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Abstract The organic—inorganic composite materials
based on mesoporous silica were synthesized using sol-gel
method. The surface area of silicas was modified by bovine
serum albumin (BSA) and guanidine polymers: polyacrylate
guanidine (PAG) and polymethacrylate guanidine. The mes-
oporous silicas were characterized by nitrogen adsorption—
desorption analysis, Fourier transform infrared spectroscopy,
transmission electron microscopy. The obtained materials
were used as adsorbents for selective bilirubin removal. It was
shown that the structural properties and surface area of mod-
ified materials depend on the nature of polymers. Incorpora-
tion of polymers in silica gel matrix during sol-gel process
leads to the formation of mesoporous structure with high pore
diameter and a BET surface area equals to 346 m?/g for SiO,/
BSA and 160 m%*/g for SiO,/PAG. Analysis of adsorption
isotherms showed that modification of silica by BSA and
guanidine polymers increases its adsorption ability to bilirubin
molecules. According to Langmuir model, the maximum
bilirubin adsorption capacity was 1.18 mg/g.

Keywords Sol-gel - Mesoporous silicas - Bovine Serum
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1 Introduction

Sol-gel technology is well known process for obtaining nano-

and mesoporous materials using different precursors based on
metal alcoholates [1-3]. The sol—gel process is a fairly example
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of self-organization of molecular systems. One of the most
important advantages of sol-gel method is to inherit new
properties of the obtained materials by the immobilization of
different organic and inorganic compounds inside a silica
matrix. Moreover, sol-gel technique is one of the simplest
methods for protein encapsulation [4, 5] with the following
application of new obtained hybrid materials in different
branches of nanobiotechnology.

Nowadays, several methods have been developed for an
effective removal of different toxins from human plasma,
such as plasma exchange, hemodialysis and phototheraphy
[6, 7]. However, hemoadsorption has become the most
promising technique [8]. There are generally used neutral
sorbents (activated carbon, silica, alumina gels, neutral-
polymers) in hemoadsorption [9]. As a result these sorbents
are not so effective for removal of different toxins because
most of them are microporous and are not capable to remove
biomolecules with high molecular mass such as bilirubin [9].

The aim of this study is to synthesize mesoporous hybrid
materials based on silica modified by bovine serum albumin
(BSA) and guanidine polymers which can be used for the
selective removal of bilirubin (BR) from water solutions (pH
7.4) simulated human plasma. BR is a tetrapyrroledicarb-
oxylic acid that is formed in the normal metabolism of heme
proteins in red blood cells, and it is normally conjugated with
albumin to form water-soluble complex [10]. The free BR is
toxic and high concentrations of bilirubin can evoke hepatic
and permanent brain damage [11] (Fig. 1).

2 Experimental
2.1 Reagents and materials

Bovine serum albumin (“Agat-Med”, M = 66430.3), bil-
irubin (“Agat-Med”, M = 584.7) were obtained from

@ Springer



J Sol-Gel Sci Technol (2013) 67:297-303

i T P ¥
e —HC—C— —H,C—C—
C ¢ ‘
N /N C. _
Qi 070 o o
H\*H ey +
NG HzN\\é;NHg HZN\C//NH2
¢ - |
NH
L uN Ne | )L >
n n
a b c

R = H - polyacrylate guanidine (PAG)
R = CH3 - polymethacrylate guanidine (PMAG)

Fig. 1 Structural formulas of guanidine polymers (a, b, ¢) and
bilirubin (d) in ridge-title conformation stabilized by six intermolec-
ular hydrogen bonds

commercial sources. TEOS (tetraethyl orthosilicate, 99 %)
was purchased from closed-company “Ecos-17. All the
above materials were used without further purification.
Deionized water was used throughout this work. The
guanidine polymers: PGA (M = 400,000) and PMAG
(M = 500,000) were synthesized at the department of
macromolecular compounds of the Kabardino-Balkar State
University by N.M. Berbekova. They were recrystallized
from a water—acetone mixture with the following drying
under vacuum at 60 °C.

2.2 Synthesis of non-modified silica

A typical synthetic procedure of non-modified silica used
TEOS and water in relative molar ratios of 1:4 [12]. In a
typical synthesis, 4 g TEOS was mixed with 1.668 g water
and stirred for 2 h. The ammonia buffer (pH 9) was added
as a base catalyst. The final product was transferred into a
Petri dish for solvent evaporation at room temperature. The
obtained powder sample was dried under vacuum at 50 °C
during 2 days.

2.3 Synthesis of silica modified by BSA and guanidine
polymers

It has already described some similar synthetic routes of
albumin immobilization inside silica gel matrix [4, 5].
They used the acid conditions for obtaining albumin-con-
taining glasses. In our case the synthesis of silicas modified
by BSA, PAG and PMAG was similar to the one described
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above but we used basic conditions to obtain ultra disper-
sive powders. For this aim it was used the same molar ratio
of TEOS/H,O such as in previous synthesis. The different
content of BSA (from 0.02 to 0.08 g) was added in water
during sol-gel process to prepare solutions with necessary
concentration of BSA. Then prepared solutions were mixed
with TEOS and stirred for 2 h. The same process of syn-
thesis was applied for silica modified by guanidine poly-
mers with a content of the PAG ranged from 0.1 to 0.3 g
and the PMAG from 0.1 to 0.2 g. The ammonia buffer was
used as a base catalyst. The pH value equals to 9 and was
measured by pH-meter U-500 (“Aquilon”, Russia). The
final product was transferred into a Petri dish for solvent
evaporation at room temperature. The obtained powder
samples were dried under vacuum at 50 °C during 2 days.

2.4 Characterization of mesoporous adsorbents

The obtained materials were characterized by common
analytical techniques. Nitrogen adsorption measurements
were carried out at 78 K using Micromeritics ASAP 2020
analyzer. Before the experiment all samples were heated at
500 °C for 8 h. This procedure was used for removing of
all organic molecules from silicas (all samples were
degassed) in order to calculate pore size, surface area and
pore volume. The specific surface area was calculated by
employing the Brunauer-Emmett-Teller (BET) method
[13] in the range of relative pressure from 0.05 to 0.25.
Average pore sizes (dgyy) were estimated using the BJH
method [14], while pore size distribution from desorption
branches of isotherms using the same approach. FTIR
spectra were obtained on Avatar 360 FTIR spectrometer by
the KBr pellet method. Transmission electron microscope
(TEM) images of obtained samples were performed using
electron microscope (EMW-100 L) operated at 50 kV.

2.5 The adsorption of bilirubin from aqueous solution

The magnitude of BR adsorption on the surface of non-
modified and modified silicas was determined as the dif-
ference between its initial and equilibrium concentrations
in a water solution (pH 7.4) after contact with a sorbent
from the formula

(Co - Cads) -V
m

0= (1)
where Q is the magnitude of BR adsorptions, mg/g; C, and
C,qs are the initial and equilibrium of BR in a water
solution, mg; V is the volume of the solution, ml; and m is
the mass of the sorbent sample, g. The UV-visible spectra
of solutions and suspensions were recorded on SF-104
spectrophotometer (“Aquilon”, Russia). All adsorption
experiments were performed in darkness. Initial solutions
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were prepared by dissolving bilirubin in a small amount of
alkaline solution with the following addition of phosphate
buffer (pH 7.4). In a typical adsorption system, 5 ml of
prepared solutions containing different concentrations of
BR was incubated with 45 mg of particles, at 25 °C for
2 h. The pH values were measured by a pH-meter U-500
(“Aquilon”, Russia).

3 Results and discussion

3.1 Synthesis and characterization of the obtained
materials

It is well known that albumin is amphoteric molecular
whose surface charge depends on the pH value of the
medium. The isoelectric point of BSA equals to 4.7 [15] so
at a pH bellow its isoelectric point, protein surface has
positive charge; above its isoelectric point the protein
surface has negative charge. The conformation of albumin
can be changed due to changes in pH value (Fig. 2). During
the sol-gel process, negative charges of silica surface
should cause repulsion of albumin molecular. However, the
interaction between albumin molecules and silica surface is
a very complex process, which is driven by not only
electrostatic forces but also including van der Waals,
hydrophobic and hydrophilic forces [16]. Soft proteins
such as albumin undergo conformational changes under the
influence of hydrophobic (dispersive) forces [17]. Previ-
ously it was already discussed in [18] that significant
amount of immobilized protein is observed for slightly
hydrophilic particles even under repulsive electrostatic
condition. Thus, hydrophobic/hydrophilic effects are
playing more important role than electrostatic interactions.
Therefore, since the surface charges of silica are negative,
the interaction between silica surface and BSA is based on
hydrogen bonds (between Si—-OH and -COOH of BSA) and
hydrophobic/hydrophilic effects [19].

The guanidinium cation (C(NH,)7) in the guanidine
polymers can react with nucleophilic agent in a wide range
of pH value (from 6 to 11) [20]. As a result, during the sol—
gel process negative charges of silica surface can easily
interact with positive charge of guanidinium cation via
electrostatic interactions.

The TEM images of the obtained materials are shown in
Fig. 3. All investigated samples are spherical particles. The

Fig. 2 Stability of bovine
serum albumin at different pH
values

+

pH 2.7-4.3

size of particles ranges from 20 to 1,000 nm. The non-
modified silica is characterized by the smallest particle size
distribution. It is clearly seen that the addition of a large
amount of BSA (from 0.06 to 0.08 g) inside the inorganic
matrix of silica leads to the particles aggregation of parti-
cles. The same result is obtained for silicas modified by
guanidine polymers.

The obtained materials were examined by FTIR to
characterize the modification by adding BSA and PAG/
PMAG in the silica matrix during sol-gel process. The
FTIR patters of all obtained adsorbents showed similar
locations and appearance of the major bands (Fig. 4). The
FTIR spectrum of non-modified silica has following
important  bands: 3,470 + 3,420, 1,630, 1,390,
1,060 = 1,220, 960 and 798 cm™!. The features around
960 and 1,060 cm ™" are assigned to the Si—O-Si stretching
vibrations [21, 22]. The vibrations of Si—-OH appeared
around 1,630 and 3,470 cm™! [23]. As it was described in
[24] the FTIR spectrum of pure BSA is characterized by a
set of several peaks at 3,430, 3,062, 1,650 and 1,531 cm™!
which are assigned to the stretching vibration of —OH,
amide A (-NH stretching vibrations), amide I (C=0
stretching vibrations) and amide II (N-H bending vibra-
tions). The FTIR spectrum of silica modified by BSA the
most important peaks are the amide-I band (C=O stretching
vibration) localized at 1,650 cm_l, and the amide-II band
(N-H bending vibration) at 1,540 cm™' (Fig. 3). The FTIR
spectra of silicas containing PAG and PMAG show the
same peaks which correspond Si—O-Si and Si—OH vibra-
tions. The peak at 860 cm™' corresponds to the CH,=C
non-planar bending vibrations. The bands around 1,680 and
1,656 cm™" correspond to the N=C stretching vibrations
and —-NH, bending vibrations [25].Thus, we conclude that
BSA and guanidine polymers have been successfully
grafted onto the silica skeleton.

To investigate a removal of the template molecules
(BSA, PAG and PMAG) from the silica surface, the
modified silicas were extensively washed in aqueous
solution (pH 7.4) for 4 h at room temperature. It was
determined that surface modification by a high amount of
albumin (more than 0.06 g of BSA) leads to the removal of
polymer molecules from silica surface which was con-
firmed by UV-spectroscopy. The UV-spectrum of water
suspension of silica modified by 0.08 g of BSA showed the
characteristic peak at A = 280 nm which is typical for pure
albumin. Also it was determined that the limited content of

@ Springer



300

J Sol-Gel Sci Technol (2013) 67:297-303

(b)

Fig. 3 TEM images of the obtained materials: non-modified silica (X38000, a); BSA-modified silica with a content of BSA of 0.02 g (X35000,
b); BSA-modified silica with a content of BSA of 0.04 g (X19500, ¢); BSA-modified silica with a content of BSA of 0.06 g (X19500, d)
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Fig. 4 A FTIR spectra pattern of the obtained adsorbents: non-
modified silica (/), BSA-modified silica with a content of the BSA of
0.06 g (2), PAG-modified silica with a content of the PAG of 0.3 g
(3), PMAG-modified silica with a content of the PMAG of 0.2 g (4)
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guanidine polymers inside silica matrix should not be more
than 0.2 g for PMAG and 0.3 g for PAG.

The nitrogen adsorption—desorption isotherms for non-
modified and modified silicas are shown in Fig. 4.
According to BDDT (Brunauer, Deming, Deming and
Teller) classification, the isotherms 2 and 3 are referred to
fourth type of isotherms which are typical for mesoporous
materials. The form of hysteresis is related to H3 type
which corresponds to adsorbents with slit-shaped pores
[14].

The specific surface area of the adsorbents was deter-
mined using the multipoint BET measurement. The pore
diameter and the average pore diameter of the adsorbents
were determined using BJH method [14]. The structural
properties of the adsorbent samples are shown in Table 1.

The surface area, pore volume and pore size of non-
modified silica are all lower than the modified silicas
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Table 1 Physical properties of the obtained adsorbents

No. Sample Specific area  Total pore volume Pore size
(m?g) (em™/g) (nm)
Si0, 40 0.015 2.56
2 Si0,/PAG 160 0.27 9.2-15
039
3 SiO,/BSA 346 0.42 10-16
(0.06 g)

containing BSA and PAG. According to the IUPAC clas-
sification, the form of isotherms and physical properties
(total pore volume) show that non-modified silica is non-
porous material whereas silicas containing BSA and PAG
are mesoporous. As a result, the modification by BSA and
guanidine polymers increases the surface area, pore volume
and pore size of the obtained adsorbents. The silica mod-
ified by BSA is characterized by the highest surface area
and pore size. It might be explained by the fact that mol-
ecules of polymers can be used as templates to form nec-
essary pore size. The pore size distributions of the obtained
materials are shown in Fig. 5. Incorporation of the poly-
mers inside silica matrix increases pore size of the obtained
adsorbents. The pore diameter of silica containing BSA
varies over a range from 10 to 16 nm and the average pore
diameter equals to 14 nm. The pore diameter of silica
modified by PAG varies over a range of 9—15 nm and the
average pore diameter equals to 12 nm.

3.2 The adsorption isotherms of the modified and non-
modified silicas

Langmuir equation was used to analyze the experimental
adsorption isotherms in Fig. 6.
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Fig. 5 Nitrogen adsorption—desorption isotherms of obtained adsor-
bents: non-modified silica (/), silica modified by PAG (2), silica
modified by BSA (3)
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Fig. 6 A pore size distribution of the obtained adsorbents: non-
modified silica (/), silica modified by PAG (2), silica modified by
BSA (3)
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where b is the Langmuir isotherm constant. The ratio of
Onax (mg/g) gives the theoretical monolayer saturation
capacity of the adsorbent, C is the equilibrium concentra-
tion (mg/ml) of BR.

The isotherms of Langmuir model for BR adsorption on
non-modified and modified silicas are displayed in Fig. 7.
As it can be observed the adsorption of BR rapidly
increased in the initial phase and a saturation value is
achieved at a bilirubin concentration equals to 3.2 mg/ml.
In accordance with Langmuir model, it is clear that
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Fig. 7 Isotherms of BR adsorption on the surface: non-modified
silica (1), PMAG-modified silica with a content of the PMAG of 0.2 g
(2), PAG-modified silica with a content of the PAG of 0.3 g (3), BSA-
modified silica with a content of the albumin of 0.06 g (4)
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Table 2 The adsorption capacities for BR of various adsorbents

Sample Adsorption capacity R?
(Qinax» Mg/g)

SiO, 0.47 0.984
Si0,/BSA (0.02 g) 0.93 0.942
Si0,/BSA (0.04 g) 1.02 0.948
Si0,/BSA (0.06 g) 1.18 0.986
Si0,/PAG (0.1 g) 0.94 0.991
Si0,/PAG (0.2 g) 1.09 0.987
Si0,/PAG (0.3 g) 1.10 0.987
Si0,/PMAG (0.1 g) 0.62 0.904
Si0,/PMAG (0.2 g) 0.64 0.951

equilibrium adsorption capacity for BR on non-modified
silica, silica modified by PMAG (0.2 g), silica modified by
PAG (0.3 g) and silica modified by BSA (0.06 g) was 0.47,
0.64, 1.10 and 1.18 mg/g, respectively. Table 2 shows the
equilibrium adsorption capacity and the correlation coef-
ficients for all analyzed samples. According to the corre-
lation coefficients, Langmuir adsorption model is suitable.
It can be seen that modification of silica surface by BSA
and guanidine polymers increases adsorption capacities for
BR molecules.

The adsorbents containing BSA and PAG are charac-
terized by the highest adsorption ability relative to BR
molecules. The high adsorption capacity of silicas modified
by BSA is most probably due to the formation of strong
intermolecular complex between bilirubin and albumin
molecules grafted on the silica surface. This type of
binding can occur through various non-covalent forces
such as hydrogen bonds, van der Waals attractions and
hydrophobic interactions [26, 27]. As for silicas modified
by guanidine polymers, the increase of adsorption capacity
is likely to be due to electrostatic interactions between
—COO™ groups of bilirubin and guanidinium cation
(C(NH,)7) in the guanidine polymers. Besides, the large
specific surface area of modified silicas can also lead to the
increase of adsorption capacity of bilirubin molecules. The
adsorption capacity of PMAG-modified silica is not so high
compared to the adsorbents containing BSA and PAG
because of influence of -CHj; group in PMAG which pre-
vents the interaction between BR molecules and surface of
silica matrix.

4 Conclusions
The experimental results show that mesoporous silicas
containing natural and synthesized polymers were suc-

cessfully prepared via sol-gel process. The results indicate
that the addition of polymers in silica gel matrix increased
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physical properties of the obtained materials: specific sur-
face area, pore volume and pore size. The bilirubin
adsorption process on surface of the obtained adsorbents
was studied. It was determined that incorporation of bovine
serum albumin and guanidine polymers in silica gel matrix
increases adsorption capacity for bilirubin molecules.
Besides, it was discussed possible interactions between
bilirubin and polymers grafted on the silica surface. The
results of adsorption ability of these adsorbents show a
potential application of the obtained materials as effective
hemoadsorbents for bilirubin removal in hemoadsorption.
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