameter is 4 nm. Thus, MCM type materials will be
ost successful for the immobilization of enzymes which possess
size smaller than the pore diameter of the support.

The development of supports like SBA-15 (pore size: 5–13 nm)
nd mesocellular foam (MCF, pore size: 15–40 nm) have solved
he critical problem of pore size that have the MCM-type mate-
ials [32,33], becoming an alternative for the immobilization of
arge enzymes. Along MCM, MCF and SBA other mesoporous mate-
ials have been recently synthesized by Park et al. These authors
ave reported the synthesis of hydrophobic periodic mesoporous
rganosilicas, which were successfully employed for the adsorption
f proteins.

Many studies of enzymes adsorbed discuss the intrinsic activ-
ty of the enzyme from the relationship between pore size and the
nzyme size. Recent publications have suggested that the improve-
ent of the intrinsic activity is due to the agglomeration of a high

mount of enzyme molecules in a single pore, and that this con-
nement prevents unfolding or denaturing of the enzyme [34–36].
his feature is true whenever the pore size of the mesoporous
aterial is greater than the dimensions of the immobilized enzyme
27,33,34]. Another important factor that determines the enzyme
tability in the mesoporous materials are the electrostatic inter-
ctions [37–40]. If the net charge of the enzyme is opposite to
he charge of pore wall of mesoporous materials, not only an easy
dsorption occurs, but also more stable enzyme–mesoporous sys-
ysis B: Enzymatic 70 (2011) 81–87

tem will be, due to attractive interactions. To keep the charge
differences between the pore wall of mesoporous materials and
enzyme the pH of solutions must be adjusted [39,40] or the meso-
porous materials can be functionalized with amino or carboxylic
groups to achieve an appropriate charge difference with the immo-
bilized enzyme [38]. In the case of CPO has been determined that the
pH optimum for the enzyme immobilization into nanostructured
mesoporous silicates approximately is 3.4, a pH slightly lower than
the isoelectric point of the enzyme [37]. On the other hand, the
immobilization of cytochrome c into mesoporous materials is pH
dependent, obtaining a greater loading in a range between 6 and
10 pH units [40].

Mesoporous materials, MCM-41, SBA-15 and MCF appeared
as good candidates to immobilize CYC-Sc from Saccharomyces
cerevisiae and CPO from C. fumago, because the dimen-
sions of these proteins are 2.6 nm × 3.2 nm × 3.3 nm [41] and
3.1 nm × 5.3 nm × 5.5 nm [42], respectively. These proteins do not
exceed the average size of the pores of such materials (4 nm
MCM-41, 6 nm SBA-15 and 12 nm MCF), with the exception of
chloroperoxidase in MCM-41. We postulated that the immobiliza-
tion of CPO and CYC-Sc onto these silica nanostructured supports
can increase the activity and stability for the catalytic oxidation
of aromatic molecules. Thus, in this work we have studied the
effect of the immobilization of CYC-Sc and CPO onto nanostructured
supports MCM-41, SBA-15 and MCF on their catalytic activity and
stability. The oxidation of styrene was used as reaction test because
the importance of aromatic oxidation reactions in areas as fuel
refinement and bioremediation. The oxidation reaction has been
carried out to different temperatures (20–60 ◦C) and in different
mixtures of acetonitrile–water.

2. Materials and methods

2.1. Chemicals

Styrene was purchased from Sigma–Aldrich (St. Louis, MO).
Cytochrome c from S. cerevisiae was obtained from Sigma–Aldrich
(St. Louis, MO) and chloroperoxidase from C. fumago was obtained
and purified as previously reported [43].

2.2. Preparation of mesoporous silica supports

SBA-15 mesoporous silica was synthesized according to the
procedure reported by Zhao et al. [44] using the gel composi-
tion of 6.96 × 10−4 P123:4.08 × 10−2 TEOS:0.24 HCl:1.67 H2O. This
synthesis solution was prepared by mixing appropriate amounts
of amphiphilic triblock copolymer, Pluronic P123 (EO20PO70EO20,
Mw = 5800, BASF); 2 M HCl solution, tetraethyl orthosilicate (TEOS
98%, Aldrich), and distilled water. The resulting solution was sub-
mitted to an aging period at 40 ◦C for 24 h with stirring. After that,
the solution was added to Teflon-lined stainless steel autoclaves
and hydrothermally treated at 100 ◦C for 48 h under static condi-
tions. In order to prepare the large-pore size mesocellular foam
silica (MCF) [33], 1,3,5-trimethylbenzene (TMB) was used as pore
expanding agent. TMB was added on the predissolved P123 sur-
factant by using a TMB/P123 molar ratio of 1.0. After hydrothermal
period the solid products were filtered, washed with distilled water,
and dried overnight at 100 ◦C. The materials were calcined [45] in
air at 550 ◦C for 8 h, at a heating rate of 1 ◦C/min to decompose the
organic templates and obtain white powders (SBA-15, MCF). The

synthesis of MCM-41 was carried out in a similar form, according
to procedures reported in the literature [29,46].

All the mesoporous materials were characterized by N2
adsorption, transmission electronic microscopy and XRD. The
adsorption–desorption isotherms were obtained at 77 K with an
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Table 1
Results of characterization of nanostructured supports.

Support ABET (m2/g) VT (cm3/g) DP(BJH) (nm)

MCM-41 788 0.94 3.3
S. Águila et al. / Journal of Molecular

utomatic volumetric sorption analyzer Micromeritics using N2
s sorbent. The surface area was determined from BET equation
nd the pore size was obtained from the pore size distribution
sing desorption isotherm branch and the Barret–Joyner–Halenda
ethod. The results of characterizations are reported in the sup-

lementary material.

.3. Determination of adsorption and degree constants

The immobilization process was performed at pH 3.0 (CPO) and
H 6.5 (CYC-Sc) under orbital shaking at 250 rpm and 4 ◦C for 3 h.
fter this time, the media were centrifuged and the supernatant
emoved. To measure the extent of adsorption of CPO and CYC-
c the immobilized preparation was washed 3 times with 500 �L
hosphate buffer pH 3.0 and 6.0, respectively. Supernatants were
ollected and measured in a UV–Vis spectrophotometer in the Soret
and of CPO (398 nm) and CYC-Sc (409 nm). In some cases, where
he Soret band was not observed because a low enzyme concen-
ration we have used a calibration curve of enzyme concentration
s enzymatic activity to determine the amount of enzymes diluted
resent in the washing water.

To determine the constant of adsorption Langmuir’s isotherm
as used, as it is shown in Eq. (1) [47].

= Kadsqmaxc

(1 + Kadsc)
,

(
mol
kg

)
(1)

here q corresponds to the moles of immobilized enzyme per kg
upport, Kads is the constant of adsorption, c is the equilibrium con-
entration of the enzyme (mol/L) and qmax is the upper limit of
nzyme adsorption on the support.

.4. Determination of catalytic constants

The CYC-Sc enzymatic activity on styrene was determined in
mL of medium containing from 0.15 to 0.8 mmol/L styrene in
0 mM phosphate buffer pH 6. The CPO activity was determined

n a 60 mM phosphate buffer pH 3, containing styrene and 20 mM
Cl. In both cases, the reaction was started by adding 1 mM hydro-
en peroxide (saturating concentration) and stopped after 2 min
y adding 1 mL acetonitrile and rapid cooling in ice/water bath.
hen, the reaction mixtures were injected into a high resolution liq-
id chromatography HPLC equipped with UV–Vis detector L-4200
erck Hitachi.
The sample was eluded with 65/35 acetonitrile/water, with a

ow of 0.5 mL/min and a reverse phase column Kromasil® RP-18
2.1 mm × 150 mm) with particle size 5 �m. The detection wave-
ength was set at 254 nm to measure the decrease of the peak of
tyrene. Prior to catalytic tests a calibration curve for styrene was
uilt in the concentration range used in this work.

To determine the catalytic parameters of free and immobilized
nzyme Hill’s equation [48,49] (Eq. (2)) was used.

V

Et
= kcat

[S]n

Kh + [S]n (2)

here V corresponds to the reaction rate, Et is the total concen-
ration of enzyme and kcat corresponds to catalytic constant. The
nitial concentration of substrate is defined by [S], n corresponds to
he cooperativity of the substrate to the enzyme and Kh corresponds
o the dissociation constant of enzyme–substrate.

.5. Determination of temperature effect on the enzyme stability
The total turnover number (TTN) is related to the enzymes sta-
ility. This value can be determined by quantifying the number of
oles of substrate that are processed by one mole of enzyme until

ts inactivation occurs.
SBA-15 762 1.24 6.4
MCF 588 2.02 12.1

ABET: surface area, VT: total volume and DP(BJH): pore diameter.

The experiments were carried out in 1 mL of reaction, adding
1 mM H2O2 every 30 min until a complete loss of enzyme activ-
ity was observed. We used a magnetic stirrer equipped with a
thermoregulated bath with a stability of ±0.5 ◦C for temperature
control. The tests were performed in the range of 20–60 ◦C with
intervals of 10 ◦C. The reaction was stopped by adding 1 mL acetoni-
trile and cooling in an ice/water bath. Then, the reaction media were
injected into an HPLC and the styrene concentration determined.
All the experiments were done by ensuring that the substrate con-
centration was sufficient to achieve the maximum rate during the
reaction. The experiments were carried out in triplicate and a blank
of reaction was analyzed.

2.6. Determination of the effect of water-miscible organic solvent
on the enzyme stability

To determine the effect of concentration of a water-miscible
organic solvent on TTN, we proceeded to perform the oxidation
reaction of styrene at different proportions of acetonitrile–water.
The reaction was carried out in the range 15–90% of acetonitrile,
increasing each time by 15% the proportion of acetonitrile. The
experiments were conducted for free and immobilized enzyme in
order to determine the effect of support on the enzymatic stability
(tolerance to organic solvent). The experiments were conducted in
a similar manner to the methodology described in Section 2.3.

3. Results and discussion

3.1. General aspects

The main goal of the immobilization of CPO and CYC-Sc proteins
onto mesoporous materials is increase catalytic stability on tem-
perature and organic solvent. Furthermore, the biocatalyst recovery
from the reaction medium is facilitated and its mechanical resis-
tance is enhanced by support protection. The immobilization of
CYC-Sc and CPO was studied in three different nanostructured sup-
ports, namely: MCM-41, SBA-15 and MCF.

Tables 1 and 2 show a summary of support textural properties
and enzyme characterization, respectively. The three nanostruc-
tured materials have a surface area of approximately 700 m2/g.
The pore volume ranges from 0.94 (MCM-41) to 2.02 cm3/g (MCF)
and the pore diameter, calculated from the adsorption isotherm
using the corrected Barret–Joyner–Halenda method, are 3.3, 6.4
and 12.1 nm for MC-41, SBA-15 and MCF, respectively. A detailed
description of materials used in this study has been reported else-
where [50,51].

All the supports have hexagonal order, where MCM-41, SBA-
15 and MCF have 3.3, 6.4 and 12.1 nm of pore size, respectively
(Table 1). Table 2 shows that the size of CPO is twice bigger than
CYC-Sc. Moreover, CPO has three times heavier than CYC-Sc in
terms of molar mass. CPO was not immobilized in MCM-41, because
the MCM-41 pore size is smaller than CPO size (Table 2). The suc-

cess of immobilizations also depends of charge differences between
enzyme surface and support. Furthermore, it is very important to
know the isoelectric point of enzymes and supports, when physics
immobilization through the electrostatic forces will be performed.
The three nanostructured mesoporous silicates used in this study
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Table 2
General characteristics of CPO and CYC-Sc enzymes.

Enzyme Molar mass (g/mol) Isoelectric point Size (nm3)

CYC-Sc 12,828.56 9.8 2.6 × 3.2 × 3.3a

CPO 36,854.22 4.0 3.1 × 5.3 × 5.5b

CYC-Sc: iso-1-cytochrome c from S. cerevisiae and CPO: chloroperoxidase from C.
fumago.

a Ref. [1].
b Ref. [2].
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Fig. 2. Adsorption isotherm of CYC-Sc (A) and CPO (B) immobilized in different
ig. 1. Loss of enzyme immobilized in MCF as function of wash number at different
nitial concentrations of enzymes (molenzyme/kgsupport). (�) 0.018, (�) 0.020 and (�)
.050 of CYC-SC (A) and (�) 0.0018, (�) 0.005, (�) 0.037 of CPO (B).

ave isoelectric point ca. ≈2. Thus, CYC-Sc and CPO immobilizations
ould be carried out at pH = 6.0 and 3.0, respectively (seen Table 2).

.2. Determination of adsorption parameters

Fig. 1 shows the adsorption of CYC-Sc and CPO immobilized in
CF through the successive washes. The first wash corresponds

o equilibrium enzyme after the immobilization process and the
ollowing points correspond to subsequent support washes. Also,
t can be observed that the immobilization is efficient even if a high
nitial concentration of enzyme was used. An adsorption of ca. 80%

as observed when higher initial ratio enzyme/MCF of 0.04 was
sed.
The same adsorption behavior was observed for the immobi-
ization of CYC-Sc and CPO onto MCM-41 and SBA-15 supports
seen supplementary material). Thus, the protein adsorption was
uccessful under the different conditions assayed.
mesoporous materials: (�) CYC-Sc/MCF, (�) CYC-Sc/SBA-15, (�) CYC-Sc/MCM41.
(�) CPO/MCF, (�) CPO/SBA-15.

Fig. 2 shows the adsorption isotherm of CYC-Sc and CPO into
the three mesoporous materials. The adsorption isotherms of CYC-
Sc show a sharp initial rise, suggesting a high affinity between the
proteins and the three mesoporous materials. The maximal amount
of CYC-Sc adsorbed into MCF, SBA-15 and MCM-41 were 0.187,
0.050, and 0.027 mol/kg, respectively. The isoelectric point of CYC-
Sc is 9.8 and, hence, the enzyme is positively charged at the working
pH. Whereas the mesoporous materials have isoelectric points ca.
2, then the materials are negatively charged. Thus, it can infer that
electrostatic interactions are responsible of the adsorption of the
CYC-Sc into mesoporous materials. In addition, the results show
that monolayer adsorption capacity increases with increasing in
pore size of nanostructured mesoporous materials. Table 1 shows
that pore volume and pore diameter diminish in the following
order MCF > SBA-15 > MCM-41. The lower adsorption capacity of
MCM-41 as compared to the other adsorbent materials could be
associated to its pore size, which is similar to the size of CYC-Sc. In
the case of CPO a drastic reduction of the adsorption capacity was
observed when compared with CYC-Sc. The maximal monolayer
adsorption capacity of CPO into SBA-15 and MCF are 0.018 mol/kg
and 0.057 mol/kg, respectively. This could be explained by de CPO
molecular size which is twice than these of CYC-Sc. Neverthe-
less, the similar qmax is observed when pore/enzyme size ratio was
considered. In addition, an exponential relation between qmax and

pore/enzyme size ratio was observed (Fig. 3). This behavior is in
agreement with previous reports in which the protein adsorption
was dependent on the pore size [34–36].
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Assuming that the CYC-Sc and CPO adsorptions have a Langmuir
ype behavior [47], their respective adsorption parameters were
alculated and they are displayed in Table 3. Important differences
n the adsorption constant values for different nanostructured sup-
orts were detected. The decrease of adsorption constant can be
xplained by the contribution of: (i) the low saturation constant
qmax) in nanostructured support as decrease pore size; (ii) and the
epulsive electrostatic interactions among the proteins as increase
ore size [52].

According to Table 3, Kads of CPO was larger than Kads of CYC-Sc
or the immobilization onto SBA-15 and MCF. The values of adsorp-
ion parameters of CYC-Sc/SBA-15 and CPO/SBA-15 were similar to
hose found by Vinu and Hartmann when they studied the adsorp-
ion of horse cytochrome c onto SBA-15 [53].

.3. Determination of catalytic activity

Fig. 4 shows the catalytic activity for the styrene oxidation cat-
lyzed by CYC-Sc and CPO in their free and immobilized forms.
he activity curves were analyzed through the Hill’s equation. It
an be observed that the activity increased according to increase of
ore size of nanostructured supports, for both CYC-Sc and CPO. The
atalytic activities of CYC-SC/SBA-15 and CYC-Sc/MCF increased
ompared with the free CYC-Sc. In addition, the catalytic activities
f CPO/SBA-15 and CPO/MCF significantly increased with respect
he free CPO (Fig. 4B).

Table 4 shows the catalytic constants of CYC-Sc and CPO free
nd immobilized in the nanostructured supports. The catalytic con-
tants (kcat) for CYC-Sc slowly increased as the pore size increased.

nterestingly kcat notably increased 8.5 times in the CPO/MCF
reparation when compared with the free enzyme. Similar results
as been found by others authors and these features have been
ttributed to an enhancement of the substrate diffusion toward the
nzyme active site drived by the support [54]. Also, the decrease of

able 3
arameters of adsorption of CYC-Sc and CPO immobilized in nanostructured supports.

Enzyme/support Pore/enzyme size ratio qmax (mole

CYC-Sc/MCM-41 1.1 0.034 ± 0
CYC-Sc/SBA-15 2.1 0.053 ± 0
CYC-Sc/MCF 4.0 0.204 ± 0
CPO/SBA-15 1.2 0.029 ± 0
CPO/MCF 2.3 0.075 ± 0

arameters calculated assuming adsorption Langmuir type.
Fig. 4. Catalytic activity of CYC-Sc and CPO free and immobilized in the styrene
oxidation at pH 3 + Cl− . (�) CYC-Sc/MCF, (�) CYC-Sc/SBA-15, (�) CYC-Sc/MCM41
and (�) CYC-Sc free, (A). (�) CPO/MCF, (�) CPO/SBA-15 and (�) CYC-Sc free (B).

diffusion difficulties are reflected in the dissociation constant (Kh),
that decrease as the pore size increases.

Hill factor (n) shows that the immobilization of either CYC-Sc or
CPO in SBA-15 and MCF supports increase the cooperative effects of
enzyme-substrate. This interaction is favored by immobilization of
support types. So, n increased as the pore size of supports increased.
Because the substrate hydrophobicity, the support contribute to the
interaction between substrate and the active site of the enzyme
[55].

On the other hand, the catalytic activity of CYC-Sc/MCM-41 is
lower when compared with these from free CYC-Sc (Fig. 4A). This
probably could be to a tight interaction between the protein and the
small pore. Strong interactions are able to induce conformational
changes in the structure of the protein, producing the catalytic
inactivation [56,57]. Shang et al. [25] have also observed a higher
activity of cytochrome c as the pore size increased. Thus, this con-

straint is not observed in larger pore sizes.

The values tabulated in Table 4 clearly show that immobilized
CPO has a higher activity than the free enzyme in the styrene
oxidation. The greater increase in the catalytic activity due to

nzyme/kgsupport) Kads (L/mol) R2

.002 3862 ± 539 0.992

.002 1292 ± 255 0.978

.009 561 ± 99 0.963

.001 30,610 ± 3561 0.992

.007 39,183 ± 10,463 0.988
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Table 4
Parameters of catalytic activity of CYC-Sc and CPO free and immobilized on the styrene oxidation.

Enzyme/support kcat (s−1) n Kh (mmol L−1) kcat/Kh (mmol−1 L s−1) R2

CYC-Sc free 1.1 1.20 0.150 7.6 0.982
CYC-Sc/MCM41 0.9 0.83 0.110 7.9 0.984
CYC-Sc/SBA-15 3.9 1.84 0.073 45 0.994
CYC-Sc/MCF 4.4 1.60 0.089 50 0.980

CPO free 68 0.90 0.295 230 0.977
CPO/SBA-15 110 1.87 0.055 1998 0.997
CPO/MCF 582 2.40 0.022 27,088 0.989

Parameters obtained through the Hill’s equation.
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ig. 5. Total turnover of CYC-Sc and CPO free and immobilized in the oxidation of
tyrene as function of temperature. (�) CYC-Sc/MCF, (�) CYC-Sc/SBA-15, (�) CYC-
c/MCM41 and (�) CYC-Sc free (A). (�) CPO/MCF, (�) CPO/SBA-15 and (�) CPO free
B).

mmobilization process was observed with MCF nanostructured
aterial. The substrate affinity showed to be more than 10 times

igher in the CPO/MCF than in the free enzyme, indicating better
ubstrate diffusion to the enzyme active site. On the other hand,
he catalytic rate is 8 times higher in the immobilized enzyme than
he free preparation. By the combination of these kinetic proper-
ies, the CPO/MCF biocatalyst is more than 100 times more efficient
han the free CPO. These results seem to be important for the poten-
ial application, since recently Montiel et al. [48] reported that CPO
mmobilization onto SBA-15 decreased the catalytic activity for the
xidation of 4,6-dimethyldibenzothiophene.
.4. Determination of biocatalytic stability

Fig. 5 shows the effect of temperature on the total turnover (TTN)
or the styrene oxidation of both free and immobilized preparations
Fig. 6. Total turnover of CYC-Sc and CPO free and immobilized in the oxidation of
styrene as function of acetonitrile. (�) CYC-Sc/MCF, (�) CYC-Sc/SBA-15, (�) CYC-
Sc/MCM41, (�) CYC-Sc free (A). (�) CPO/MCF, (�) CPO/SBA-15 and (�) CPO free.

of CYC-Sc and CPO. The optimum temperature was not modified by
the enzyme adsorption into nanostructured supports. This was also
observed by other authors with immobilized lipases into nanos-
tructured silica supports [58]. The observed kinetic stabilities of
both CYC-Sc and CPO were enhanced when the proteins were
adsorbed onto mesoporous materials with larger pore size. The
TTN was increased in 300, 1000 and 1360 times in CYC-Sc/MCM-
41, CYC-Sc/SBA-15 and CYC-Sc/MCF, respectively, with respect to
free CYC at 40 ◦C. The same effect was observed in CPO, where the
immobilized enzymes posses a TTN of 48,000 (CPO/SBA-15) and
54,000 (CPO/MCF) times larger than CPO free at 40 ◦C.

Therefore, the results show an important thermostabilization
of both proteins, CYC-Sc and CPO, by the immobilization on the

nanostructured support.

Fig. 6 shows the effect of increasing concentrations of organic
solvent in the reaction mixture on the styrene oxidation at 20 ◦C.
Both, CYC-Sc and CPO free enzymes show a lower tolerance toward
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cetonitrile cosolvent than immobilized preparations. Enzyme
mmobilization into mesoporous materials enhanced the organic
olvent tolerance of both CPO and CYC-Sc. The best performance of
YC-Sc for styrene oxidation was obtained when the protein was

mmobilized into MCF nanostructured material and the oxidation
eaction was carried out at 30% of acetonitrile–water mixture. Also,
high tolerance toward organic solvent was observed when CPO
as immobilized into SBA-15 and MCF, and the higher TTN were

btained at 60% of acetonitrile–water mixture. The biphasic behav-
or may be due to the hydrophobic nature of the substrate, in which
n increase of the concentration of organic solvent leads to reduc-
ion of mass transfer limitations, increasing the enzymatic activity.
s the cosolvent concentration continue increasing the enzyme
tart to be inhibited and then denatured reducing the catalytic rate
59,60].

The stabilizing effect exerted by the nanostructured SBA-15 and
CF on CPO is remarkable, and at 90% of acetonitrile is still possible

o observe a reasonable catalytic activity. At this solvent concentra-
ion the value of TTN is 5100 in the case CPO/SB-15 and 10,000 in the
ase of CPO/MCF. While free CPO is completely denatured (TTN = 0)
t 90% of acetonitrile (Fig. 6B).

Therefore, it can be concluded that the immobilization of CPO
nd CYC-Sc in nanostructured supports MCM-41, SBA-15 and MCF
mprove the catalytic activity, protein stability of CYC-SC and CPO
nzymes and increase the tolerance of enzymes toward organic
olvent (acetonitrile).

. Conclusion

In summary, the enzyme immobilization on mesoporous sili-
ates enhances the catalytic activity of styrene oxidation of both
YC-Sc and CPO. The increase of activity is dependent of the pore
ize of nanostructured material. In addition, a remarkable increase
n thermostability and stability in organic solvent was obtained
n protein preparations with MCF and SBA-15 supports. Thus, the
rotein immobilization on nanostructured silicates appears as an

nteresting alternative for the industrial use of peroxidases.
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