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Abstract

Myoglobin has been immobilized onto different ordered mesoporous silicates. The effect of the pH on the adsorption, leaching and activity
was studied. The results showed that the maximum amount of protein was adsorbed at a pH 6.5, just below the protein isoelectric point (7-7.3).
There was no effect of increasing ionic strength on the adsorption profile at different pH values. The adsorption is rationalized in terms of local
electrostatic forces acting between the enzyme and the silica surface as well as hydrophobic interactions close to the protein isoelectric point,
whereas at low pH the global charges give rise to protein—protein repulsion and at high pH enzyme-silica repulsion. Higher amounts of immobilized
myoglobin were leached at a pH 4, while lower amounts were leached at pH 6.5. The catalytic activity of myoglobin immobilized onto SBA-15

showed optimal activity at a pH 6.5 in comparison to a pH of 5 for the free form.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Enzymes have the well-established capability to catalyse a
reaction in neutral aqueous solutions, and at low temperatures
and atmospheric pressure. However, under extreme conditions
the susceptibility to denaturation and the loss of activity is
increased, thus severely limiting their use. Several approaches
have been developed in order to improve enzyme stability and
create efficient biocatalysts such as immobilization onto poly-
mers and sol-gels [1,2].

Since their disclosure by Mobil researchers in 1992 [3], meso-
porous silicates materials (MPS) have been the subject of intense
research. They possess uniform pores with specific surface area
up to 1500 m?/g, they are chemically and thermally stable and
their surfaces can be modified with different functional groups.
Mesoporous silicates can be reused and are considered to be
non-toxic safe materials [4].
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Diaz and Balkus [5] were the first to immobilize the globu-
lar proteins (cytochrome ¢, papain and trypsin) onto MCM-41.
Since then, a variety of enzymes have been immobilized onto
ordered mesoporous silicates materials [6—8]. To continue the
development of mesoporous silicates as an immobilization
matrix it is necessary to understand the factors that affect the
immobilization behaviour of proteins within mesoporous mate-
rials such as the effect of pore diameter, ionic strength, surface
characteristics and pH. Recently, Hudson et al. [9] developed
a protocol describing a systematic approach to determine the
parameters necessary to immobilize enzymes onto mesoporous
silicates.

The effect of pH on the adsorption process is very impor-
tant in terms of obtaining the maximum loading and activity of
an enzyme. Han et al. investigated the optimum pH at which
chloroperoxidase adsorbed onto mesoporous material while
maintaining maximum catalytic activity [10]. The maximum
activity of the immobilized enzymes was observed at pH 3.4,
which is slightly below the isoelectric point (p/) of the enzyme.
Vinu et al. [11,12] investigated the adsorption of cytochrome ¢
and lysozyme onto SBA-15 and MCM-41 at different pH values
and found that the amount adsorbed was strongly influenced
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by the pH of the solution used. They found that the maximum
amount adsorbed was at a pH close to the isoelectric point of
the proteins and this could be attributed to the zero net charge
on the protein molecules resulting in a size reduction of protein
within the pore leading to the high uptake of protein molecules
by mesoporous materials.

Myoglobin is a relatively small protein, having molecular
dimensions of 4.5nm x 3.5nm x 2.5nm [13]. It is an oxygen-
binding protein of muscle cells, which functions to store oxygen
and to facilitate oxygen diffusion in rapidly contracting muscle
tissue. Myoglobin contains a single polypeptide chain of 153
amino acid residues of known sequence and a single iron pro-
toporphyrin IX as the prosthetic group in a hydrophobic pocket
[14].

This study examines the influence of pH on the adsorption,
ionic strength and activity of myoglobin adsorbed onto ordered
mesoporous silicates in order to improve our understanding of
the effect of pH on myoglobin adsorption. Myoglobin adsorp-
tion has been reported previously onto SBA-15 and FSM
[15-17]. However, the influence of pH and ionic strength
on the adsorption, leaching and activity of the myoglobin
adsorbed onto mesoporous silicates has not been reported. This
study aims at an improved understanding of the forces behind
the interaction of myoglobin with various mesoporous sili-
cates.

2. Experimental
2.1. Reagents

Cetyltrimethyl ammonium bromide (CTAB, 99%), myo-
globin (horse skeletal muscle, 95-100% pure), 1,2-bis(trime-
thoxysilyl) ethane (BTMSE, 96%), acetic acid, sodium acetate,
potassium hydrogen phosphate, potassium dihydrogen phos-
phate, sodium hydrogen carbonate, sodium carbonate, tetram-
ethylammonium hydroxide (TMAOH), 1,3,5-trimethylbenzene
(TMB) and tris(hydroxymethyl)aminomethane (TRIZMA®),
2,2-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)
were all obtained from Sigma—-Aldrich. Fumed silica
(Cab-0-Sil) was obtained from Reidal de Hien. Sodium chlo-
ride (NaCl) and ammonium fluoride (NH4F) were obtained
from BDH. Sodium hydroxide was obtained from Lab Pak.
Hydrochloric acid (HCl) was obtained from Merck. Sodium
dodecyl sulfate (SDS) was obtained from J.T. Backer. Tetraethy-
lorthosilicate (TEOS, 98%) and 2-cyanoethyltriethoxysilane
(CEOS, 98%) were obtained from Lancaster. Pluronic P123
(EO29PO70EO7() was obtained from BASF. Water was purified
(18 M) using an Elgastat spectrum system.

2.2. Synthesis and characterisation of mesoporous
materials

SBA-15, MCF, MSE, SDS/P123, CNS, and MCM/41
were synthesized adopting to previously published procedures
[18-23]. All the silicates used were characterized by nitrogen
gas adsorption/desorption isotherms at 77 K measured using
a Micrometrics Gemini ASAP 2010 system. Samples were

pre-heated to 120-150°C under vacuum for 16h (to remove
bound H>O). The pore size data were analysed by the ther-
modynamically based Barret-Joyner—Halenda (BJH) method
[24] using adsorption and desorption branches of the nitro-
gen isotherm. The surface areas were calculated using the
Brunauer—-Emmet-Teller (BET) method [25]. X-ray diffraction
patterns were obtained by a Philips X’pert PRO MPD instru-
ment using the Cu Ka line at 1.542 A operated at 40kV and
a current of 35mA. Data were obtained over the range of
26 from 0.3° to 10°. Isoelectric points were measured using
a Malvern Zetasizer 3000HSA, in which samples of meso-
porous silicate materials were made up in deionised water at
a concentration of 0.5 mg/ml and were sonicated for 15 min
before zeta potential measurements were taken. The pH of
the solution was manually adjusted by the addition of 0.1 M
HCI or 0.1M NaOH before the zeta potential was mea-
sured.

2.3. Adsorption of myoglobin onto mesoporous materials

A suspension of the mesoporous support in a relevant buffer
was made up at a concentration of 2mg/ml, then sonicated
for 15 min and stirred for 30 min on a magnetic stirrer to cre-
ate a dispersed suspension. Equivalent volumes of the protein
and the suspension were then mixed together with shaking in
a New Brunswisk Scientific C24 incubator shaker (120 rpm,
25 °C for 16-18 h). The protein loading was determined by tak-
ing 1 ml of the sample from the reaction vessel, centrifuged,
and the supernatant analyzed by UV absorption at 410 nm.
The amount of protein adsorbed was determined by taking the
difference between concentration before and after adsorption
(myoglobin, ey =120,000M~" ecm™!) [26]. At the pH values
specified below the pH at which adsorption was carried out
will be referred to as pHaqs.. The leaching test was carried
out as follows: 2 mg of the loaded material was washed three
times with the immobilization buffer, followed by three washes
with a buffer of different pH value, and finally three washes
with a buffer with higher ionic strength. The pH at which the
leaching was used will be referred to as pHje, . Ionic strength
studies were performed, by the addition of NaCl of varying
concentration (0.2-2M) to the protein-silicate solution. In all
cases the leaching of protein was monitored using absorption at
410 nm.

2.4. Activity assay

Assay of peroxidative activity of myoglobin was car-
ried out by oxidation of ABTS with detection at 405 nm
(em =36,800 M-! cm’l) [27]. The assay mixture for the free
protein included, myoglobin (4-30 uM), ABTS (0.54 mM) and
H>O;, (1.2mM) in a 1ml cuvette. For the immobilized pro-
tein, 2 mg of silicate (4—20 pmol myoglobin/g) were placed in a
1 ml cuvette. Assays were performed at room temperature at
pH 4 and 5 (25mM, citrate buffer), pH 6.5 (25 mM, potas-
sium phosphate buffer) and pH 8 (25 mM, Tris—HCI buffer).
Below the pH at which activity was measured is referred to as
pHact.-
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Surface Potential

Fig. 1. Poisson—-Boltzmann electrostatic potentials of myoglobin.

3. Results

Myoglobin has an isoelectric point (pI) between 7 and 7.3
[26]. A Poisson—-Boltzmann electrostatic surface calculation for
myoglobin shows that in agreement with reported p/ values for
the molecule, the surface is relatively uncharged (indicated by
white, Fig. 1). Small localised patches of charge (indicated by
red for negative electrostatic potential and blue for positive) are
also apparent.

The physicochemical properties of the seven MPS materi-
als used in this study are listed in Table 1. SBA-15, MSE,
MCEF and P123/SDS were synthesized from the same non-ionic
poly(alkylene oxide) triblock copolymer surfactant P123. While
MCM-41, CNS and CNS-cal were synthesized from the cationic
surfactant CTAB, resulting in a higher p/ than those synthesized
with P123. It was previously reported that MSE had a p/ value
(4.9) higher than SBA-15 (3.8) due to the presence of ethylene
groups (-CH>CHj3-) on the surface of MSE [9]. SBA-15 and
MSE exhibit type IV adsorption isotherms (IUPAC definition),
where the volume of nitrogen adsorbed increases with increas-
ing relative pressure (over range of 0.6-0.8), with a sharp rise
in adsorption due to capillary condensation in the mesopores.
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Fig. 2. Kinetics of adsorption of myoglobin onto different mesoporous silicates
materials (25 °C, 10 mM phosphate buffer, pHags. 6.5 with shaking at 120 rpm,
initial concentration 20 wM).

The mesopore volume was calculated from the increment in
volume of nitrogen adsorbed in the sharp rise in the adsorp-
tion/desorption isotherm. P123/SDS shows a sharp capillary
condensation step at high relative pressures (0.6-0.8) and an
Hj hysteresis loop. MCF, CNS and CNS calcined have hystere-
sis loops in the region (0.8—1). MCF has a large hysteresis loop
due to the addition of TMB and NHy4F to the aqueous solution
of P123, leading to the material possessing large sized spherical
cells that are interconnected by windows of uniform size.

3.1. Adsorption study

The kinetics of adsorption of myoglobin onto different meso-
porous silicates materials are presented in Fig. 2. Maximum
adsorption was achieved with SBA-15 after 20h (20 pmol
myoglobin/g MPS). This corresponds to adsorption of all the
available myoglobin. Both MCF and P123/SDS adsorbed the
same amount of myoglobin (19 wmol/g) after 20 h, with CNS
cal. (12 pmol/g), CNS (7.8 pmol/g) and MCM-41 (7.8 wmol/g)
the maximal adsorption of myoglobin was lower and was com-
pleted after 15 h. The results suggest that for adsorption to occur
it is not just sufficient to have a protein of a smaller diameter

Table 1
Physicochemical properties of MPS materials
Materials Pore diameter (A) Pore diameter (A) SBET (mz/g) Total pore volume  Mesopore volume Isoelectric Wall thickness  Structure
(from adsorption (from desorption (cm3/g)C (cm3/g)C points (pI) (A)d
branch)? branch)®
MCM-41 32 31 927 1.0 0.45 4.0 22 Hexagonal
SBA-15 80 62 827 1.0 0.47 3.8 32 Hexagonal
MSE 76 60 1005 1.1 0.42 4.9 42 Hexagonal
P123/SDS 65 51 921 1.3 0.60 37 31 Cubic
CNS 220 147 357 1.2 0.84 4.6 - Disordered
CNS cal. 225 154 464 1.3 0.86 49 - Disordered
MCF 260 140 486 2.0 1.60 38 - Disordered

4 Calculated from desorption branch of nitrogen isotherm.

b Calculated from adsorption branch of nitrogen isotherm.

¢ Volume of liquid nitrogen at STP.

d Calculated by lattice parameter—pore diameter (a° =2d} ¢0/+/3).
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Fig. 3. Adsorption isotherms of myoglobin onto different mesoporous silicates
(10 mM phosphate buffer, pHags, 6.5 with shaking 120 rpm, at 25 °C for 16 h).

than the mesoporous materials pore diameter. The p/ and sur-
face charges of the protein and mesoporous silicates also must
be taken into account [28]. It is interesting to observe that both
MCM-41 with a pore diameter of 31 A and CNS with a pore
diameter of 220 A adsorbed the same amount of myoglobin.
A pore diameter of 31 A is too small to allow access of myo-
globin into the pore. MSE however only adsorbed (3 pwmol/g).
The low amounts adsorbed onto MSE and CNS can be attributed
to the presence of polar cyano groups on the surface of CNS and
ethylene groups on MSE, which may limit the adsorption of
myoglobin onto the surface.

3.2. Myoglobin adsorption isotherms

Fig. 3 presents the adsorption isotherms for all mesoporous
silicates materials used in this study. In agreement with the
kinetic studies, in which SBA-15 displays a higher affinity for
myoglobin (22 pmol/g), the isotherm exhibits a sharp initial rise
and finally reaches a plateau (L-type). Slightly less myoglobin
was adsorbed onto MCF (20 pmol/g). As MCF has a pore diam-
eter of 260 A compared to 80 A for SBA-135, the relative binding
is not likely to be limited by the access to the pores but more
related to the available total surface area of mesoporous material.
MCF has a much reduced surface area of 486 m?/g compared to
that of SBA-15 with surface area of (827 m2/g). It can be seen
from Fig. 3 that myoglobin also adsorbs strongly onto P123/SDS
(19 pwmol/g). The CNS cal. has a lower affinity towards myo-
globin (14.5 pmol/g). The pI of CNS cal. material is 4.9 whereas
that of SBA-15 is 3.8 (Table 1). These adsorption experiments
were all performed at pH 6.5. At this pH the mesoporous silicate
materials with a higher isoelectric point value will be somewhat
less negatively charged (MCM-41, MSE, CNS and CNS cal.).
With myoglobin will have a positive charge. Irrespective of other
parameters this grouping constantly adsorbed lower amounts of
myoglobin 7.5, 4, 7.4 and 14.5 pmol/g, respectively, indicat-
ing that the charge characteristics of the mesoporous silicates
has a large influence on the adsorption. Furthermore, despite
having similar p/ values, pore sizes and mesopore volume CNS
adsorbed less myoglobin than with CNS cal., suggesting that the
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Fig. 4. Adsorption of myoglobin onto SBA-15 with varying ionic strength
(10 mM citrate buffer, pH,qs, 4 and 5), (10 mM phosphate buffer, pHygs. 6.5)
and (10 mM Tris—HCI buffer, pHyqs. 8), with shaking 120 rpm for 16 h at 25 °C,
initial concentration of myoglobin 18 uM).

presence of cyano groups on the surface of CNS decrease the
affinity for myoglobin adsorption. CNS cal. has no cyano groups
on the surface due to their removal by calcination. MSE adsorbed
the lowest amount of myoglobin (4 pwmol/g) and this could be
attributed to the lower density of silanol groups (SiOH) on the
surface due to the presence of —-CH,CH,— groups [20]. The
charge on the surface of the mesoporous silicates is important
for adsorption of myoglobin, as is the chemical character.

3.3. Influence of ionic strength at different pH values

The influence of pH and ionic strength on the adsorption
of myoglobin onto SBA-15 was examined. As seen in Fig. 4,
at pH 4 the amount adsorbed increased from 9.2 pmol/g in
buffer to 16 umol/g at 2M NaCl. At pH 8 the loading was
enhanced slightly from 4.3 pmol/g in buffer to 5.5 pumol/g at
(2M) NaCl. A different effect was noticed at both pH 5 and
6.5 in which the loading decreased from 15.3 and 16.2 pmol/g
to 11.2 and 14 pmol/g, respectively as ionic strength increased
(0.1 M), and then subsequently as ionic strength increased the
loading increased. At pH 4 the surface charge of SBA-15 will
be at least weakly negative as its p/ is 3.8. Thus, electrostatic
attraction of myoglobin to the surface will be low. The protein
however will be strongly positively charged and intermolecular
repulsion will be high. This supported by the low adsorption of
myoglobin (Fig. 4) with no additional NaCl. The presence of
NaCl will provide counter ions to these charges and thus poten-
tially mask them, or lower the electrical double layer thickness
of both the proteins and support, making adsorption easier. This
observation is supported by the fact that at pH 8 the protein
will carry a net negative surface charge and the SBA-15 will
be strongly negatively charged, thus very low adsorption occurs
and the addition of Na* counter ions did little to improve the
situation.

At intermediate pH of 5 and 6.5, there is an opposite global
surface charges character between the protein and MPS. At these
pH values, increasing the NaCl concentration initially reduces
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the adsorption of the protein onto SBA-15. This is consistent
with electrostatic interactions, which is expected at these pH
values. At higher ionic strength the protein will be dehydrated
due to the hydrated effect of salt molecules surrounding the
protein allowing the hydrophobic interactions to contribute.

3.4. Effect of pH on adsorption of myoglobin onto SBA-15

Adsorption of myoglobin onto SBA-15 was investigated
at different pH values 4-10 (Fig. 5). The amount adsorbed
increased from pH 4 to 7 and then gradually decreased as the
pH increased from 7 to 10. The maximum amount adsorbed
(17.3 wmol/g) was at pH 6.5, which is below the report isolelec-
tric point of myoglobin of 7.3. The isoelectric point of SBA-15
is 3.8 and therefore is negatively charged at pH above this value.
On the other hand Fig. 5 clearly shows that at low and high
pH values, low amounts of protein are adsorbed as the overall
charge of both the protein and SBA-15 are the same. However, in
the zone p/ (SBA-15) the p/ (myoglobin), the charges are com-
plementary and adsorption occurs. Miyahara et al. [29] studied
the effect of pH on adsorption of cytochrome ¢ and myoglobin,
both proteins showed the maximum adsorption capacity near
their isoelectric points. The maximum absorption capacity for
cytochrome ¢ was 40 M around pH 10, which is the same result
obtained by Hudson et al. [9], while for myoglobin was 31 uM
around pH 7.

3.5. Leaching tests (stability tests)

Leaching of the protein/enzyme immobilized on the support
through physical adsorption methods is unavoidable due to the
weak bonds (non-covalent nature of the interaction) between the
protein/enzyme and the support [30]. Myoglobin was adsorbed
onto SBA-15 atpH 4, 5, 6.5 or 8. For each adsorption pH, leach-
ing tests were performed at pH 4, 5, 6.5 or 8. Fig. 6A shows
the amount of leaching observed for myoglobin that had been
adsorbed at pH 4 and tested for leaching at pH 4, 5, 6.5 or 8. At

SBA-15

Adsorption region of
myoglobin between pH
(3.8-8)

Myoglobin

Amount adsorbed (pmol/g)

Fig. 5. Amount of myoglobin adsorbed onto SBA-15 at different pH values
(10 mM citrate, phosphate, Tris—HCI and carbonate buffers, pHags. 4-10, 25 °C)
(initial concentration 20 pM).

pH 4, 6% of the myoglobin adsorbed at pH 4 was leached by
washing with a fresh aliquot of the same buffer (10 mM phos-
phate buffer) used in the adsorption cycle, washing at pH 6.5
removed 3% and washing at pH 8 (10 mM Tris—HCI buffer)
removed 80% of the adsorbed myoglobin. This leaching test was
repeated for myoglobin adsorbed onto SBA-15 at pH 5 (Fig. 6B)
and (Fig. 6C). In all of these tests the amounts of leaching were
very small, indicating that once the myoglobin was adsorbed at
pH values between 5 and 8 that a strong interaction was estab-
lished that resisted leaching. An important point is that at pH 6.5
(Fig. 6C) just 2% leaching occurred upon each further washing
even at higher loading (21 pmol/g), indicating that the interac-
tion between myoglobin and SBA-15 is much stronger at pH
6.5 than pH 4 and that due to weak repulsive forces between
individual myoglobin molecules and also between myoglobin
molecules with SBA-15 at pH 6.5 which is near the p/ of myo-
globin resulting in strong interaction. When the leaching test
was performed for myoglobin adsorbed at pH 8 (Fig. 6D) the
amount of myoglobin removed by washing with the same pH
buffer, pH 6.5 and pH 4 increased to 13% per each washing pH
and these results could be attributed to the negatively charged
surface of myoglobin and SBA-15 which is higher than the p/
of both protein and the support. Thus, SBA-15 immobilized
myoglobin shows highest loading and lowest leaching at pH
6.5.

3.6. Activity assay

It is necessary that the immobilized enzymes should retain
their activity when immobilized in porous materials. Recently
Itoh et al. [17] found that metmyoglobin (the oxidized form of
myoglobin) exhibited peroxidase like activity for two substrates
ABTS and guaiacol when immobilized onto FSM material. The
immobilized metmyoglobin showed higher activity with guaia-
col than ABTS. In this study we investigated the peroxidative
activity of myoglobin immobilized onto SBA-15 because of
its high order and higher adsorption capacity for myoglobin
molecules. It can be seen clearly from Fig. 7 that the activ-
ity was enhanced for immobilized myoglobin in comparison
with the free protein. Higher k¢, (umol of oxidised ABTS pro-
duced per second per pmol of adsorbed myoglobin) values were
obtained at lower loadings and decreased significantly as the
amount adsorbed increased. This could be attributed to pore
blocking by myoglobin, leading to the decrease in the amount of
myoglobin available for the reaction with ABTS. Similar results
have been reported with cytochrome ¢ immobilized onto SBA-
15, in which the activity enhancement was nearly five times that
of the native form at low loadings [9].

3.7. Influence of pH on the activity assay

The maximum activity of immobilized myoglobin on SBA-
15 and the native protein was determined at different pH values.
As seen in Fig. 8 the maximum activity of the immobilized
myoglobin was observed at pH 6.5 (0.40s™"), while for the
native myoglobin it is observed at pH 5 (0.46s~!). At pH 4 and
8 both the immobilized and the free form showed negligible



66 H. Essa et al. / Journal of Molecular Catalysis B: Enzymatic 49 (2007) 61-68

20 20
—@— Before leaching test B —8— Before leaching
184 (A) —@— After leaching test 18+ (B) —@— After leaching test
( (]
16 = 161
B £}
S 14 2 144
g E
212 - ~ 124
3 E:
£ 104 = 10+
3 4
2 8 & 8+
E [ Z 64
- :
5 4] < 44
24 2]
0 T T T T 0 T T T T T T T T T T
o1 2 3 4 5 6 7 8 9 10 11 12 01 2 3 4 5 6 7 8 9 10 11 12
pH pH
20 R 20
Before leaching D —8— Before leaching test
184 (©) . —®@— After leaching 18 (D) —@— After leaching test
. ° 2 tes
~ 161 164
= ®
g 14 4 E 14
ER g
= 124 ;:L 124
";g 10 % 104
..8 =]
s 84 L 84
- «
E 6_ E 6
%
< 4 g 41
21 2]
0 T T T T T T T T T T T 0 T T T T T T T T T 1 T
o 1 2 3 4 5 6 7 8 9 10 11 12 o1 2 3 4 5 6 7 8 9 10 11 12

pH

Flg 6. (A) PH 4 ads. (leea. 4, 6.5 and 8)> (B) PH Sads. (leea. 5,6.5 and 8)7 (C) pHads. 6.5 (leea. 4, 6.5 and 8) and (D) pHads. 8 (leea. 4,6.5 and 8).

activity. Thus, it can be noted that the pH of maximum activ-
ity of both free and immobilized myoglobin is more than pH
4 and less than pH 8. There have been several reports suggest-
ing the occurrence of both a shift of optimum pH and a change

0.6
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Fig. 7. Peroxidative activity (ABTS assay) profiles for free (@) and myoglobin

adsorbed (M) onto SBA-15, at 25 °C, pHags. = pHact. =6.5, [ABTS]=0.54 mM
and [H,O,]=1.2mM.

in pH activity. For instance, Hartmann and Streb [31] reported
that the maximum activity of chloroperoxidase (CPO) immobi-
lized onto SBA-15 with a pore diameter of 13 nm was at a pH
between 4 and 7, while for free CPO was at a pH between 5

0.5

0.4+

0.3 4

kcul {S-L)

0.2 4

0.1 /
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Fig. 8. Peroxidative activity (ABTS assay) profiles for free (4), free with 1 M
NaCl () and adsorbed myoglobin (4 ), adsorbed myoglobin with 1 M NaCl (A)
(0.003 wmol/ml) onto SBA-15, at 25°C myoglobin, [ABTS]=0.54 mM and
[HzOz] =1.2mM.



H. Essa et al. / Journal of Molecular Catalysis B: Enzymatic 49 (2007) 61-68 67

0.036

0.03 4

0.024

0.018 1

kalI (541)

0.012 -

0.006 -

0 T T T T T T
0 2 4 6 8 10 12

Cycle No.

Fig. 9. Reusabilty of myoglobin immobilized onto SBA-15 (loading
0.003 pwmol/mg) at 25 °C, (25 mM phosphate buffer, pHags. = pHiea. 6.5).

and 6. It was also of interest to examine the activity of free and
immobilized myoglobin in the presence of higher ionic strength.
Fig. 8 shows that there is no significant effect of increasing the
ionic strength of the solution to 1 M for both free and immobi-
lized enzyme with a 10-20% reduction in activity recorded for
both.

3.8. Reusability of the immobilized protein

One of the most important requirements for immobilized
enzymes is the achievement of prolonged use in comparison
to the free form. The reuse of immobilized myoglobin onto
SBA-15 was tested, by measuring the oxidation of ABTS over
12 cycles of 8 min each (see Fig. 9). The observed decrease
in activity could be attributed to desorption of myoglobin by
three times washing with adsorption buffer after each cycle in
order to remove residual substrates. However, immobilized myo-
globin was found to retain about 70% of its activity after six
uses.

3.9. Discussion

This discussion will focus on the influence of pH on the
amount adsorbed and also the activity of the immobilized myo-
globin. As seen in Fig. 10, the maximum amount of myoglobin
adsorbed was found at pH 6.5 that is just below its pl (7-7.3).
In these conditions the globular charge on myoglobin is posi-
tive so that repulsion between myoglobin molecules must still
be a factor. On the other hand even at the isoelectric point,
at the local level the enzyme surface will still carry electro-
static charges. The overall charge on the silica surface at pH
5.5 will be negative, but there will also be zones of positive
charge localised on the pore surface. In terms of electrostat-
ics the maximum adsorption observed at pH 6.5 must represent
an optimum in terms of minimising the enzyme—enzyme inter-
actions and maximising the enzyme-silica interactions. The
other important result presented here is that high ionic strength
solutions do not cause the desorption of myoglobin from the
silica surface as seen in Fig. 4. Indeed changing the pH shift

0.5 20
‘_

0.4 - 16
i
£
e 0.3 - 12 !

@

3 z
o =
0.2 4 - 8 3
Z
=
ot
=
2
0.1 - 4 £
R

0 T T T T 0

0 2 4 6 8 10 12
pH

Fig. 10. Influence of pH on the activity of free myoglobin (¢) and immobilized
myoglobin onto SBA-15 (A), and on the amount adsorbed of myoglobin onto
SBA-15 (@).

also did not cause desorption (Fig. 10). This finding is con-
sistent with a significant amount of hydrophobic interactions
between local zones on the enzyme and the silica surface.
Clearly when high ionic strength solutions are introduced to
the adsorbed myoglobin-silica system, the hydrophobic interac-
tions are significantly strong to retain the myoglobin on the silica
surface.

The amount of myoglobin adsorbed at pH 8 (*5.5 pwmol/g) is
attributed to the strong electrostatic repulsion between the SBA-
15 surface and myoglobin, since both protein and the support
have a strong global negative charges. This effect is similar to
that reported previously [32], in which myoglobin molecules
showed lower affinities towards ultrafine silica particles at pH 8.
In these conditions the globular opposing surface charges over-
come the effect of local electrostatic and hydrophobic effects.

The activity test is necessary for the choice of optimum pH at
which the protein can bind to the support and obtain the highest
activity at the same time. The data in Fig. 10 clearly shows that
at pH 4 no activity was obtained for both free and immobilized
myoglobin, indicating that myoglobin are inactive at pH 4. This
is due to a reversible pH induced conformational change in the
protein at low pH. At pH 5 the activity of free myoglobin reached
a maximum activity of kcy (0.46 s’l), while for immobilized
protein it was 0.26 s~ !. Interestingly, at pH 6.5 the activity rate
for the immobilized protein increased to 0.40s~! in compari-
son with 0.23 s~ ! for free form. At pH 7.3, the decrease in the
activity can be observed with both free and immobilized myo-
globin but activity of the immobilized form is still higher than
the free form. The shift in the pH-activity profile upon immo-
bilization is due to the conformational changes that occurred
for the protein near the pl/, in which the electrostatic repulsive
forces between protein molecules and the effect of the support
can play an intimate role. Such an effect was noticed previously
for immobilized chloroperoxidase within MCF [10]. Fig. 10
presents a comparison of myoglobin adsorption onto SBA-15
with the corresponding activity results and the activity of the
free myoglobin. It should be noted that the k4 values for the
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adsorbed myoglobin are corrected for the loading factor shown
in Fig. 7. A clear shift in maximum activity with adsorbed myo-
globin can be observed, but there is a clear coincidence between
adsorption amount and activity. One point to note is that the
myoglobin adsorbed at pH 8 is inactive. A clear requirement
for a successful biocatalyst is the ability to achieve a substantial
loading of the enzyme in a pH range in which the enzyme is
active. The other requirement is a matching of the isoelectric
points of the enzyme and support in active pH range.

4. Conclusions

The adsorption of myoglobin onto a variety of MPS mate-
rials was investigated. The MPS materials were characterized
using different methods such as N, gas adsorption isotherm, and
XRD. SBA-15 is preferred because of its high order and higher
adsorption capacity for myoglobin molecules, as indicated from
the adsorption isotherm studies. The adsorption studies showed
that the maximum amount adsorbed was 21 pmol/g with SBA-
15 and the minimum amount adsorbed was 4 wmol/g with MSE
at pH 6.5. At low pH global net positive charges on the protein
and silica do not facilitate adsorption and protein—protein repul-
sion is also important in these conditions. At high pH global
net negative charges on the protein and silica, similarly lead to
repulsion. Close to the isoelectric point of the protein localised
surface charges can interact with similarly localised charges on
the silica. In addition there will be patches of zero charge on
the protein and silica which will facilitate hydrophobic interac-
tions. The effect of pH on adsorption was also investigated, and
the maximum amount adsorbed was found at pH (5-7). Leach-
ing tests showed that a higher amount of myoglobin leached off
at pH 4 as a result of weak electrostatic interactions between
SBA-15 and myoglobin in which SBA-15 having slightly nega-
tively charges and myoglobin having positive charges, while the
least amount leached off at pH 6.5. The activity assay at various
pH profiles was investigated. Free myoglobin displayed highest
activity at pH 5, while the immobilized myoglobin at pH 6.5.
There was no activity obtained at pH 4 and 8. The reusability
test indicated that myoglobin immobilized onto SBA-15 could
be used up to six times. Finally this study gives further details
for the nature of the interactions between myoglobin and MPS
and the effect of the pH profile on this interaction.
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