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ABSTRACT

FSM16 mesoporous silicate and its chemically modified samples were synthesized. Then the relevant
nanobiocatalysts consisting of Fe(Ill)protoporphyrin(IX) (Hemin, Fe(IlI)PPIX), microperoxidase-11 and
horseradish peroxidase were obtained via direct immobilization of the biocatalysts in the nanopores
of amine modified FSMs. The prepared catalysts were characterized by XRD, ASAP and diffuse reflectance
UV/Vis techniques. The performances of the obtained peroxidase model nanostructures were evaluated
by some typical test reactions, such as oxidation of ABTS, ortho-methoxyphenol (guaiacol) and peroxidatic
synthesis of indophenol and N-antipyryl-p-benzoquinoneimine. Kinetic parameters including initial reac-
tion rates, rate constants, Viax, turnover number, Michaelis constant and catalytic efficiency were obtained
and compared to those of Fe(III)PPIX/MCM41 (as a blank) and homogeneous native horseradish peroxidase
(HRP). Results showed that MP-11-NH,-FSM16 nanobiocatalyst is able to mimic horseradish peroxidase
with a Ky, value of 55.45 +1.29 uM with respect to ABTS and guaiacol (as the reducing substrates of
HRP). The prepared nanobiocatalysts with high catalytic efficiencies about 108 M~! min~! showed high

peroxidatic activity for oxidation and conversion of aromatic substrates.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The discovery of ordered mesoporous materials (OMMs) pre-
pared by the liquid surfactant templates has been a significant
breakthrough in the catalysis by porous materials. OMMs offer
unique potential for the immobilization of catalysts and biocat-
alysts regarding their ordered, homogeneous and large pores.
Biocatalysis plays important role in clean production of energy and
fuels, fine chemicals, pharmaceuticals, and green processes. Mostly,
heterogeneous biocatalysts consist of catalytically active species
localized on the surface of a solid support, preferably a porous solid
to achieve improved rate, yield and efficiency. In contrast to het-
erogeneous catalysts, homogeneous ones have disadvantages, such
as lower stability and less successful separation from the reaction
mixture. The advantages of heterogeneous catalysts over the homo-

Abbreviations: ~ HRP, horeseradish peroxidase; MP-11, microperoxidase-
11; OMMs, ordered mesoporous materials; ABTS, 2,2-azino-di-3-ethyl-benzo-
thiazoline-(6)-sulphonic acid; CTAB, cetyl trimethylammonium bromide;
Fe(III)PPIX, iron(Ill) protoporhyrin IX; Gl, glutaraldehyde; S, aromatic reductant
substrate.
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geneous ones are facile separation and recovery, regeneration and
reusability of the catalyst and possibility of its using at extreme
conditions such as acidic, alkaline and nonaqueous media, higher
temperatures and pressures. Green chemistry principles and envi-
ronmental issues are pushing the new industrial processes towards
biotechnological-based industries. Indeed, as the ultimate goal in
catalysis science and engineering [1] and in these environmentally
conscious and economically pressured days, homogeneous cata-
lysts preferentially need to be replaced by the alternative green
solid catalysts. Hence, the selected strategy is immobilization of
the homogeneous catalyst on an insoluble support, referred to as
heterogenization of homogeneous catalyst [2].

Enzymes as the potent biocatalysts with high selectivities, have
been used in the food industry for hundreds of years. Currently,
enzymes are becoming increasingly important in sustainable tech-
nology and green chemistry [3]. The application of an enzyme for
a given reaction is often hampered by major limitations such as
high cost and low stability. If an enzyme is immobilized on a rigid
support, this limitation can be overcome since the immobilized
biocatalyst enables easy separation, reusability, and simple oper-
ation [4]. Some immobilized enzymes such as glucose isomerase
and penicillin G acylase (PGA) have reached large-scale industrial
applications [5,6] and immobilization of other enzymes has been
of great interest in research [7].
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Today, ordered mesoporous materials with uniform pore sizes
(2-30nm); high surface area (~1000m?/g) and large pore volume
(~1cm?3/g) are well known [8-10]. Among these materials, FSM16
[8], MCM41 [9], MCM48 [9] and SBA15 [10] have been extensively
studied for catalyst immobilization. MCM48 possesses a three-
dimensional, bicontinuous cubic pore structure [9]. The availability
of ordered mesoporous materials has opened up unprecedented
opportunities for immobilizing biocatalysts. The pore size of these
ordered materials can be precisely controlled over a wide range
and using these solid supports, the heterogeneous single-site catal-
ysis can be achieved [3,11,12]. Over the past ten years, research
and development in using mesoporous silicas as carriers for cat-
alysts has advanced rapidly. This topic has been comprehensively
reviewed elsewhere [3,11-15].

Depending on the type of the interaction between the catalyst
and the solid support, four common methods for the immobiliza-
tion of homogeneous catalysts can be introduced: covalent binding,
electrostatic interaction, adsorption, and encapsulation.

Covalent binding is by far the most frequently used method for
immobilization of homogeneous catalysts. Immobilization via elec-
trostatic ionic interactions is conceptually simple, and is a facile
method for immobilizing ionic catalysts or those catalysts that
can be ionized under the immobilization conditions. While the
adsorption method is simple, it tends to yield an unstable cata-
lyst because of the weak interaction between catalyst and support.
Encapsulation is the only catalyst immobilization method that does
not require any interaction between the catalyst and the support,
but the size of the pore-openings in the support must be smaller
than the Kkinetic size of the immobilized catalyst. In addition to
these immobilization methods, cross-linking and entrapment of
enzymes can also be used [5-7,16-18]. The advantages and dis-
advantages of the different methods for enzyme immobilization
have been discussed elsewhere [19-23]. In general, for efficient
immobilization the support can first be functionalized (preferen-
tially). Ordered mesoporous silicas provide excellent opportunities
for the immobilization of both homogeneous and enzyme cata-
lysts via covalent binding because of the availability of well-defined
silanol groups [24,25]. The major advantage of covalent binding is
the stability of the immobilized enzyme, thus minimizing enzyme
leaching [26]. Covalent binding of a-L-arabinofuranosidase to an
amino-functionalized, bimodal mesoporous silica support revealed
that not only the biocatalyst works under a wider range of exper-
imental conditions (lower pH and higher temperatures), but also
possesses a higher resistance toward glucose and ethanol in com-
parison with the free enzyme [27]. Using SBA15 materials with
different surface functionalities (-SH, —Ph, —-Cl, -NH,, and ~-COOH)
to immobilize trypsinresulted in solving the leaching of the enzyme
by using SBA15 functionalized with -SH, —-Cl, and —~COOH.

It must be noted that the harsh conditions employed during
covalent binding can potentially alter the enzyme conformation,
thus lowering the enzymatic activity. In addition, binding of the
active sites of the enzyme with a support may result in a total loss
of the activity. It has been found that PGA physically adsorbed onto
the pores of SBA15 silica retains up to 97% of the activity of free PGA,
while PGA covalently attached onto the pores of oxirane-grafted
SBA15 retains only 60% of the activity [ 19]. Nevertheless, such a loss
in activity can be compensated by the advantages of immobilized
enzymes, such as easy separation from the reaction medium, poten-
tial reuse, and the possibility of using the immobilized enzyme in
a packed-bed or fluidized-bed reactor.

Peroxidase models are capable of catalyzing some peroxida-
tive reactions such as oxidation, epoxidation and hydroxylation of
organic compounds [28-30]. Fe(Ill)protoporphyrin(IX) (Fe(II[)PPIX,
hemin) as a known catalytic active site finds in hemoproteins
like hemoglobin, myoglobin, cytochromes and peroxidases [31,32].

There is great interest in metalloporphyrins for analytical, synthetic
and biotechnological purposes. Homogeneous metalloporphyrins
and hemoenzymes have low stability in water solutions so that
they may become inactivated at extreme conditions (severe acidic
or alkaline pHs, high temperatures, high concentrations of perox-
ide (>2mM) and in the presence of reactive solvents) [33,34]. The
stability of a biocatalyst during synthesis/purification processes
and in operational conditions is of vital importance in biotechnol-
ogy. Several strategies are in hand to increase operational stability
of a biocatalyst including the use of stabilizing additives, immo-
bilization, encapsulation, crystallization and media engineering
[19,34,35]. Encapsulation of iron(Ill)protoporphyrin biocatalyst and
preparation of a heterogeneous peroxidase model catalyst via direct
synthesis of iron(Ill)protoporphyrin/MCM41 is reported previously
[36].

In order to improve the enzyme loading and immobilization,
first, FSM16 should be functionalized preferably by using the cova-
lent binding method. The most useful surface functional groups
are thiols, carboxylic acids, alkyl chlorides and amines [14]. Other
functional groups, such as vinyls, have been found to modify the
enzyme’s environment by increasing the hydrophobicity of the sup-
port surface [37].

Present work discusses a facile procedure for preparation of
heterogeneous peroxidase and peroxidase model enzymes along
with comparing and characterization of their kinetic behaviour and
potential applications for organic synthesis purposes.

2. Experimental
2.1. Materials

Microperoxidase 11 (MP-11, sodium salt), horseradish peroxi-
dase, Fe(IlI)PPIX (hemin chloride) and cetyl trimethylammonium
bromide (CTAB) were obtained from Sigma. Tetramethylammo-
nium hydroxide (TMAOH), hydrogen peroxide, phenol, guaiacol and
2,2-azino-di-3-ethyl-benzothiazoline-(6)-sulphonic acid (ABTS)
were purchased from Merck and used without further purification.

Kanemite (a hydrated layer sodium silicate, NaHSi,O05-3H;0)
was prepared from a NaOH/SiO, mixture (molar ratio 1:1). NaOH
was dissolved in a small amount of water, and then the solution was
diluted with ethanol so that silica could easily be dispersed result
in formation of homogeneous slurry. After evaporation at 50 °C, the
resulting paste was dried at 100 °C and finally calcined at 700 °C for
6h.

All solutions were prepared using deionized water (Barstead
NanoPure D4742; E.R.=18 MQ).

The obtained molecular sieves were characterized by X-ray
diffraction using a Philips-PW model 1840 X-ray diffractometer
with Cu Ko radiation.

Furthermore, diffuse reflectance UV/Vis and atomic absorption
spectroscopy techniques were used for comparative investigation
of various prepared catalysts using Varian Cary 500 and Varian
AA200 spectrophotometers, respectively.

2.2. Methods

2.2.1. Synthesis of FSM16 and its modified samples

FSM16 was prepared based on the direct synthesis method as
previously reported [38-42]. The silica-surfactant self-assembly
process occurs both at the solid-liquid and the liquid-vapor inter-
faces. Typically, 10.0 g (0.06 mol) kanemite (NaHSi,05-3H,0) was
dispersed in 100.0 mL of deionised water and then mixed with
100.0 mL 0.2 M CTAB containing 0.5 M triethylbenzene. pH of the
solution was adjusted at 9-10 and the mixture was stirred at room
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Scheme 1. Typical stepwise modification of FSM16 by 3-aminopropyl trimethoxysilane and preparation of peroxidase model biocatalyst, MP-11-NH,-FSM16.

temperature for 10 h, and then introduced into a 250 mL volume
Teflon stirring reactor at 105°C to complete the polymerization
reaction of silicate [40]. The powdery product was recovered by fil-
tration, and subsequently washed with dilute aqueous HCl-ethanol
solution and finally dried in a vacuum oven and then calcined at
500°C for 1h. NH,-FSM16 was prepared by the method, which is
reported previously [40]. In summary, 1.00g FSM16 and 3.99¢g 3-
aminopropyl trimethoxysilane (0.018 mol) were refluxed under N,
atmosphere in 30 mL dried toluene at 80°C for 6 h. Then the prod-
uct was washed with methylene chloride and diethyl ether (each
for 3 times) and dried in a vacuum oven at 70°C and stored in a
vacuum desiccator for the subsequent preparation of biocatalysts.
GI-NH,-FSM16 was prepared by reacting NH,-FSM16 with a 5% glu-
taraldehyde solution (phosphate buffer 5.0 mM, pH 7.0) at room
temperature while stirring for about 4 h. The product washed three
times with deionized water and dried as described above.

2.2.2. Preparation of biocatalysts

Fe(III)PPIX/NH,-FSM16 was prepared by direct immobiliza-
tion of an alkaline solution (pH 8.0) of hemin chloride (15.0 mg,
Fe(III)PPIX chloride) into NH,-FSM16 (200.0mg) at 55°C. After
efficient washing of the powder (3 times with phosphate buffer
solution (5.0mM, pH 7.0) and 2 times with deionized water)
and centrifugation, the obtained biocatalyst was freeze-dried and
stored in a vacuum desiccator at 4 °C for further applications. The
covalent bonding of Fe(IlI)PPIX takes place via the preferential
reaction of iron atom with the amine group of NH,-FSM16. The
same procedure was used for preparation of MP-11-NH,-FSM16
(3.0mg for 200.0mg FSM16) and HRP-NH,-FSM16 (5.0 mg HRP
for 200.0mg FSM16) in the phosphate buffer and at 55°C (far
below the thermal transition temperature of HRP, T, =85°C) as
shown in Scheme 1. Here, the reaction of amine groups of NH;-
FSM16 with the carboxyl groups of MP-11 and/or HRP amino acid
side chains could be introduced as the most probable route for
the immobilization process. It must be mentioned that enzyme
(hemin, MP-11, HRP) immobilization on the GI-NH,-FSM16 did
not lead to generation of active heterogeneous peroxidase mod-
els probably because of restriction of the pore size of the support
(GI-NH,-FSM16) as it can be deduced from Fig. 1 (upper pattern).

This is the first report on direct immobilization of enzymes on
the amine-modified mesoporous materials. The amount of hemin,
MP-11 and/or HRP immobilized in NH,-FSM16 was determined by
measuring the iron content of the digested sample in a caustic solu-
tion using atomic absorption spectroscopy and were equal to 6.0,
1.2 and 2.0% (w/w), respectively. Regarding the amount of enzymes
immobilized, the initial mass of each enzyme and total mass of solid
support (200.0 mg), the immobilization yield was obtained 80% for
Fe(III)PPIX (12.0/15.0), MP-11 (2.4/3.0) and HRP (4.0/5.0). From the
smaller pore size in MCM41 sample and lacking the covalentimmo-
bilization for Fe(IlI)PPIX, it can be seen that loading of hemin into
NH,-FSM16 (6.0%, w/w) was about 7.4 times greater than that for

FSM-NH2-G1

M

FSM-NH2

FSM-16

I I I
0 20 40

[°26]

Fig. 1. XRD patterns of the FSM16, NH,-FSM16 and GI-NH,-FSM16.
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MCM41 (0.815%, w/w) corresponding to the iron content of 0.07%
[36]. In all calculations, molecular weights of 652, 1861 and 42500
were used for hemin chloride, MP-11 and HRP, respectively [31,43].

2.2.3. Kinetic analysis

Kinetic studies on the catalytic oxidation of ABTS and guaiacol
(as the known substrates of peroxidase) in the presence of hydro-
gen peroxide were followed via absorbance changes and electronic
spectra using a Varian spectrophotometer model Cary 50 equipped
with fiber optic dip probe accessory and xenon light source. The
fiber optic probe provides the datarecording at the time of mixing in
the reaction vessel hence with this probe, no cuvette isrequired. The
ionic strength and pH of the solutions were kept constant by using
a 5.0 mM phosphate buffer. Temperature of the reaction solution in
the jacketed laboratory reactor (10 mL) was adjusted to 25 °C (£0.1)
using a Lauda oil circulating thermobath equipped with an exter-
nal temperature sensor. Specific activities of the biocatalysts based
on ABTS assay were determined spectrophotometrically in a 1-min
reaction time course [44]. The specific activity of Fe(IlI)PPIX-NH;-
FSM16, MP-11-NH;-FSM16 and HRP-NH,-FSM16 were obtained 32,
45 and 187 U/mg, respectively. The same spectrophotometer in the
kinetic mode was used for recording the progress curves of the
oxidation reactions.

2.2.4. Analytical methods
2.2.4.1. Determination of progress of the peroxidative reactions.
2.2.4.1.1. At low concentrations of phenols. Low concentrations
of phenolic compound result in formation of dimmers to tetramers,
which are soluble in the buffer. In each independent reaction,
progress of the product formation was monitored spectropho-
tometrically at the Amax of the colored product in the 10 mL
temperature controlled glass reactor equipped with the fiber optic
accessory.

Reactions were carried out in a 10mL jacketed glass reactor
containing 5.0mL of aqueous sodium phosphate buffer solu-
tion (5.0mM, pH 7.0, 25°C), specified amount of heterogeneous
peroxidase model, about 0.2 mM of aromatic substrate (includ-
ing: phenol, ortho-methoxyphenol (guaiacol), ABTS, phenol/4-
aminoantipyrine) and 0.3 mM hydrogen peroxide as the last added
reagent.

Progress curve of the each reaction was obtained by following
the change in absorbance of the product at its specified Amax values
and by obtaining the maximum absorbance change (on the addi-
tion of 100 p.L of fresh enzyme solution to the reaction mixture at
the end of process). The maximum change in absorbance (A) is
proportional to the initial amount of the aromatic compound. The
percentage of substrate conversion can be determined using the
following relations [45]:

A
Ay x [S]O; [S]consumed = (A*t) X [5]o (1)
%Conversion = ([s]c[og%med) x 100 (2)
(o)

where Ar and [S]consumed are absorbance and consumed concentra-
tion of the aromatic substrate at time t, respectively.

2.2.4.1.2. At high concentrations of phenols. At high concentra-
tions of some phenolic compounds (>0.2mM) in which a high
molecular weight polymer may be obtained, the concentration
of remaining phenol at a given time is determined indirectly (at
510 nm) using 4-amino antipyrine reagent [45]. In order to stop
the reaction at a specified time 30 pL of 3.0 M sodium azide were
added to a 1mL aliquot from the reaction mixture. After filter-
ing the mixture, the remaining (unreacted) concentration of the
phenol was determined in the presence of hydrogen peroxide and

fresh concentrated peroxidase (100 L 0.1%, w/v) by measuring
absorbance of the water soluble coloured product (N-antipyryl-p-
benzoquinoneimine) at 510 nm and using a molar absorptivity of
(e510=7870cm~1 M~1) [45]. The number of moles of the colored
product formed is equal to the moles of consumed phenolic com-
pound and then the conversion can be determined according to Eq.
(2).

Peroxidatic synthesis of N-antipyryl-p-benzoquinoneimine
from phenol and 4-amino antipyrine were followed spectrophoto-
metrically (at 510 nm) in the presence of hydrogen peroxide using
a molar absorptivity of 519 =7870cm~! M~ [45]. Peroxidatic syn-
thesis of indophenol from phenol (2.0 mM) and aniline (10.0 mM)
was monitored at 630nm using 3.0 mg MP-11-NH,-FSM16 and
[H,0,]=2.0mM at pH 7.0, 5.0 mM phosphate buffer solution.

Steady-state kinetics of guaiacol (as a hydrogen donor) and ABTS
oxidation by hydrogen peroxide catalyzed by the enzyme model
catalysts were obtained [44] in 5.0 mM phosphate buffer, pH 7.0.
Progress curves of reactions were obtained at various substrate
(ABTS and/or guaiacol) concentrations and the obtained initial rates
used to record the Michaelis-Menten curves and obtaining the
enzymatic kinetic parameters of the biocatalysts.

In a period of about 30 min during which the progress curves
were recorded, specified amounts of catalyst (typically 3.0 mg),
guaiacol (0.2-10 mM in the vessel) and hydrogen peroxide (0.3 mM
in the vessel) were added, respectively, to a 10 mL temperature con-
trolled vessel and initial rate of reaction (V,) was calculated from
time domain of about 120 s at the linear portion of the curve.

Hydrogen peroxide stock solutions were prepared by appropri-
ate dilutions of 30% (v/v) H,0-, in deionized water. Concentration
of hydrogen peroxide was determined by absorbance measure-
ments at 240 nm using &,49 as 43.6cm~! M~! [46] and the dilute
solutions were freshly prepared. Homogeneous concentrations of
MP-11 and HRP were determined at pH 7.0 using molar absorptiv-
ities of 395 =176 mM~1 cm~! [47] and €493 =102mM~! cm~1! [48].

Furthermore, another typical test reaction as the oxidation of
ABTS was used for evaluation of capability of the biocatalysts to
mimic peroxidase. Progress curves for conversion of ABTS were
obtained in the presence of specified amount of the heterogeneous
biocatalyst. The amount of Fe(III)PPIX-NH,-FSM 16 was in the range
of 1-10 mg, MP-11-NH,-FSM16 in the range of 0.5-7.0 mg and for
the HRP-NH;-FSM16 was about 0.3-3.0mg in the reaction mix-
ture of 5.0 mL. Details of experimental conditions are shown in the
legends of figures.

Productive synthesis reactions were carried out by means of
2.0 mM of aromatic substrate and excess molar stoichiometric con-
centration of H,0,, which was used by gradual addition by means of
a programmable automatic titrator. The reaction mixture was agi-
tated overnight at room temperature and the colored product was
then purified by solvent extraction in THF (tetrahydrofurane) and
subsequent column chromatography on a 100 cm silica gel column
(2 cm diameter).

3. Results and discussion

Fig. 1 shows the XRD pattern of the FSM16 and NH,-FSM16,
which exhibits a strong {1 00} reflection peak with one small peak,
characteristic of FSM16 mesoporous material [40]. The sample
modified with glutaraldehyde (Gl) does not show this character-
istic peak, probably because of filling the pore and diminishing the
reflectance capability. Interestingly, the enzyme immobilized on
this modified mesoporous did not show any peroxidase activity for
the aromatic substrate. Hence, it did not use as a support for enzyme
immobilization although it showed a high loading of enzyme upon
immobilization. The XRD profiles show the low angle sharp peak
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Fig. 2. Solid-state diffuse reflectance UV/Vis electronic spectra for NH,-FSM16 and
MP-11-NH,-FSM16 samples. (—) Baseline; (W) NH,-FSM16; (O) MP-11-NH,-FSM16.

together with a broad shoulder, characteristics of formation of a
disordered hexagonal structure with narrow pore size distribution
induced by CTAB surfactant. Hence, specific surface area, pore size
distribution and particle size determination were not examined
for the samples based on the XRD patterns. Like MCM41, FSM16
consists mostly of long-range ordered hexagonal arrays of uniform
mesopores [49,50]. Despite their different synthesis pathways,
the pore structures of FSM16 and MCM41 are essentially similar.
They have highly uniform, hexagonally arranged, one-dimensional
cylindrical pores. The peak at {100} in X-ray diffractional spectra
provides an independent estimate of the pore size in the meso-
porous material. Qualitative identification of immobilized amine
compound was checked by the ninhydrine test in which generation
of a purple colour confirms the existence of amine compound in
the FSM sample. Quantitative analysis was done by atomic absorp-
tion measurements of the iron content of the samples. Also Fig. 2
shows the diffuse reflectance UV/Vis electronic spectra for the NH;-
FSM16 and MP-11-NH,-FSM16 catalysts in which the impregnation
and substitution of the MP-11 into the mesopores of FSM16 is well
characterized at 400 and 650 nm [36,51]. As the figure shows MP-
11-NH,-FSM16 indicates a similar Soret absorption band at 403 nm,
very similar to that of the homogeneous peroxidase enzyme.

3.1. Chemical catalysis

Fig. 3 shows typical progress curves for the oxidation of ABTS and
guaiacol (in the presence of H,0,) catalyzed by the MP-11-NH,-
FSM16 as the peroxidase heterogeneous model catalyst. Theses
two reactions are the two common peroxidase assays. Steady-
state kinetics of ABTS and guaiacol oxidation by hydrogen peroxide
catalyzed by MP-11-NH,-FSM16 were carried out at Amax of the
coloured products of the reactions at 414 nm [52] and 470 nm [53],
respectively, in 5.0 mM phosphate buffer, pH 7.0 (as described in
Section 2.2.4). As Fig. 3 shows, the reactions were nearly completed
within about 20 min. Initial velocities of the oxidation reactions
were calculated as the slopes of the initial linear parts of the two
shown progress curves. As the figure shows, the reaction is over
within about 30 min. Kinetic mechanism of the peroxidase enzyme
reaction is well established [54]. The catalytic cycle involves dis-
tribution of the enzyme in forms of HRP (free enzyme), and active
species CI (compound I) and CII (compound II) [36]. Instantly, when
the aromatic substrate is guaiacol, the coloured product of the
reaction (in the presence of hydrogen peroxide) catalyzed by HRP
appears at 470 nm. Catalysis of the same reaction by MP-11-NH,-
FSM16 biocatalyst produces the same product at 470 nm, which
means the catalyst mimics peroxidase.

0 T 14 21 28 35

Time (min)

Fig. 3. Typical test reactions for the oxidation of ABTS and guaiacol substrates by
the MP-11-NH;,-FSM16 in the presence of hydrogen peroxide, 3.0 mg MP-11-NH,-
FSM16, [ABTS]=0.2 mM, [guaiacol]=0.1 mM, [H,0,]=0.3 mM at pH 7.0, phosphate
buffer 5.0 mM. Lines shown in the initial part of the progress curves were used
for calculation of the initial reaction rates (as slopes of the lines) of the oxidation
reactions. Upper (blue), ABTS and lower (black), guaiacol. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

In the presence of high concentrations of H,0O,, an irre-
versible inactivation process, namely “suicide inactivation process”
can also take place for peroxidase ([H,0,]>3.0mM) [54,55] and
microperoxidase-11 ([H,05]> 0.5 mM) [43,56]. To avoid such inac-
tivation effects, experiments were carried out at safe low H,0,
concentrations (<0.3 mM). Using the peroxidase enzyme model,
the overall rate of consumption of peroxide can be written as
[45,56]:
Rate — dx _ [catalyst]
dt  (1/ki1[H202],) + (1/ks[S],)
where S is the reductant (aromatic) substrate. k; is the rate con-
stant of the reaction of peroxidase model with hydrogen peroxide
resulted in generation of compound I species (a m-radical cation
oxoferryl species). k3 is the rate constant of converting compound
Il species to the resting state of the hemoenzyme model [36]. Rate
constants of k; and k3 can be determined by fitting the experimen-
tal data (shown in Fig. 4) into Eq. (3). Common computer software
such as Excel Solver was used for this purpose.

(3)

0.2
-
0.15 -~
S o1t -4
E ~
s -
= >

[MP-11] (uM)

Fig. 4. Initial reaction rates for the oxidation of ABTS and guaiacol substrates as a
function of amount of MP-11-NH,-FSM16 biocatalyst. Reactions were carried out
in the presence of hydrogen peroxide 0.3 mM, [ABTS]=0.2 mM, [guaiacol]=0.2 mM,
[H20,]=0.3mM at pH 7.0, phosphate buffer 5.0 mM, using different amounts of the
biocatalyst, MP-11-NH,-FSM16. (O) ABTS; (®) guaiacol.
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E)lr)r]llene}rative rate constants values for HRP and its heterogeneous model catalysts, MP-11-NH,-FSM16 and Fe(III)PPIX/MCM41
Substrate MP-11-NH,-FSM16 Fe(III)PPIX/MCM41? HRP?
ki (s7") ks (s7!) ki(s7!) ks (s71) ki (s7") ks (sec')
ABTS 1.034 x 10% £+ 1.86 x 10? 1.738 x 10° +26.03 - - - -
Guaiacol 3.731 x 10* £5.97 x 10? 7.540 x 103 £ 1.38 x 10? 9.595 x 102 £ 25 1.029 x 102 +£3.21 142 x 107 £2 x 10° 1.30 x 10° £2.6 x 10°

Rate constants were obtained from fitting of the experimental data into Eq. (3) using Excel Solver as described in Section 3.1.

2 Values directly taken from ref. [36].

Table 2

Enzymatic kinetic parameters of MP-11-NH,-FSM16 as the heterogeneous peroxidase model catalyst

Km (mM) Vinax (MM min—1) keat (mol S/mol MP-11s) Catalytic efficiency (M~! min—1)
ABTS 55.8 0.3788 6313.33 1.130 x 108
Guaiacol 55.1 0.3835 6391.66 1.160 x 108
Mean +S.D. 55.45+1.29 0.3811 +0.02363 6352.50 +158.81 (1.145 4+0.0297) x 108

Kinetic parameters were obtained from linear regression of the data of Fig. 5B using Eq. (4) as described in Section 3.2. Turnover number: kcar = Vnax/[catalyst]; catalytic

efficiency = keat/Km; S: ABTS or guaiacol.

3.2. Peroxidase mimics

Fig. 4 shows variation of initial rates of oxidation reactions of
ABTS and guaiacol as a function of amount of biocatalyst. Table 1
indicates the obtained values of the kinetic rate constants for
peroxidase activity of MP-11-NH,-FSM16. Comparison of these k
values with those of HRP and Fe(III)PPIX]/MCM41, illustrates the
reasonable catalytic activity of the enzyme model catalyst MP-11-
NH,-FSM16 (see Table 1). The method used for calculation of Ky,
and the other catalytic parameters are described below.

Progress curves and initial rates of the reactions were obtained
at various guaiacol and/or ABTS concentrations and were used to
sketch the Michaelis-Menten curves as shown in Fig. 5A (inset).
Peroxidase enzyme has a K, value of about 1.5 wM for oxidation of
phenolic compounds, such as guaiacol or ABTS [57]. The relevant
Vmax and Michaelis constant (Kp,) values for this enzyme model
can be obtained from the linear relations of Lineweaver-Burk (1/V
vs. 1/[substrate]) and or Eadie-Hofstee models as shown in Fig. 5A
and B [58]. Lineweaver-Burk plot includes some restrictions for a
reliable estimation of Vihax and K, values [36,58], hence analysis
based on the Eadie-Hofstee model (Eq. (4)) is preferred, although a
close match was observed for Lineweaver-Burk and Eadie-Hofstee
plots for MP-11-NH,-FSM16 biocatalyst upon peroxidatic oxidation
of ABTS and/or guaiacol (see Fig. 5A and B):

V =—Kmn x ([V?]) + Vmax (4)

Previously, values of Ky =183.1 uM and Vimax=0.171 mM s1
have been obtained for Fe(IlI)PPIX/MCM41 peroxidase model
(encapsulated Fe(III)PPIX into MCM41 mesopores) [36]. Indeed,
pore structures of FSM16 and MCM41 (average pore size 3.7 nm)
are similar while the pores size of FSM16 can be enlarged up to
6 nm by using a pore expander like triethylbenzene. The obtained
Km and Viax values for the MP-11-NH,-FSM16 model shows a good
improvement on preparation of more robust peroxidase biocata-
lyst and represents high potential for usage of MP-11-NH,-FSM16
as peroxidase alternative in clinical and biotechnological purposes.
Some citable processes include phenol removal from aqueous
solutions, oxidation/polymerization of aromatic hydrogen donors
(preparation of conductive polymers), epoxidation of alkenes and
oxidative coupling reactions in aqueous and organic media. It must
be mentioned that there are various limitations for using peroxi-
dase in such industrial processes.

Turnover number or catalytic rate constant (kcac) which rep-
resents the maximum number of moles of substrate converted
to the product per number of moles of catalyst per unit time,

A
(A) - .
~ §¢: % 0
'TE 0 Q‘?
s
z 02
20 + :O- 0.1
T 0 i.’
= 16 | 0 03 06 09 12 o
E 14 _ [Substrate] (mM) P o
=
)
=
=
90 120

1/[Substrate] (mM-1)

Vo (mM.min!)

0 . . . L . L . L . L .
0 1 2 3 4 5 6

Vo/[Substrate| (min-1)

Fig. 5. (A) Lineweaver-Burk plot for the enzymatic behaviour of the heterogeneous
peroxidase model, MP-11-NH,-FSM16 upon oxidation of ABTS and guaiacol. (Inset)
The corresponding Michaelis—-Menten plot. (B) The corresponding Eadie-Hofstee
plot used for estimation of Ky, and Vinax parameters based on Eq. (4). (O) ABTS; (@)
guaiacol.
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Table 3

Peroxidatic activities of the prepared heterogeneous model enzymes for various oxidation reactions

Heterogeneous model enzyme

Initial reaction rate (mM min~!/mmol biocatalyst)

Indophenol N-antipyryl-p-benzoquinoneimine Guaiacol Phenol ABTS: 2,2'-azinobis
synthesis synthesis oxidation oxidation (3-ethylbenzthiazoline-6-sulfonic acid
Fe(III)PPIX/MCM41 1.0 1.5 2.0 14 3.7
Fe(III)PPIX-NH,-FSM16 1.8 23 2.6 1.9 53
MP-11-NH,-FSM 16 7.8 12.2 15.5 9.5 23.8
HRP-NH,-FSM16 1034.7 1308.6 1895.4 1167.3 2165.2

The studied peroxidative reactions are shown in Table 4.

could be obtained as kcat = Vmax/[biocatalyst]. The values K, Vimax,
and turnover numbers, k¢ar (obtained from data of Fig. 5B) were
shown in Table 2. Also catalytic efficiencies of the synthetic model
enzyme catalyst, which is defined as kcar/Km were calculated and
shown in Table 2. A value of 9.3443 x 10* has been previously
reported for the catalytic efficiency of Fe(III)PPIX/MCM41 upon oxi-
dation reaction of guaiacol in the presence of hydrogen peroxide
[36]. As it can been seen from Table 2, the value of catalytic effi-
ciency for of MP-11-NH,-FSM16 is about 103 times greater than
the value for Fe(III)PPIX/MCM41. This catalytic efficiency is about
100 times lower than the value obtained for homogeneous HRP,
1.67 x 101 M~ min~1 (kcat/Km =2.52 x 10#/1.5 x 1076).
Comparison of k; and k3 for MP-11-NH,-FSM16,
Fe(IlI)PPIX/MCM41 and HRP (see Table 1) shows some mean-
ingful improvement on preparation of more active heterogeneous
peroxidase biocatalyst and represents high differences between
their catalytic activities. In the case of homogeneous HRP high
catalytic activity arises from its naturally engineered structure and

high specificity of the enzyme for such substrates and reactions.
However, rate constants for the enzyme model catalyst MP-11-
NH,-FSM16 are sufficiently large to complete such reactions in
longer periods of time. Peroxidatic activities of the prepared
heterogeneous model enzymes for various oxidation reactions
are compared and shown in Table 3. Clearly, MP-11-NH,-FSM16
mimics peroxidase and shows a good catalytic activity upon the
peroxidative conversion of substrates, such as typical reactions
shown in Table 4.

Although this family of biocatalysts shows good potential for
biotechnological purposes but still some important aspects such
as designing higher effective and energy-saving reactors and oper-
ation under biphasic conditions [59] should also be taken into
account in the development of heterogeneous enzyme model
catalysts. In addition, there are several limitations for the use
of peroxidase in severe industrial conditions. Generally, enzyme
structure denatures at high temperatures and pressures, in highly
acidic or alkaline media, organic solvents and in the presence of

Table 4
Peroxidative reactions catalyzed by the heterogeneous peroxidase models
OH NH,
. X 2 Peroxidase
Indophenol synthesis | + | Model Enzyme N \ / OH
= P
H3c  NH2 OH . H3c N:@:o
Peroxidase
N - Model Enzyme )1
N
N o + N
N-antipyryl-p-benzoquinoneimine synthesis H3C N H,0, H3C <N ©
OH
OCH, Peroxidase
Guaiacol oxidation Model Enzyme )
4 ———p  Tetraguaiacol
H,0,
Peroxidase
Phenol oxidation Model Enzyme
Polyphenol
2Hs 2Hs 5 2H§
Peroxidase
At Model Enzyme
ABTS oxidation » J\N—NJ\ S ) N L
2
ABTS ABTSY

Reactions were carried out at 27 °C, in phosphate buffer 5.0 mM, pH 7.0. The procedure for monitoring the reaction and calculating the reactions rates are described in Sections

2.2.3and 2.2.4.
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denaturants. In most cases, such a denaturation is associated with
deactivation of the enzyme. Considering these limitations, inor-
ganic heterogeneous peroxidase models could be introduced as
suitable candidates for biotechnological purposes.

4. Conclusion

The advantages of using mesoporous nanostructured-solids as
potent enzyme supports have been widely demonstrated however,
research on scaling up the reactions and their industrial appli-
cation in biotechnology and biocatalysis as tailored immobilized
homogeneous biocatalysts still seeking much more development.
Homogeneous model compounds, peroxidase and miniperoxi-
dase biocatalysts immobilized on mesoporous materials led to
generation of heterogeneous peroxidase models with high cat-
alytic activity and efficiency upon peroxidase mimics. Furthermore,
they can be potentially used for the catalytic reactions with
high specificity in the biotransformation and organic synthesis,
biotechnological, environmental, pharmaceutical and agrochemi-
cal industries. The use of these heterogeneous peroxidase models
in phenol removal from aqueous solutions in a small-size pilot scale
(10L) using a continuous flow glass reactor is the future study in
our laboratory.
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