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Abstract

Silica-based materials have been used as effective supports for the immobilization of enzymes. Moreover, the understanding on the oxidation of
sulfur compounds by immobilized chloroperoxidase represents a step further in the development of a biocatalytic desulfurization process of fossil
fuels. Here, chloroperoxidase from Caldariomyces fumago was immobilized on amorphous and structured silica-based materials either physically
or covalently using an organosilane derivative for the oxidation of a recalcitrant organosulfur compound currently found in gas oil and diesel, such as
4,6-dimethyldibenzothiophene (4,6-DMDBT). Such materials were characterized by FTIR, N;-adsorption, XRD, SEM and TEM. We have found
that the chemical differences on the silanol/siloxane groups of SG/67 and SBA 15 mesoporous materials deeply modify the enzymatic load, activity,
thermal stability and reusability. The physical immobilization of CPO was characterized by a high adsorption capacity (¢n) and affinity constants
(K1) when compared to the covalent approach, but it resulted more sensitive to temperature than free, the silanized and covalently immobilized
enzyme. The thermal residual activity as well as reusability of CPO were first improved by silanization, then by covalent immobilization in a

support with a large pore size and high silanol/siloxane ratio.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Silica-based materials have been extensively studied in vari-
ous fields of chemistry and material science in the last years with
aspecial attraction to bioapplications such as antibacterial agents
[1], biosensors [2] supports or adsorbents [3,4]. These materials
include porous glass [5], sol-gel [6] and more recently meso-
porous materials [4,5]. The latter are inorganic hosts obtained
by self-assembling of organic surfactants under an hydrother-
mal treatment with variable pore size, different array symmetry
and particular pore structures [6]. Their high surface area (up to
1500 m? g~ 1) and pore size (up to 300 A) render them ideal mate-
rials for supporting chemical species or for several adsorbents
applications [3]. Such versatility permits the design of tailored
supports with different chemical pore environments for binding
of ligands through physical or covalent interactions [7]. Besides,
the adsorption of catalytic proteins (enzymes) into mesoporous
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materials is arelatively young research area where the main stud-
ies have been addressed to increase the enzyme stability or to
facilitate the biocatalyst recovery and recycling as well as their
utilization in harsh media.

Among the known mesoporous materials, SBA15 is a good
candidate as enzyme support because of its uniform pores up
to 300 A, thick pore walls and high hydrothermal stability [8].
A variety of proteins like cytochrome C (Cyt C), conalbumin,
lysozyme, and myoglobin have been immobilized on function-
alized SBA15 with high enzymatic loads and activities with
not diffusional limitations [9,10]. For example, it has been sug-
gested that the high activity of immobilized Cyt C on SBA15
might come from the protein interaction with the surface of
the mesoporous material. Here, the Fe(III) ion changes between
the low to high spin from the soluble to the immobilized pro-
tein [2]. Furthermore, immobilized Cyt C was stable under
denaturing conditions and remained active for several months
[11].

Chloroperoxidase (CPO) from Caldariomyces fumago (E.C.
1.11.1.10) is a very interesting enzyme because of the diverse
kind of reactions promoted by, i.e. sulfoxidation [12,13],
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epoxidation [12], oxidation of alcohols to aldehydes [14],
hydrogen peroxide dismutation [15,16] and halogenation reac-
tions [17]. CPO immobilization has been studied by physical
adsorption on talc [18], celite [19] and mesoporous materials
such as MCM48, SBA15 and SBA16 [20,21]. Besides, CPO
has been also attached by covalent binding in polyurethane
[22], aminopropyl-glass [23] and SBA16 [21]. These studies
employed small molecules as substrates like monochlorodime-
done (MCD) or thioanisole to study the catalytic activity
of immobilized CPO against pH, temperature or denaturing
agents. Nevertheless, none of such studies was focused on the
biocatalytic behavior on an organic solvent/aqueous media to
resolve an industrial concern such as sulfur content in fuels.

The oil refining industry represents one of the potential uses
of CPO in the production of clean fuels such as gas oil, diesel
and gasoline in order to meet the present rigorous environmen-
tal regulations [24]. Indeed, CPO catalyzes the oxidization of
the sulfur-containing compounds present in fuels such as 4,6-
dimethyldibenzothiophene (4,6-DMDBT) [25]. For example,
Vazquez-Duhalt et al. [24] proposed the biocatalytic oxidation
and subsequent separation of organosulfur compounds by dis-
tillation to obtain low-sulfur fuels. However, the technological
and economical feasibility of such biocatalytic process presents
an important shortcoming, the low operational stability of CPO
in organic media.

In order to contribute to the knowledge of the biocatalytic
production of clean fuels, CPO was immobilized in this work
through physical and tailored-covalent adsorption on silica gel
(amorphous) and SBA15 with two different pore sizes (ordered
materials). The main purpose was to ascertain the effect of the
immobilization approach and material type on the oxidization
of a recalcitrant organosulfur compound commonly found in
gas oil and diesel, i.e. 4,6-DMDBT. The silica-based materials
were previously well characterized by Nj-adsorption isotherms,
XRD, FTIR, SEM, and TEM. The adsorption isotherms of
CPO on silica-based materials were characterized and their
effectiveness in the oxidation of 4,6-DMDBT was evaluated
in terms of kinetic parameters, thermal residual activity and
reusability.

2. Experimental
2.1. Materials

3-Aminopropyl triethoxysilane (APTES), 1-[3-(dimethyl-
amino)propyl]-3-ethyl carbodiimide hydrochloride, hydrogen
peroxide, and 4,6-dimethyl dibenzothiophene (4,6-DMDBT)
were purchased from Sigma Chemical Co. Tetraethylorthosil-
icate (TEOS, 98%), silica gel (SG/67, 67 A pore size, surface
area ~500 m* g~ 1), succinic anhydride and the triblock copoly-
mer poly(ethylene oxide)—poly(propylene oxide)—poly(ethylene
oxide) (Pluronic P123, mw 5800, EO;9PO790EO;q9) were
obtained from Aldrich Co. Buffer salts were purchased from J.T.
Baker. Chloroperoxidase from C. fumago (42kDa, Rz =1.4) was
kindly provided by Dr. Michael A. Pickard from the University
of Alberta in Canada.

2.2. Synthesis of SBAIS

The parent SBA15 material was synthesized using Pluronic
P123 as a structure-directing agent according to the method
reported in the literature [8]. Here, 4 g of Pluronic P123 were
dissolved in 105 mL of water with HC1 37% (20mL) and the
solution was stirred for a few hours. Then, 9g of tetraethy-
lorthosilicate were added and the resulting solution was first
heated at 40 °C for 24 h and subsequently heated at 100 °C for
another 24 h under stirring. The parent SBA15 material was
obtained under vacuum at 40 °C while the material with a 67 A
pore size (SBA15/67) was obtained by calcination in the pres-
ence of air at 550 °C.

In order to increase the pore diameter of SBA15, the alcother-
mal method was performed. Here, 1g of P123 was dissolved
under magnetic stirring in 100 mL of water, then 40 mL of
ethanol and 0.1 mL of ammonium hydroxide (5N) were added
to the mixture and stirred for 10 min at room temperature. After-
wards, 1g of the parent SBA15 material was added to the
solution and heated at 100 °C for 96 h in order to obtain a 143 A
pore size. The drying and calcination processes were carried out
as described above and the material was referred hereafter as
SBA15/143.

2.3. Characterization of the silica-based materials

All silica-based materials were characterized before and after
enzyme immobilization by N»-adsorption, XRD and FTIR. The
adsorption—desorption isotherms were obtained at 77 K with an
automatic volumetric sorption analyzer Micromeritics ASAP-
2000 using N> as sorbent. In a typical experiment, the material
was outgassed at 240 °C for 3 h prior to the adsorption mea-
surements. In the case of enzyme-loaded materials, they were
out gassed at 30°C for 24 h to prevent the thermal denatura-
tion of the enzyme. The surface area was determined from the
BET equation, while the mean pore size was obtained from the
pore size distribution using the desorption isotherm branch data
and the Barret—Joyner—Halenda (BJH) method. X-ray diffrac-
tion patterns were recorded on a Siemens D500 (Acy =1.54 A)
between 0.5° and 10° (2@). The FTIR spectra were acquired
by diffuse reflectance using KBr as the dispersing phase using
a 470 Nicolet Avatar FTIR spectrometer. Moreover, SBA15/67
and SBA15/143 were studied by TEM and SEM using a high-
resolution transmission electron microscope FEI Tecnai F30
(300kV) and a Phillips XLL30 ESEM scanning electron micro-
scope, respectively.

2.4. Covalent modification of chloroperoxidase with
APTEOSB

APTEOSB was used as a covalent spacer arm between the
silica-based materials and CPO and synthesized as reported else-
where [21] using an equimolar concentration of 3-aminopropyl
triethoxysilane and succinic anhydride, which reacted over night
under nitrogen atmosphere at room temperature.

Twenty-four milligrams of APTEOSB and 11mg of car-
bodiimide were dissolved in 3 mL of phosphate buffer (pH 5,
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60 mM) followed by CPO addition to obtain an APTEOSB/CPO
molar ratio of 1500:1. The reaction was performed during
2h at 4°C and the resulting solution was dialyzed dur-
ing 24h in phosphate buffer (1L, pH 5.0) to eliminate the
unreactive reagents. The silanized-CPO is further referred as
s-E.

The CPO modification was detected by steady state
fluorescence spectroscopy using a RF-5301 PC Shimadzu Spec-
trofluorometer, with a 150 W Xe lamp at 25 °C. The emission
spectra were measured with an excitation wavelength of 290 nm
in order to measure the contribution of the tryptophan groups in
the fluorescence emission.

2.5. Immobilization of chloroperoxidase

A solution of free CPO (18 pM) dissolved in acetate buffer
(60 mM, pH 3) was added to 100 mg of every silica-based mate-
rial (SBA15/67, SBA15/143 or SG/67) to proceed to physical
CPO adsorption. Besides, a solution of s-E (18 uM) dissolved in
phosphate buffer (60 mM, pH 5) was added to 100 mg of every
silica-based material for the covalent immobilization of CPO and
referred hereafter using the material designation plus the suffix
s-E. Enzyme loading on every material was accomplished by
orbital agitation during 4 h at 4 °C. Then, the materials were sep-
arately recovered by centrifugation and washed three-time (3 x
1 mL) with their respective aqueous buffer. The amount of immo-
bilized enzyme on every silica-based material was calculated
by subtracting the amount recovered in the supernatant liquid
from the initial amount of enzyme, using an extinction coeffi-
cient of 85,000M~! cm™! at the Soret band (398 nm). Before
use, all immobilized CPO materials were maintained during 48 h
over a saturated solution of CaCl; to equilibrate the humidity
(31%). The adsorption isotherms of CPO were collected after
16h at 4°C using an enzymatic concentration between 0 and
18 uM.

2.6. Enzymatic activity

For the evaluation of the enzymatic activity, the oxidative
reaction of 4,6-DMDBT was performed. In a typical experi-
ment, 10 mg of immobilized CPO, acetate buffer (60 mM, pH
3), a KCI solution (20 mM) and an acetonitrile solution of 4,6-
DMDBT (7 nM) were added to a 3-mL quartz cell in order to
obtain an acetonitrile content of 20% (v/v). The reaction was
started by the addition of an aliquot of H>O; to reach a cell
concentration of 0.25mM under magnetic agitation and fol-
lowed by fluorometry during 2 min at 25 °C (Aexe 240 and Aeps
346 nm). The 4,6-DMDBT oxidation was determined using a
pre-elaborated calibration curve. Besides, kinetic curves were
obtained between 1 and 8 uM of 4,6-DMDBT and each initial
velocity was calculated from less than 10% of substrate oxi-
dation in order to be in rapid equilibrium condition. The data
were fitted to the Hill equation according to previously own
work [25]. The chemical oxidation of 4,6-DMDBT induced by
H,0; was negligible under the conditions studied here. Every
assay was repeated at least three times to assure reproducibil-

1ty.

2.7. Thermal residual activity and reusability of
CPO-immobilized materials

The stability of the enzymatic preparations in terms of resid-
ual activity was evaluated as a function of temperature from 25 to
50 °C. Free, silanized and immobilized enzymes were separately
incubated at a specific temperature during 2 h. Then, the resid-
ual enzymatic activity was determined at 25 °C for 4,6-DMDBT
oxidation as described above. All the residual activity data were
normalized to the assays at 25 °C, which was considered as 100%
activity.

Moreover, the reusability of all prepared biocatalysts were
assayed in five sequential cycles for the oxidation of 4,6-
DMDBT in the miscible acetonitrile/buffer media (20:80%, v/v)
as mentioned earlier. The immobilized CPO was recovered by
centrifugation at 14,000 rpm during 1 min among reaction cycles
and poured in a fresh reaction media. The residual activity data
were normalized to the first cycle assay of every tested biocata-
lyst, which was considered as 100% activity.

3. Results and discussion
3.1. Characterization of silica-based materials

The X-ray diffraction (XRD) pattern of the parent material
(SBA15/67, Fig. 1a) showed three well-resolved peaks with dis-
tances 0f 93.9, 54.5 and 47.4 A, that correspond to (100),(110)
and (2 00) reflections. The latter indexed to a hexagonal struc-
ture with lattice constant of 107.8 A (ap=2d(100)/,/3), which
is typical for a SBA15 pore structure as reported elsewhere [8].
Compared with SBA15/67, the silica gel did not show any array
at small angle (data not shown), which is a characteristic of an
amorphous material. The XRD pattern of SBA15/143 could not
be obtained because of instrumental limitations to work at lower
angles than 0.5 (20).
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Fig. 1. X-ray diffraction pattern of SBA15/67 (a), after CPO physical loading
on SBA15/67 (b), and after CPO covalent immobilization, SBA15/67-s-E (c).
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Fig. 2. Micrographs of SBA15 mesoporous materials with a main pore size of
67 A (a) and 143 A (b) obtained by TEM.

In the case of SBA15/67 after physical CPO adsorption, the
material showed a displacement of the (100) reflection from
93.8 to 83.2, which revealed a certain contraction of its struc-
ture (Fig. 1b). These changes can be explained by the acidic
conditions (pH 3) imposed to the material during the enzyme
immobilization. On the other hand, the SBA15/67-s-E structure
was not affected by the milder basic conditions (pH 5) during
the covalent immobilization of CPO (Fig. 1c). Nevertheless, the
hexagonal structure of SBA15/67 is preserved as suggested by
the TEM (Fig. 2a and b) and SEM images (data not shown).
It is clear from the photographs that the alcothermal treatment
incremented the pore size of SBA15/143.

We determined both the surface area and main pore diam-
eter for SBA15/67, SBA15/143 and SG/67 before and after
CPO loading through the N; adsorption isotherms (Table 1 and
supplementary information). The isotherms are characteristic
of a monolayer adsorption followed by capillary condensation
at P/Pp=0.73, 0.92 and 0.74, respectively. They are typical of

type IV isotherms, indicating that samples are porous materials
according to the IUPAC classification [26]. Moreover, the sharp
increase in the adsorption volume around 0.5-0.9 is indicative
of the presence of mesopores for the two SBA15 materials.

The SBA materials presented a main pore diameter of 67.1
and 142.5 A, whilst SG/67 presented a wider pore size distri-
bution with a lower pore volume due to its amorphous nature
in contrast to the SBA15 materials (Table 1 and supplementary
information). The physical adsorption of CPO in SBA15/67 and
SG/67 did not significantly change the main pore size, which
remained around 64 A. Nonetheless, the surface area of CPO-
loaded SBA/67 incremented 22% (Table 1) due to contraction
of the structure as observed by the XRD pattern. In the case of
SBA15/143, the pore size decreased from 143 to 107.7 A with a
light increment in surface area (5%) because of the thicker pore
walls that stabilized the material [27]. The maintenance of the
pore size in SBA15/67 and SG/67 suggests that CPO molecules
should mainly occupy the external surface of the particles while
the partial reduction of the pore size in SBA15/143 was attributed
to CPO immobilization on the pore mouths.

In regard to covalent immobilization, SG/67 did not suffer
any significant change in its textural properties suggesting that
CPO immobilization occurred on material’s surface. In the case
of SBA15/67 and SBA15/143, the pore size decreased to 47.6
and 112.6 A, respectively; while the surface area decreased about
20% (Table 1). It is evident that the grafting of s-E to the external
surface of both SBA15 materials resulted in the partial blockage
of pores as earlier described for the grafting of vinyl groups on
MCM-41 [28].

3.2. Physical and covalent immobilization of CPO

CPO was readily immobilized in silica-based materials
through two essential different methods: (1) adsorption by sur-
face interactions and (2) covalently bonded with APTEOSB
as spacer arm. The FTIR spectra of all biocatalytic materials
showed the characteristic signals at 3410 and 1640 cm™! due to
the bands of amide A and I, respectively, and attributable to the
presence of adsorbed CPO (Fig. 3).

The silanized CPO (s-E) showed a blue shift (hypsochromic)
in its emission fluorescence spectrum due to a more hydropho-
bic microenvironment around its triptophan residues (Fig. 4).
Besides, the presence of s-E grafted on silica-based materials
was identified by deconvolution of the corresponding FTIR spec-
trum (Fig. 5) using Omnic 5.1 software, FTIR (ecm™1): 3629
(vNH), 3398 (vSi—-OH), 2977 (vCH>), 1766 (vCO), 1641 (vVCO
Amide I band), 1531 (6NH Amide II band), and 1083 (vSiO).

A different strategy consistent on the modification of silica-
based materials with APTEOSB followed by CPO grafting
resulted in materials with negligible oxidation activity that was
possibly due to enzyme deactivation or blockage of its active
site (data not shown).

The materials bearing a 67 A main pore size physically
adsorbed more CPO than their covalent counterparts (Table 1).
Only the SBA15 bearing a 143 A main pore adsorbed slightly
more CPO through the covalent approach than the physical
one. Here, SBA15/67 presented a higher initial surface area that
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Table 1
Surface properties of immobilized CPO on silica-based materials

Immobilized enzyme Main pore diameter (A)

Surface area (m? g’l) CPO load (nmolcpo gfl) Adsorption parameters
preparation -1 -1
gm (nmolcpo g7°) Kn (WM77)
SG/67 48-64*  48-64° 466* 473b 84.38 1966 + 170 0.021 + 0.01
SG/67-s-E 48-64 48-64 466 463 41.5 58.51 £ 5.2 0.215 + 0.08
SBA15/67 67.1 64.1 715.68 878.37 150.5 622.59 + 38.73 0.246 + 0.09
SBA15/67-s-E 67.1 47.6 715.68 569.67 68.5 332.45 £ 59.81 0.093 + 0.02
SBA15/143 142.5 107.7 380.7 400 157.8 5725 £ 365 0.038 + 0.01
SBA15/143-s-E 142.5 112.6 380.7 328 172.24 250 + 3547 0.061 + 0.03

2 Before enzyme immobilization.
b After enzyme immobilization.

Amide A (3410 cm™)

Amide | (1640 cm-1)

Transmittance (%)

-
\ PR N -1 \
_ -CH,- (2977 cm™)

~ -

T T T T T T T T 7 T T T T 1
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Wavelength (cm™)

Fig. 3. FTIR spectra of chloroperoxidase (top, bold solid line), SBA15/67 (solid
line), CPO adsorbed on SBA15/67 (dashed line), and silanized CPO covalently
immobilized on SBA15/67 (SBA15/67-s-E, bold dashed line).

<—— Hypsochromic shift

Fluorescence intensity (a.u)

T T T T
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340 360
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Fig. 4. Changes on the fluorescence spectra of free (solid line) and silanized
CPO (dashed line) at 25 °C.

improved enzyme immobilization through physical adsorption,
e.g. the SBA15/67 had 1.54 times more surface area than SG/67
which closely corresponds to the respective enzyme loads. It
is worth to note that SG/67 presented the lower content of
free silanol groups as seen by the FTIR spectra that corre-
sponded to the lower CPO load (Table 1 and supplementary
information). Indeed, the area ratio of free silanol to silox-
ane groups (SiOH/SiO) obtained from FTIR spectra showed a
value of 1.0766, 1.3693 and 2.9248 for SG67, SBA15/67 and
SBA15/143, respectively. Since the isoelectric point (p/) of CPO
is ~4.0, the overall net charge of the protein is slightly positive
and such of the silica-based materials is negative (p/ of SiO; ~ 2)
at pH 3.0. Then, the physical immobilization of CPO on silica-
based materials at pH 3.0 should occur through electrostatic
interactions because of the correlation between the enzymatic
load and the content of free silanol groups on silica-based mate-
rials.

Furthermore, the covalent load of CPO on silica-based mate-
rials was enhanced by using a larger main pore size and by
a higher content of free silanol groups on silica-based materi-
als that could react with the ethoxy silane groups of s-E. It is
well known that the silylation reaction uses mainly the silanol

e /\"._ . ~
\‘\\ . /_.f ‘\‘. _.'/ ", ."‘ ! ‘(”' -,,“
) o ‘. ) i ik
! / Y ‘ \‘U’I
! P
.“. / ’, |
N ‘\J:‘
8 -CH;— (2977 cm") ’f .
% “CO- (1766 cm™) | | _\H- (1533 cm)
k=
=
g NH- (3629 cm'™)
&
- H
-CO- (1635 cm™)
ki T g T T T v T 4 T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)

Fig. 5. FTIR spectrum of silanized-CPO covalently immobilized on SBAI15
(SBA15/67-s-E, solid line) and its deconvoluted spectrum (bold solid line).
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Fig. 6. Adsorption isotherms of CPO at 4 °C by (a) physical immobilization and
(b) covalent immobilization on SG/67 (@), SBA15/67 (M), and SBA15/143 (A).

groups present in the material’s surface through single (=SiOH)
and geminal hydroxyl groups (=SiOH), and less with hydrogen
bonded silanol groups [29]. Here, it is important to note that
covalent immobilization was carried out at pH 5.0 where both
materials and CPO present an overall negative charge. Then, the
physical immobilization was avoided here as reported by previ-
ous works [20,21]. The SBA15/143-s-E bearing the larger pore
size loaded 4.2 and 2.5 times more CPO than SG/67-s-E and
SBA15/67-s-E, respectively (Table 1). The CPO molecule is an
elongated object with long and short axes of ca. 60 and 46 A,
which can access into the mesopore [21]. The reduction in sur-
face area and pore size for SBA15/143-s-E was attributed to the
CPO adsorption inside the mesopores or in the vicinity of pore
mouths.

Since the immobilization approach could alter the enzyme
activity and stability, we considered then important to obtain
the adsorption isotherms of CPO in SG/67, SBA15/67 and
SBA15/143 through physical and covalent immobilization at
4°C. All isotherms presented a type I isotherm which is asso-
ciated with a monolayer adsorption of CPO and known as
Langmuir isotherm (Fig. 6). The experimental data were fitted to
the Langmuir equation (1) with a correlation value greater than
0.96 (R%) using Origin 7.0 software in order to determine the
monolayer adsorption capacity (gm) and the Langmuir affinity

Table 2

constant (Ky,):

QmeCe

— m7mre 1
14+ KnCe M

UE
where g. is the amount of adsorbed CPO in silica-based materials
at equilibrium while C, is the equilibrium concentration of CPO
in the aqueous media [30].

The largest physical adsorption capacity of CPO was
observed for SBA15/143 followed by SG/67 and SBA15/67
(Table 1). Here, the larger pore size in SBA15/143 undoubt-
edly enhanced CPO physical adsorption as discussed above. In
the other hand, the minor adsorption capacity for the 67 A pore
size materials was attributed to the smaller pore size and lower
silanol/siloxane ratio.

The covalent-bonded CPO to silica-based materials showed
also monolayer adsorption isotherms but with reduced bind-
ing capacities when compared to physical adsorption (Ky,, see
Table 1). This is not surprising since covalent bond formation
requires more energy that non-covalent interactions while all
adsorption isotherms were performed at 4 °C. Moreover, the
SBA15 materials presented a higher binding capacity for s-E
than SG/67, which corresponded with a higher content of the
free silanol groups. Besides, the highest adsorption affinity of
CPO was observed for SBA15/143 and SBA15/143-s-E. This
was attributed to the major presence of silanol groups for phys-
ical or covalent immobilization as well as a larger pore size
that undoubtedly favored the CPO affinity of the silica-based
materials.

3.3. Oxidation of 4,6-DMDBT by free and immobilized
CPO

All CPO preparations (soluble and immobilized) were able
to oxidize 4,6-DMDBT to its corresponding sulfone at differ-
ent extent as seen by the kinetic parameters (Table 2). CPO
adsorbed on SG/67, SBA15/67 and SBA15/143 showed a close
catalytic turnover (ko) value of 64.76, 73.4 and 77.82 min~!,
respectively. Such catalytic turnover values barely represent the
10-15% of the free enzyme (522.97 min—!) and soluble s-E
(638.17min~!). The increase in the catalytic efficiency of s-
E may be due to a change in protein conformation through
the chemical modification as seen by fluorometry (Fig. 4), that
enhanced the catalytic turnover but not the Hill constant (Kp,).

Catalytic parameters fitted to the Hill equation of immobilized CPO on silica-based materials

Immobilized enzyme preparation Kinetic parameters

et (min~1) Kin (M) kea/Kp (WM~ min=") n R
SG/67 64.76 + 1.38 1.54 £+ 0.065 42.05 2.36 £ 0.23 0.993
SG/67-s-E 273.82 £ 22.66 2.16 £ 0.319 126.77 1.88 £+ 0.23 0.976
SBA15/67 734 £ 392 2.14 £ 0.295 34.29 2.18 £ 0.62 0.965
SBA15/67-s-E 342.78 £ 9.21 1.53 £ 0.092 224.04 2.37 £0.33 0.987
SBA15/143 77.82 + 2.39 1.57 £ 0.111 49.57 2.74 £ 048 0.979
SBA15/143-s-E 107.79 £+ 3.32 1.61 £ 0.108 66.95 245 £ 0.39 0.983
Free CPO 522.97 + 36.45 2.24 +£0.27 234.47 2.03 £ 0.44 0.981
Silanized CPO 638.17 = 17.46 1.64 £+ 0.09 389.13 2.43 £ 0.30 0.988
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Since enzyme molecules were randomly adsorbed on the sur-
face of silica-based materials through physical adsorption, it is
not surprising that they could present active site blockage or
a change in its enzymatic conformation to inactive forms (vide
infra). The similar catalytic turnovers should come preferentially
from a bad orientation of CPO in the material surface since the
difference in CPO load did not justify such variation. In fact, such
phenomenon has already been described for immobilized HRP
[31] and CPO [20] on different mesoporous materials. Another
plausible explication is that the chemical nature of the mate-
rial’s surface modified the enzyme conformation to a less active
one [32]. Since enzyme orientation and the nature of material’s
surface itself could influence enzymatic activity, we tested the
same materials as supports but through covalent binding using
APTEOSB as spacer arm.

The silica-based materials bearing a 67 A pore size showed a
notable enhancement in k¢, when compared to physical immobi-
lization (see Table 2). The SBA15/67-s-E and SG/67-s-E showed
a4.7- and 4.2-time increase in k., Wwhen compared to their physi-
cal adsorption counterparts. Since CPO was covalently adsorbed
on the surface of SG/67 and SBA15/67, it should be more acces-
sible to substrate and bulk-medium oriented with minima mass
transfer concerns as discussed elsewhere [33]. Moreover, the
enzymatic activity might be enhanced through the hydropho-
bic environment produced by the organosilane modification as
mentioned above.

Furthermore, the covalent approach in SBA15/143-s-E
slightly enhanced the catalytic turnover (1.39 times) when com-

pared with the physical adsorption. Such behavior relates to the
larger pore size of the material embedding easily CPO with
possible mass transfer concerns that could restrict flexible con-
formations of the enzyme [20] or block the entrance of the
active site. Since the K}, values were very similar among all pre-
pared materials and soluble enzymes, the catalytic efficiencies
reflected mainly the catalytic turnover without significant lim-
itations involving substrate affinity or mass transfer concerns.
It is important to notice that the kinetic curves showed a sig-
moidal profile with a n parameter from the Hill equation greater
than one in all cases (Table 2). Such phenomenon was recently
attributed to positive kinetic cooperativity on the oxidation of
4,6-DMDBT by free CPO [25].

Considering the oxidation of organosulfur compounds, the
use of covalently immobilized CPO in the surface of SBA15/67
allowed the oxidation of 4,6-DMDBT (224.04 uM~! min~!)
in miscible organic aqueous media at the same extent as the
free enzyme (234.47 puM~! min~!). Since SG/67-s-E achieved
alower catalytic activity (126.77 wM~! min~') that SBA15/67-
s-E, the material should further possess an ordered structure, a
higher surface area and a higher silanol/siloxane ratio.

3.4. Thermal residual activity and reusability of
immobilized CPO on silica-based materials

A completely different scenario appeared in the thermal resid-
ual activity of free CPO, silanized-CPO, physical and covalent
modified biocatalysts (Fig. 7). The former showed first a ther-
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Fig. 7. Residual activity of (a) soluble enzymes, free-CPO (), and silanized CPO (s-E, [J); (b) physical adsorbed CPO and (c) covalent immobilized CPO on SG/67

(@), SBA15/67 (M) and SBA15/143 (a).
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mal activation for the 4,6-DMBT oxidation (215%) between 25
and 40 °C followed by an important drop on residual activity
at 50°C. Here, it is evident that CPO suffered some changes
with temperature in its protein conformation, which altered the
catalytic activity as seen by the bathochromic shift of the main
fluorescence peak (see supporting information). The diminution
on residual activity was also observed on monochlorodimedone
oxidation using CPO and was attributed to thermal reaction acti-
vation followed by the loss of activity [21]. Moreover, it was
found that the activity loss with temperature was due to the
release of the heme group from HRP [34].

The physical immobilized CPO showed the lowest thermal
residual activity of all assays for 4,6-DMDBT oxidation. Pos-
sible sources of activity loss may occur through contact with
material surface or due to changes in the microenvironment of
the enzyme. Silica is a known catalyst for some oxidation reac-
tions that could modify CPO structure with activity loss [32]. For
example, cytochrome ¢ showed less activity when it was directly
immobilized on synthetic clay (laponite) than on organo-tailored
clays [31]. It is believed that an organic spacer protects the
enzyme against the chemical nature of the silica-based materials.

The s-E showed a similar picture with minor thermal acti-
vation because of the covalent bond with the APTEOSB spacer
arm and the reduction of possible conformations that CPO can
acquire. Moreover, covalent immobilized CPO for all mate-
rials retained the 100% initial activity of free CPO and s-E
at 25°C and showed the largest residual activity until 50 °C.
The residual activity of SG/67-s-E and SBA15/67-s-E steadily
decreased with temperature in accordance with free, silanized
and physical immobilized CPO. Since CPO is mostly adsorbed
here at material’s surface without any pore protection, we pre-
sumed that CPO structure is somehow modified during its
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thermal incubation as seen by fluorescence spectra (see above),
which provokes either enzyme denaturation or incapability to
recognize 4,6-DMDBT as substrate. It is worth to note that
covalent immobilization on larger pores than enzyme diameter
did increase the residual activity of CPO, e.g. SBA15/143-s-E
showed a 110% of residual activity at 40 °C while SBA15/67-
s-E with a smaller pore size presented only 76%. Finally, the
SBA15/143-s-E showed a thermal activation from 30 to 40 °C
with a 56% of residual activity at 50 °C. It is well established
that CPO is more susceptible to temperature than other peroxi-
dases as HRP [20]. Nonetheless, we have achieved an important
improvement in the residual activity of covalent immobilized
CPO (SBA15/143-s-E) that differs from the mentioned work.
Indeed, CPO was still capable for 4,6-DMDBT oxidation after
incubation at 50 °C during 2 h. In contrast, Butler and coworkers
reported a total activity loss using the MCD assay for CPO after
incubation at 70 °C during 1 h [20].

Finally, we undertook five sequential reaction cycles with all
tested biocatalysts in order to evaluate their potential reusability
(Fig. 8). Concerning the physical immobilization, the SBA/143
material revealed the best residual activity after five reaction
cycles. Indeed, it showed 44.6% of residual activity against 39
and 17% corresponding to SBA/67 and SG/67, respectively. It
seems here that the larger pore size could effectively protect the
protein against conformation changes to less active forms as well
as maintain the enzyme inside the material with lesser leaching
than the other materials.

On the other side, the CPO covalently attached to silica-based
materials reached a higher residual activity after five reaction
cycles than the physical approach. The ordered materials showed
a67.7% of residual activity against the 32% attained by the amor-
phous silica gel. In contrast, immobilized CPO on the surface of
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Fig. 8. Reusability of physical (left) and covalent (right) immobilized CPO on silica-based materials for 4,6-DMDBT oxidation.
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glass beads showed a 30% of residual activity after five reaction
cycles at pH 3 [23], which is similar to the results obtained for
SG/67-s-E. The SBA materials showed similar residual activities
throughout the cycles of reaction but higher values when com-
pared to SG/67-s-E. It is clear that the presence of mesopores
in addition with covalent immobilization protect the enzyme
against denaturation and leaching.

4. Conclusions

In this work, we have shown that immobilized CPO on
different silica-based materials catalyzes the oxidation of a
recalcitrant and diesel-containing organosulfur compound (4,6-
DMDBT). The use of silica-based materials as supports through
the covalent approach with a high surface area as well as a high
silanol/siloxane ratio enhanced the enzymatic activity, thermal
stability and reusability of CPO. The covalent immobilized CPO
in SBA15/143 showed the higher residual activity at 50 °C and
reusability after five reaction cycles for 4,6-DMDBT oxidation.

Silica-based materials as SG/67 and SBA15/67 allowed a
high physical adsorption capacity of CPO but the better results
on catalytic efficiency, residual activity and reusability were
obtained through a larger pore size in SBA15/143. The use of
amorphous silica with no pores and low silanol/siloxane ratio
for CPO immobilization resulted in biocatalysts with the poorer
enzymatic load, catalytic efficiency, residual activity as well as
reusability.

The oxidation of 4,6-DMDBT at 25 °C will be more efficient
using any of the assayed SBA15 materials as covalent supports
of CPO. Nevertheless, the SBA15/143-s-E should be preferred
for 4,6-DMDBT oxidation when the reaction temperature is
between 40 and 50 °C in the basis of its better performances.
Further studies are needed in order to ascertain the type and
role of the spacer arm, the silanol/siloxane ratio as well as the
upper limit of pore size of supports in the catalytic efficiency
and stability of immobilized CPO.
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