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The immobilization of R-lactoglobulin-B (BLG-B) onto the amine-functionalized KIT-6 [n-PrNH,-KIT-6],
which has average pore diameter around 6.5 nm, was studied. [n-PrNH,-KIT-6] proved to be highly effective
agent for BLG-B adsorption. UV-visible spectroscopy studies demonstrated that the immobilized BLG-B was
less prone to thermally induced aggregation than the free protein. Circular dichroism (CD) spectra of free and
immobilized BLG-B were recorded and significant differences in both the backbone and aromatic regions of
the spectra were observed upon thermic stress. The obtained results showed that structural elements of
the immobilized BLG-B are kept strongly together, making the protein more resistant to heat denaturation.
The melting temperatures of the free and immobilized BLG-B were measured by far-UV CD, which showed
19 °C higher heat resistance of the immobilized BLG-B compared with its free form. Acrylamide quenching
of fluorescence of free and immobilized forms of BLG-B as a function of temperature revealed that the immo-
bilized BLG-B was more resistant to Trp quenching. Therefore immobilization of BLG-B onto [n-PrNH,-KIT-6]
is accompanied by favorable structural stability of BLG-B in the confined space.
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1. Introduction

Immobilization of proteins on solid supports sometimes can be an
efficient technique to increase their structural stability. It offers sever-
al advantages such as improved structural and operational stability,
as well as the resistance to high temperatures, extreme pH, and or-
ganic (co)-solvents.
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Ordered mesoporous materials were discovered in 1992 by Beck
et al. [1]. Their potential for protein immobilization was explored in
1996 by Diaz and Balkus [2]. Thanks to their well-defined pore struc-
ture, which is characterized by a narrow distribution of pore dia-
meters and high internal surface area they are able to absorb many
different macromolecules [2]. Since then, various proteins including
cytochrome c, trypsin, lysozymes, lipases, o-chymotrypsin and so
many others have been successfully immobilized on ordered me-
soporous materials belonging to the Mobile Crystalline Material
(MCM) and Santa Barbara Amorphous (SBA) families [3-8].

However, protein diffusion and migration within the mesoporous
materials used in previous studies was hampered by a pore struc-
ture, small size, and low pore volume. Three dimensional cubic
mesoporous silica nanoparticles (MSN) with large pore sizes over-
come these limitations, and therefore they are very promising candi-
dates for potential applications in protein immobilization [7,9-11].
Klietz et al. developed a new family of cubic mesoporous la3d silica
called KIT-6 using a mixture of P123 (Pluronic (PEO)20-(PPO)70-
(PEO)20) and n-butanol [12]. KIT-6 features large, readily tunable
pores and regulated pore volume, high specific surface area and hy-
drothermal stability, making it a perfect candidate for protein adsorp-
tion. Due to weak interactions between the protein and material
surfaces, these solid supports cannot effectively protect the immobi-
lized bio-molecules from leaching. One approach to inhibit the amount
of protein leaching is to decrease the pore opening at the external sur-
face by silanation. Another applicable and useful approach is the func-
tionalization of the inorganic surface in order to change the physical
and chemical properties of mesoporous materials. A specific example
is the introduction of organic moieties with pendant-attached chains
on the solid surface, which could result in additional electrostatic attrac-
tions or repulsions, and/or increased hydrophobic or hydrophilic inter-
actions between mesoporous silica nanoparticles and adsorbed
biological macromolecules [13]. The key point is that the normally
weak surface-macromolecule interactions can be made stronger in
practice by immobilization of the protein on such “inorganic-organic
hybrid materials”.

BLG-B is a well-characterized small globular protein (MW =
18,300 Da) from the milk whey of ruminants and other mammals
[14]. At ambient temperature and at the pH equal or higher than 7
it is prevalently dimeric. In addition to hydrophobic, ionic and
hydrogen-bond interactions between the peptide chains stabilizing
a favored protein conformation, BLG-B is stabilized by two disulphide
bridges. In native BLG-B the two stated disulphide bridges (Cys66-
Cys160 and Cys106-Cys119) and the free thiol group (Cys121) are lo-
cated in a hydrophobic core of globulin, and are inaccessible to the
polar medium [15-17].

A number of studies have described in detail the heat denaturation
of p-lactoglobulin in defined environment with the use of optical
methods [18-25]. Raising the temperature up to 55 °C shifted the equi-
librium (monomer — dimer) to monomer. As temperature was
increased to around 65 °C a slight conformational change of the mono-
mers was observed, leading to what has been called the “molten globule
state”, in which native-like secondary structure content is conserved
but the tightly folded protein interior is destabilized. At 85 °C, larger
secondary and tertiary structural changes were observed. These large-
scale changes will therefore induce thiol/disulphide exchange reactions
and exposure of hydrophobic residues of the protein, causing aggrega-
tion of the monomers [26].

Heat treatment is an important process during milk processing in
the manufacture of most dairy products. Heating during pasteuriza-
tion is used to increase the safety of the food products [27]. Such
heat treatments cause structural changes in the native bovine BLG-B
[28], and may alter its properties [29].

Several possible functions have been reported for BLG. BLG con-
tains a rich source of Cys, an essential amino acid that stimulates glu-
tathione synthesis in the liver. Glutathione is an anticarcinogenic

tripeptide for protection against intestinal tumors [30]. It has also
reported that BLG-B may be used as a carrier molecule for several
anti-tumor compounds [31].

Several recent reports have shown promising results in improving
mesoporous silica nanoparticles biocompatibility and cell membrane
permeability [32-37]. Therefore structural stability enhancement of
BLG-B by means of its immobilization on the mesoporous materials
can open a new avenue for the development of anti- cancer and
drug delivery systems.

In other words the enhancement of BLG-B structural stability by
its immobilization on mesoporous materials in severe denaturing
conditions may be of considerable interest.

In this paper the immobilization of 3-lactoglobulin-B (BLG-B)
with an average hydrodynamic radius of 2 nm [38] onto the amine-
functionalized KIT-6 [n-PrNH,-KIT-6], which has average pore diam-
eter around 6.5 nm, was studied. The aim of this study was based on
the investigation of the structural changes of free and immobilized
BLG-B after heat denaturation. These amine-functionalized meso-
porous silica nanoparticles (MSN) were prepared using a non-ionic
surfactant and were fully characterized by spectroscopic, adsorptive,
nitrogen porosimetry and thermal techniques in our previous paper
[39]. In the present study, UV-visible spectroscopy was used to de-
tect the difference in absorbance at 360 nm (which is a measure of
the extent of aggregation), while far and near-UV circular dichroism
was applied in monitoring the changes of secondary and tertiary
structure, respectively. Fluorescence spectroscopy also was used to
investigate tertiary structure changes of free and of immobilized
BLG-B.

2. Material and methods
2.1. Materials

Bovine BLG-B was purchased from the Sigma. All other materials
and reagents were of analytical grade. All solutions were made in
double-distilled water.

2.2. Preparation of BLG-[n-PrNH,-KIT-6] composites

Amine-functionalized mesoporous nanoparticle (100 mg) was
added to BLG-B solution (10 ml of 10 mg/ml) and stirred for 24 h at
4 °C in phosphate buffer (20 mM, pH 7.8). The supernatant was sepa-
rated from the solid materials by centrifugation at 6000 rpm for
5 min.

The protein content of the supernatant was defined spectrophoto-
metrically measuring absorption at 278 nm with the extinction coef-
ficient of 17600 M~ cm™ . Thus, the amount of immobilized BLG-B
could be simply estimated from the difference between the concen-
tration of the BLG-B before and after adsorption. In this case enzyme
molecules linked on external surface of the particles would remain
there instead of being removed. However, these molecules should
be easily desorbed upon incubation in aqueous medium. Therefore
the resulting solid was then washed three times by the same buffer
during 15 min and separated by centrifuging to remove the BLG-B
molecules linked on external surface of the nanoparticles from the
retained within the silica. Therefore we can ignore the possibility
that the protein may just be immobilized onto the surface of the ma-
terial and also with other evidence (Supplementary data) thus we can
conclude that it has been immobilized inside the pores. Finally
BLG-[n-PrNH,-KIT-6] composites were air dried and stored at 4 °C
for further structural experiments.

2.2.1. Assessment of leaching

The immobilized BLG-B in mesoporous re-suspended by stirring in a
phosphate buffer pH="7.8 for 2 h. The suspended solids were allowed
to settle for 2 h. The content of BLG-B in the supernatant from above the
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solid phase was measured using again the Beer-Lambert law to define the
amount of BLG-B leached from the synthesized mesoporous silica
nanoparticles.

2.2.2. UV-visible spectroscopy

The UV-visible absorption spectra were obtained using a UV-
3100, Shimadzu, Japan. Turbidity was measured at 360 nm against a
nanoparticles-phosphate buffer blank to detect formation of protein
aggregates. Absorbance changes of free and immobilized BLG-B with
the same protein content of 0.5 mg/ml were recorded by the UV-
visible absorption as temperature was increased from 35 to 85 °C at
the rate of 1 °C/min. All experiments were run in phosphate buffer
(20 mM, pH 7.8). All spectra were background-corrected against buff-
er and [n-PrNH,-KIT-6] solution to diminish the scattering of the
beam by the silicate particles.

2.2.3. Circular dichroism (CD) spectra of BLG-B and BLG-B immobilized
on [n-PrNH,-KIT-6]

Circular dichroism spectra (CD) were acquired using an Aviv
model 215 Spectropolarimeter (Lakewood, NJ, USA) equipped with
a 1-cm path length quartz cuvette of 300 pl capacity. Changes in the
far-UV (190-260 nm) and near-UV (260-340 nm) CD spectra of free
and immobilized BLG-B over different temperatures ranges were
monitored. Protein concentrations for both free and immobilized
BLG-B was the same content, whereas for far-UV and near-UV CD
spectral measurements it was 0.2 and 0.5 mg/ml in phosphate buffer
of 20 mM at pH 7.8, respectively. For avoiding the scattering of the
beam by the silicate particles, all spectra were background-
corrected against buffer and [n-PrNH,-KIT-6] solution. The obtained
results were expressed as ellipticity (degcm? dmol~!) based on a
mean amino acid residue weight (MRW) of 114 Da for BLG-B having
the average molecular weight of 18.3 kDa.

2.2.4. Tm measurements

Heat denaturation curves were determined by monitoring the
changes of CD absorbance at 218 nm with an Aviv model 215 Spec-
tropolarimeter (Lakewood, NJ, USA) using a 1-cm cuvette. BLG-B
samples at a concentration of 0.2 mg/ml (for both free and immobi-
lized BLG) were dissolved in 20 mM potassium phosphate buffer,
pH 7.8. The temperature of sample solutions was measured directly
and raised linearly at a rate of 1 °C/min. The heating curves were cor-
rected for an instrumental baseline which obtained by heating the
buffer (20 mM potassium phosphate, pH 7.8 and mesoporous silica
solution) alone.

2.2.5. Fluorescence spectroscopy

Fluorescence intensity quenching of Trp residues by acrylamide
was monitored using a Hitachi spectrofluorimeter, MPF-4 model.
The widths of the excitation and the emission slits were 10.0 nm
and 5.0 nm, respectively. The tryptophan fluorescence spectra of
the free and immobilized BLG-B (same content of 0.05 mg/ml)
were measured in the presence of different concentrations of acryl-
amide (0-0.5 M). All experiments were carried out in the tempera-
ture range from 65 to 85 °C for both free and immobilized BLG-B.
The experiments were performed in 20 mM phosphate buffer
(pH=7.8).

The measurements of heat denaturation were performed as fol-
lows: the samples were held at temperatures of 65, 75 and 85 °C,
for 15 min. After 15 min heating each of the samples was cooled im-
mediately to the room temperature. The emission spectrum (excita-
tion at 295 nm) of each solution was measured between 300 and
470 nm and Aj.x determined (Fp). Acrylamide was added to the
sample to the final concentrations ranging from 0 to 0.5 M and the
resulting fluorescence intensity quenching was determined (F). The
data were analyzed using a Stern-Volmer plot (Fo/F versus acrylam-
ide concentration).

All measurements were made in triplicate.
3. Results and discussion

Amine-functionalized KIT-6 ([n-PrNH,-KIT-6]) nanoparticle as inor-
ganic-organic hybrids could be promising candidates for the immobili-
zation of BLG-B. The cubic mesoporous silica was fully characterized by
X-ray diffraction (XRD), FT-IR spectroscopy, nitrogen adsorption-
desorption isotherm, thermal gravimetric analysis (TGA), CHN elemen-
tal analysis and back titration [39], (Supplementary data).

3.1. Adsorption and leaching assessment

Protein molecules can be immobilized onto the pores of mesopor-
ous materials by simply immersing the mesoporous material in the
enzyme solution [2]. It has been observed that the immobilization
of proteins on the purely siliceous mesoporous nanoparticles results
in considerable leaching during reaction [7]. This is due to the weak
interactions between the protein molecule and the surfaces of the
mesoporous nanomaterials. Functionalization of the mesoporous
solid mesoporous enhances the interactions between the immobi-
lized protein and the solid surfaces. Our results also demonstrate
the advantages of functionalization in decreasing the leaching of the
enzyme from solid support.

The isoelectric point (pl) of BLG-B is around 4.5, and at higher pH
it is charged negatively. This implies that [n-PrNH,-KIT-6] has a
strong adsorptive capacity for BLG-B. Otherwise, the pKa of amino
groups is 9 and thus, at pH 7.8, the amine is protonized as -NH3".
Hence, thanks to electrostatic adsorption between BLG-B and the
mesoporous material surface at pH 7.8 the amine groups (with posi-
tive charges) are potential candidates to be grafted on the KIT-6 sur-
face for improving the efficiency of BLG-B immobilization.

We observed that amine-functionalized mesoporous silica nano-
particles ([n-PrNH,-KIT-6]) had a great capacity for adsorption of
BLG-B up to about 638 mg g~ ! of support. This amount of immobi-
lized BLG-B remains in agreement with the observed weight loss of
62.7% in the second step of TG curves for BLG-B-[n-PrNH,-KIT-6]
(Supplementary data).

After immobilization, the most important is to inhibit desorption
of the protein from the mesoporous material. The strength of the in-
teractions between protein molecules and the support can be tested
by measurement of the leaching of the protein. Leaching tests were
carried out in a phosphate buffer 20 mM, pH 7.8. The amount of pro-
tein leakage was confirmed by measuring the UV-vis spectrum after
stirring the silica in a phosphate buffer pH=7.8 for 2 h. After 2 h,
no changes were observed in the supernatant UV-vis spectra, con-
firming that the BLG-B does not leach from the studied [n-PrNH,-
KIT-6]. Hence it may be concluded that BLG-B molecules are tightly
adsorbed on the amine-functionalized mesoporous material. As a
final step, we corrected the data against mesopourous phosphate
buffer blank in order to avoid scattering. Since the leaching of the en-
zyme during 2 h (spectroscopic time scale) is essentially zero, we can
be confident that the spectroscopic signal corresponds to immobi-
lized protein.

3.2. UV-visible spectra studies

Protein aggregation is an inevitable consequence of cellular existence
and is a significant factor in a variety of pharmaceutical and biotechno-
logical processes. Decreasing protein aggregation in vivo is important
to prevent a range of diseases from sickle-cell anemia to Alzheimer's dis-
ease [40,41]. Improvement of structural and technologic stability of pro-
teins under extreme conditions is one of the ultimate goals of protein
science. Since temperature is an important physical variable, a wide
range of studies have been focused on elucidation of structure-stability
relationship under heat stress [18-25,39].
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The objective of this experiment is to identify the impact of immo-
bilization on the thermal aggregation of BLG-B. We hypothesized that
the immobilization of BLG-B onto the nanoparticles would influence
its unfolding and the aggregation of the protein. UV-visible spectro-
photometry has been extensively used as a sensitive monitor of sub-
tle changes in protein conformation and aggregation [42]. Proteins in
solution come in contact with each other because of a number of
forces, such as oppositely charged subunits or hydrophobic residues,
to form highly stable aggregates. Protein aggregation changes the
functional and enzymatic properties of a protein.

That's why control of aggregate formation in severe conditions is
the one of the interests of much current biotechnology. An absorption
change at 360 nm is a well-known evidence for the turbidity and ac-
cordingly the presence of aggregates [43,44]. The aggregation of the
free and immobilized BLG-B was monitored by measuring turbidity
versus temperature. Aggregation changes of free and immobilized
BLG-B measured at 360 nm is shown in Fig. 1. It was clearly shown
that immobilization of BLG-B markedly suppresses the protein aggre-
gation during heat denaturation. In case of immobilized BLG-B, the
midpoint of aggregation, Ta, has increased from 71.14+1 °C to 82.9+
1 °C (Fig. 1). It implies that the presence of additional electrostatic
interactions between mesoporous surfaces and BLG-B results in im-
proved structural stability of the protein and inhibits the formation
of aggregate species. This experimental evidence suggests that a
strengthening of the BLG-B molecule could be a simple and effective
strategy to minimize the deformation of its structure reducing its
heat unfolding.

Furthermore it is amply documented that the aggregation of pro-
teins depends heavily on the intensity of protein-protein interac-
tions. Hence any decrease of these contacts would prevent the
aggregation. Protein immobilization on a mesoporous nanomaterial
is a good strategy to reduce protein-protein interactions by changing
the protein's microenvironment. In fact, the obtained results show
that the heat-induced aggregation of protein is delayed by immobili-
zation of BLG-B on the [n-PrNH,-KIT-6].

3.3. Circular dichroism studies

Circular dichroism is an advanced method for monitoring second-
ary and tertiary structural changes in proteins, triggered by changes
of temperature, pH and so on [45]. It has also been used for structural
studies of immobilized enzymes onto the mesoporous materials
[39,46,47]. The far UV-CD spectra for free and immobilized BLG-B
from 25 °C up to 85 °C are shown in Fig. 2 (a, b) and the results of ap-
plying the CDNN software to the calculation of secondary structure
content are summarized in Tables 1a and 1b. Fig. 2 (a, b) shows the
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Fig. 1. Turbidity (OD3g0) vs. temperature for free (— —) and immobilized BLG-B (—).

BLG concentration was 0.5 mg ml~ ' in 20 mM phosphate buffer, pH 7.8.
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Fig. 2. Far-UV circular dichroism (CD) spectra of free (a) and immobilized BLG-B (b) mea-
sured at different temperatures from 25 to 85 °C in 20 mM phosphate buffer, pH 7.8.

CD spectrum of BLG-B, which has a strong minimum peak at
218 nm typical of predominant 3-sheet. A comparison of the far-Uv
CD spectra of free (Fig. 2 (a)) and immobilized BLG-B (Fig. 2 (b)) re-
veals that elevating temperature leads to a considerable change in
far-UV CD spectra of free BLG-B relative to immobilized BLG-B, indi-
cating a more intense unfolding of free BLG. In case of free BLG-B
the amount of 3-sheet and a-helix decreased considerably compared
to immobilized BLG-B. The present results therefore indicate an al-
most 10% and 15% loss of a-helix and B-sheet in the range of 25 to
85 °C in case of free BLG-B, respectively (Table 1a).

The X-ray crystal structure of BLG-B shows a three-turn helix to be
the main secondary structural feature of protein [48]. Disruption of
the three-turn helix could induce exposure of the free thiol, Cys-
121, that is normally buried in a hydrophobic cleft. Around 65 °C
the free thiol group becomes exposed and is able to form new inter-
molecular disulphide bridges [49]. The decrease in B-sheet amount
in the temperature range studied can be explained by the destabiliza-
tion of monomers, which form in the dimer an intermolecular 3-sheet
with its partner. However, the immobilized BLG-B exhibits a remark-
able resistance to thermal denaturation in comparison with free BLG.

Table 1a
Typical structural changes of free BLG-B in raising temperature as shown by the analy-
sis of CD spectra.

Temperature (°C)  PB-Sheet (%) Random coil (%)  «-Helix (%)  Turn (%)
25 36.4 34.7 12.0 16.9
35 35.4 34.6 123 17.7
45 35.2 349 121 17.8
55 34.7 35.1 119 183
65 34 354 11.8 18.8
75 32.5 36.6 114 19.5
85 31 37.7 10.8 20.5
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Table 1b
Typical structural changes of immobilized BLG-B in raising temperature as shown by
the analysis of CD spectra.

Temperature (°C)  [3-Sheet (%) Random coil (%)  «-Helix (%)  Turn (%)
25 36.5 31.7 1255 193
35 36.5 31.7 125 193
45 36.7 325 123 18.5
55 36.8 30.7 12 20.5
65 36.4 32 119 19.7
75 35.7 323 11.7 20.3
85 34.5 327 11.6 21.2

The analysis of CD spectra of immobilized BLG-B demonstrated al-
most 7% and 5% loss of a-helix and B-sheet in the range of 25 to 85 °C,
respectively (Table 1b). These results confirmed that BLG-B complex
with [n-PrNH,-KIT-6] has greater structural stability due to the inter-
actions of BLG-B with the mesoporous surfaces, and the conformation
of BLG-B conserves -strand structure. In summary, increased resis-
tance to heat denaturation induced by new and additional linkages
between protein and mesoporous surfaces was observed.

Measurements of protein tertiary structure can be obtained by sol-
vent accessibility assays of active chromophores in proteins such as
aromatic amino acid residues. Protein denaturation, where the pro-
tected hydrophobic core of a globular protein becomes exposed to
the solvent, can be monitored by changes in the near-UV CD spectrum
in the region of 260-340 nm.

The near-UV CD spectrum of the BLG-B (Fig. 3 (a, b)) has negative
peaks between 290 and 310 nm, resulting from two tryptophans (Trp19
and 61), four tyrosines (Tyr 20, 42, 99, and 102), and four phenylalanines
(Phe 82,105, 136, and 151). All of these amino acids may contribute to the
CD signal. However, Trp residues are the main contributors to the near-
UV CD signal.
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Fig. 3. Near-UV CD spectra of free (a) and immobilized BLG-B (b) measured at different
temperatures of 65, 75 and 85 °C in 20 mM phosphate buffer, pH=7.8.

Furthermore, Tyr and Phe generally do not absorb above 270 and
290 nm, respectively. Therefore, the negative bands above 290 nm
can be attributed to asymmetrically perturbed Trp residues [50-53].

Thermally-induced structural changes were studied by near-UV
CD spectroscopy of solutions of the free and immobilized BLG-B
after heating the samples for 15 min at 65 °C, 75 °C and 85 °C. Increas-
ing temperature from 65 to 85 °C induced a significant and measur-
able red shift in the ellipticity (6 nm) of free BLG-B (Fig. 3 (a))
whereas no detectable changes were monitored for ellipticities in
the near-UV CD region in the case of immobilized BLG-B (Fig. 3 (b)).
In light of accessibility data, a red-shifted ellipticity at 299 nm upon
thermal stress is attributable to more exposure of the Trp component
in free BLG-B in comparison with the immobilized BLG-B. When BLG
is immobilized on the [n-PrNH,-KIT-6] nanoparticles the partial res-
toration of ellipticities at 299 nm is observed.

It was suggested that temperature-induced unfolding of BLG-B
disrupts the anisotropic environment of Trp residues of free BLG rel-
ative to immobilized BLG-B. In other words, this indicates that for
free BLG-B thermal unfolding of the whole molecule over the temper-
ature range measured results in increased access of the solvent to the
tryptophan residues.

Further argument supporting the increase of heat stability of
BLG-B after immobilization on the [n-PrNH,-KIT-6] was supplied by
BLG-B melting experiments. We used far-UV CD spectroscopy to de-
termine the melting temperatures (Tm) of free and immobilized
BLG-B. The values of Tm of free and immobilized BLG-B were deter-
mined, respectively, by monitoring their [0, nm] Values as a function
of temperature from 40 to 100 °C with a rate of 1 °C/min (Fig. 4). For
each monitored transition, the Tm of tested solution was determined
as the transition midpoint of the melting curve. It can be seen from
Fig. 4 that the Tm of free BLG-B is 70.2 4+-1 °C, whereas, the observed
Tm of immobilized one is 89.5+1 °C.

The significant increase in Tm (AT=19 °C) in immobilized BLG-B
measured by CD is in agreement with our previous observations on
the great efficiency of immobilization for increased structural heat
stabilities of the protein. It is also noteworthy to mention that immo-
bilization provided not only partial protection against the secondary
structural changes as temperature increases, but also renders more
stable tertiary structure. It is widely documented that any increase
in Tm should result in an increase in protein stability. Therefore, an
increase in Tm may indicate that immobilization has a stabilizing ef-
fect on protein structure.

A possible reason for the increase in the Tm in the immobilized
protein may be the stabilization of several loops, which may become
more firmly held upon immobilization and subsequent confinement.
Confinement effect provides a more rigid external backbone for
BLG-B molecules, where as the effect of higher temperatures in
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Fig. 4. Temperature-induced melting curves of free BLG-B (a) and immobilized BLG-B

(b) at pH 7.8, 20 mM phosphate buffer, determined by recording the molar ellipticity
changes at 218 nm.
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breaking the new and additional linkages that were established upon
immobilization, became less prominent, thus increasing the thermal
stability of the immobilized BLG-B. The increased thermal denatur-
ation temperature (Tm) of BLG-B upon immobilization is also in a
good agreement with observed increase of thermal aggregation tem-
perature (Ta).

After Ta and Tm measurements (30 min), leaching test was ap-
plied to the samples to get clear stability information upon immobili-
zation. We found the small amount of free BLG-B (13%) in the
supernatant that is not large enough to interfere with our aforemen-
tioned measurements. However, it seems likely that in the presence
of temperature, the unfolding process will postpone after the immo-
bilization of BLG-B onto the nanoporous support.

3.4. Fluorescence studies

Fluorescence spectroscopy is a useful technique for studying the
structure of protein molecules in solution. The intrinsic fluorescence
of tryptophanyl residues is widely used in protein structural studies.
In particular, the phenomenon of fluorescence quenching has great
application since it is suggested to reflect the accessibility of apolar
amino acids, i.e. the fluorescent residues, to the quenching molecule
[54]. This technique has been applied mainly to soluble proteins.
However, it is potentially interesting also for immobilized proteins,
and it has indeed been successfully used for this purpose in previous
studies [39,55-58]. One of the most well known water-soluble
quenchers is acrylamide [59].

Bovine BLG-B has two Trp residues: Trp-19 and Trp-61. From crys-
tal structure studies [47], Trp19 is placed at the base of the central hy-
drophobic calyx of the protein, while Trp 61 is located on the external
loop. Therefore, the intrinsic fluorescence of BLG-B is mostly attribut-
ed to Trp19, positioned in a more apolar environment than Trp 61
[60].

Acrylamide was used as a fluorescence quenching probe to inves-
tigate exposure of Trp residues on the protein surface for free and
immobilized BLG-B upon heat treatment. Tryptophan quenching of
free and immobilized BLG-B reveals their interaction with acrylamide.
The fluorescence quenching data were analyzed by the Stern-Volmer
equation, Eq. 1 [61]:

Fo/F = 1+Ksv[Q] (1)

where Fy and F are the steady-state fluorescence intensities in the ab-
sence or presence of quencher, respectively, Ksv is the Stern-Volmer
quenching constant, and [Q] is the concentration of quencher. The
values of Ksv at different temperatures are shown in Table 2. The lin-
earity of the Fy/F versus [Q] plot is shown in Fig. 5. As shown in
Table 2, the quenching constant Ksv increases with increasing tem-
perature, indicating that the probable quenching mechanism of
BLG-B is a dynamic quenching procedure involving complexation be-
tween acrylamide and BLG-B.

The dependence of quenching on acrylamide concentration is linear.
Linearity in the Stern-Volmer plot excludes the occurrence of protein
denaturation, because this would produce an upward curving plot.
The slope of immobilized BLG-B (Fig. 5 (b)) is lower than that of the
free BLG-B (Fig. 5 (a)) at all temperatures studied (65-75 and 85 °C),

Table 2

Acrylamide quenching of free and immobilized BLG-B as a function of temperature. The
values of Ksv (M~ ') were determined for each temperature as described in Materials
and methods and represent the typical average of three measurements.

Temperature (°C)  Ksv (M~ ') for BLG-B Ksv (M~ !) for immobilized BLG-B

65 3.2 24
75 3.6 27
85 5.1 3.6

a

3.5 4

34

2.5 1

24

1.5 1

-

14

0-5 T T T T 1
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[Acrylamide] (M)

=

Fig. 5. Representative Stern-Volmer plot analysis of the acrylamide quenching of free
(a) and immobilized BLG-B (b) At 65 (circles), 75 (squares) and 85 °C (triangles).

suggesting that an appreciable tightening of the structure around tryp-
tophans and/or a further shielding of these residues from collisions oc-
curs upon immobilization.

The Ksv values at 65 °C for immobilized and free BLG-B are 2.4 and
2.8 M~ !, respectively. More importantly, the Ksv increment is higher
for free BLG-B (by 1.92 times) than immobilized BLG-B (1.50 times)
in the range of 65-85 °C (Table 2). Overall, these results suggest
that the accessibility of acrylamide to fluorophores is higher in the
free BLG-B than in the immobilized-BLG-B.

The structural stabilities of BLG-B induced by its immobilization on
amine-functionalized mesoporous materials require more discussion.
It is amply documented that the main driving force in stabilization of
proteins upon their immobilization is due to establishing new interac-
tions between proteins and mesoporous walls [46,47,62]. Additionally,
upon immobilization the apparent volume of the protein environment
decreases and the protein becomes denser acquiring more stable con-
formational structure. This property of the mesoporous materials has
been correlated with its ability to protect the structures and functions
of proteins against heat inactivation. Since polar groups are present on
the surface of mesoporous materials as well as the protein, their hydra-
tion is favorable for hydrogen bond formation.

It is well documented that proteins are more hydrated inside silica
pores. As a consequence, it is also expected to help increase protein
thermal stability. It is believed that Hofmeister ions, and hence also
the presence of silanol groups on the silica surface, might influence
the embedded protein structure indirectly through changes in the
physical and hydrogen-bonding properties of water, which might be
the reason for increased hydration of the protein. Part of this effect
can also be attributed to a decrease of the rotational and translational
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dynamics of the system [63]. In addition to confinement effects and
establishing hydrogen bonds, electrostatic interactions also play a
key role in increasing the stability of immobilized proteins. This find-
ing is of particular interest in potential uses of BLG as a vector for
pharmaceuticals into the gut, since it would protect BLG and its com-
plexes with pharmacophores of interest in the highly hydrolytic sur-
roundings of the GIT (gastrointestinal tract). This could enable
entirely novel uses of this highly abundant protein, which can be pro-
duced on an industrial scale for human and veterinary pharmaceuti-
cal supplies. The synthesis of previously unknown derivatives of
mesoporous silica nanoparticles able to bind proteins inside their
pores also creates large opportunities to form stabilized enzymes
with significantly increased heat stability, because they are sheltered
against proteolytic and hydrolytic deactivation when hidden and sta-
bilized inside the pores of the silica. Enzymes or vectors such as BLG
could in this way be given properties approaching those of naturally
occurring heat- and/or pH-tolerant extremophilic enzymes, and
would likely be rendered resistant to an even more diverse set of el-
ements than natural enzymes, which are usually stabilized against ei-
ther heat or pH or molecular strength only.

4. Conclusions

In summary, we have investigated the ability of [n-PrNH,-KIT-6]
for application in the immobilization of BLG-B. It was shown spectro-
scopically that [n-PrNH,-KIT-6] has a great potential for adsorption
and retention of BLG-B. UV visible studies showed that immobiliza-
tion prevents the thermally induced aggregation of BLG-B. Far and
near-UV CD demonstrated that the secondary and tertiary structures
of immobilized BLG-B were more stable against temperature in com-
parison with free BLG. Measurement of the melting temperature
showed that the Tm of immobilized BLG was 19 °C higher than that
of free BLG. Acrylamide fluorescence quenching studies of free and
immobilized BLG-B showed that immobilized protein was less
prone to Trp-residue quenching due to increased structural stability
that has occurred owing to new interactions between protein and
the mesoporous silica surfaces. In the result a very promising new
material was produced which may greatly improve the formulation
of pharmaceuticals sensitive to different degradations during admin-
istration and which may also allow to protect several industrial en-
zymes exposed otherwise when in free form, to different forms the
denaturation.
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