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Abstract Polyvinylpyrrolidone (PVP) modified silica
coated with albumin as host matrices for bilirubin removal
were synthesized through sol-gel method. Such materials
were characterized by scanning electron microscopy,
nitrogen adsorption, Fourier transform spectroscopy and
elemental analysis. It was shown that PVP grafted onto
silica provides strong and high immobilization of BSA in
comparison with pure silica. These modified silicas with
different content of BSA were used to study bilirubin
adsorption from the bilirubin—phosphate solutions (pH 7.4).
The effect of time, ionic strength and concentration on the
bilirubin adsorption were investigated as well. The results
demonstrate that the adsorption capacity of tested samples
increases after surface modification. The maximum
adsorption capacity for bilirubin was 2.82 mg/g.
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1 Introduction

Nowadays, many studies have focused on the preparation
of different organo-functionalized materials for biomedical
and pharmaceutical applications [1]. Moreover, drug
release can be easily controlled through adjusting the
structure of such organo-functionalized materials, their
surface properties and particle size. Controlling the mor-
phology and surface properties of organo-functionalized
materials provides the unique physicochemical properties
for biomedical applications such as sutures, artificial tis-
sues, implants and drug delivery systems [2].

The wide potentialities of the sol-gel method in the field
of surface functionalization were demonstrated by the
synthesis of silica modified with different polymers [3-5].
The sol-gel method provides a possibility to design dif-
ferent materials keeping control over their chemical and
physical properties [6]. Besides, the nature of functional
groups in polymer fragment grafted onto silica surface
plays an important role in morphology and interface phe-
nomena [2, 7] that opens a great potential to use such
materials in drug delivery systems or treatment of different
toxicological diseases.

One of the well-known endogenous toxins is bilirubin [8].
Normally, bilirubin is conjugated with albumin forming
water-soluble complex in a blood plasma [9, 10]. But a high
concentration of free bilirubin in blood plasma can evoke
hepatic and permanent brain damage [11]. Many techniques
have been employed for removal of the high concentration
of free bilirubin from plasma in order to prevent the hepatic
and brain damage [11]. However, hemoperfusion treatment
based on application of hemoadsorbents is one of the most
effective techniques at present time [12, 13]. Thereby, the
development of new approaches to improve adsorption
capacity of these hemoadsorbents is actual aim.
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Some researchers have prepared several adsorbents for
bilirubin removal [9, 10]. In a recent paper, the novel
adsorbents based on carbon nanotubes were synthesized and
a good adsorption capacity for bilirubin removal was dem-
onstrated [11]. The great potential of titania films and
nanoparticles, synthesized using sol-gel technique for bili-
rubin adsorption, were shown as well [14—16]. Yang and his
colleges prepared nanostructural hydroxyapatite for moni-
toring the adsorption/degradation behavior of bilirubin. [17].
We also showed in our previous work that bilirubin mole-
cules can be easily attached to guanidine polymers via
electrostatic interactions [18]. However, despite of the wide
range of different valuable adsorbents, the synthesis and
modification of new efficient materials for bilirubin removal
is still actual purpose in a modern material science.

The sol-gel method is a well-known technique for
protein immobilization [19-25]. However, some disad-
vantages have been found in synthesis of protein-imprinted
materials associated with manipulation of protein—surface
interactions [26]. The interaction between protein and sil-
ica surface might be not strong enough to prevent the
protein leaching [26]. This problem can be solved using
covalent immobilization (hard synthetic conditions) or via
formation of a strong complex between protein and bio-
compatible polymers grafted onto silica surface [27-30].
Such biopolymers grafted onto silica surface can increase
binding affinity to the protein.

In our study we used PVP as a biocompatible polymer
which can interact with bovine serum albumin (BSA). PVP
has already been used for surface modification with dif-
ferent materials such as metal oxide [31, 32], polystyrene
[33], silica [34], graphite [35] etc. Moreover, the unique
biocompatibility of PVP with different biomolecules and
peptides allows to consider PVP as an effective agent in
sol—gel synthesis for surface improvement [32-35].

In this study we prepared PVP-modified silica particles
(PVP-MSIiNs) coated with BSA (PVP-MSiNs@BSA) via a
sol-gel method as effective adsorbents for bilirubin

removal from aqueous solutions at pH 7.4. The preparation,
characterization and application of such materials in bili-
rubin adsorption were presented and discussed in details.
Also we compare the adsorption capacity of our materials
with analogues reported in literature (Table 1).

2 Experimental section
2.1 Reagents and materials

TEOS (tetraethoxysilane, 98 %) Si(OC,Hs), was obtained
from commercial chemical company “Ecos-1” (Russian
Federation). PVP (M,, = 10.000 g/mol) and BSA (bovine
serum albumin, M,, = 66,430 g/mol) were supplied by
Sigma-Aldrich (USA). Bilirubin (M,, = 584.7 g/mol) was
purchased from Sigma-Aldrich (USA). Aqueous solutions at
pH 7.4 were prepared by dissolving bilirubin in NaOH solu-
tion, lowering the pH by addition of phosphate buffer and
filtering the prepared solution to remove any solid bilirubin.
Absolute ethanol, HCl and ammonia solution (25 wt %
ammonia) were obtained from “Ecos-1”. The chemicals were
analytical grade and were used without further purification.
Deionized water was used for all preparations.

2.2 Synthesis of PVP-MSiNs

A sol-gel synthesis of non-functionalized silica particles is
described in [35]. In case of PVP-MSIiNs, we used acid/base
catalyzed sol-gel synthesis. For this reason, we divided this
synthesis into two steps. In the first step, acid hydrolysis was
used: 8 g of TEOS and 20 g of ethanol were mixed and then
2.8 g of H,O containing required amount of PVP was added
and stirred for 10 min. Then HCI solution was added as an
acidic catalyst to adjust the pH to 5.5. We decided to prepare
four water solutions containing 0.08, 0.12, 0.16 and 0.24 g of
PVP, respectively. In the second step, we used basic catalyst.
After hydrolysis of TEOS, ammonia solution (25 wt %

Table 1 Adsorption capacity for bilirubin of modified adsorbents from the literature

Material Ligand (method of modification) Adsorption capacity (mg/g) References
Polyethyleneimine Cyclodextrin 2.5 [36]
Chitosan particles Poly-p-lysine 1.5 [37]
Amino-modified silica particles Bovine serum albumin 1.17-1.65 [26]

silica particles Polymethacrylate guanidine 0.48-0.64 [18]

Silica particles Polyacrylate guanidine 0.94-1.10 [18]
Poly(HEMA-MAT)/MIP* Molecular recognition 3.41 [9]
Cellulose acetate fiber Cibaron Blue F3GA 4 [38]
Poly(MAA-EDGMA)/MIP?* Molecular recognition 1.04 [39]
PVP-MSiNs@BSA Bovine serum albumin 1.4-2.82 This study

4 Adsorption capacity for prepared materials, measured in mg/g
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ammonia) was added to increase the pH to 8-9. The obtained
solutions were stirred for 2 h until the formation the ultra-
disperse silica particles. After that, the final product was
transferred into a Petri dish for solvent evaporation at room
temperature. The obtained samples were washed with ethanol
and then with deionized water. After that, they were separated
by centrifugation and dried at 95 °C under vacuum for 3 days.
The acid/base catalyzed sol—gel synthesis was chosen as the
most effective way for strong grafting of PVP and maximum
hydrolysis of TEOS [26].

2.3 Immobilization of BSA

PVP-MSIiNs (125 mg) were incubated in 10 ml of BSA
solution (4 mg/ml) for 4 h at room temperature with the
following centrifugation at 6,000 rpm. After that the BSA/
PVP silica particles were transformed from solutions and
dried under vacuum at 60 °C. Then these obtained samples
were washed with 1 M NaCl and deionized water to
remove unreacted BSA molecules.

BSA concentration of the solution after removing of
PVP modified silica particles was determined by UV-
Visible spectrophotometer SF-104 (“Aquilon”, Russian
Federation) at 280 nm (BSA &,30 = 41,000). The quantity
of immobilized BSA was determined by the difference
between initial and final concentrations of BSA per gram of
silica and presented in mg/g.

2.4 Bilirubin adsorption measurements

The required amount of bilirubin (stored in dark at 15 °C)
was dissolved in 0.2 ml of NaOH (pH = 13). After com-
plete dissolution and intensive mixing during 5 min, it was
diluted by addition of phosphate buffer (NaH,PO,/Na,
HPO,, pH = 7.4) to obtain 10 ml of solution with the
following filtering to remove solid bilirubin if any
remained. The bilirubin solutions were also stored in the
dark at 15 °C and fully uses during 2 h. Such prepared
solution with required concentration of bilirubin was used
for adsorption experiments.

In every experiment, 125 mg of a dry adsorbent and 10 ml
of bilirubin solution were mixed and stirred at 25 °C. After the
adsorption equilibrium has been attained, the solution was
separated by centrifugation. The concentration of bilirubin in
phosphate solution (pH 7.4) before and after adsorption was
determined by UV-Visible spectrophotometer SF-104
(“Aquilon”, Russian Federation) at 440 nm. The pH values
were measured by a pH-meter U-500 (“Aquilon”, Russian
Federation). Confidence intervals of 95 % were calculated for
all samples, to determine the margin of error. The amount of
bilirubin adsorbed onto silica surface (mg/g) was calculated
by the following equation:

g=Y(C=C) (1)

m

where C, and C are the initial and the residual bilirubin
concentration in solution (mg/ml), V is the volume of bil-
irubin solution (in ml), m is the mass of the adsorbent (in
mg), respectively. Also the presence of removed bilirubin—
BSA complex is detected by spectrophotometry at the
wavelength of 460 nm.

2.5 Characterization techniques

Scanning electron micrographs (SEM) were performed
using a high resolution scanning electron microscope Te-
scan Mira-3LMH operating at accelerating voltage of
20 kV. Before examining, the all samples were dissolved
in ethanol. The obtained emulsion was coated onto the
polished surface of aluminum table. The obtained samples
were kept for a day under vacuum (1072 Pa).

Specific surface area, total pore volume and average
pore diameter were measured by nitrogen adsorption—
desorption isotherms were measured at 77 K on a Mi-
cromeritics ASAP 2,020 m instrument (Micromeritics
Instrument Corp., Norcross, GA). The pore size was cal-
culated on the adsorption branch of the isotherms using the
Barrett—Joyner—Halenda method and specific surface area
was calculated using the Brunauer—Emmett-Teller (BET)
method. Error in determining of a BET surface area and
pore volume are estimated to be within 5 %.

Fourier transform infrared (FT-IR) spectra of the samples
were performed on a NicoletTM 4700 FTIR spectrometer
(“Nicolet”, USA) using KBr technique. The nitrogen,
hydrogen and carbon contents were determined by an Ele-
mental Analyser (Thermo Flash 1112 CHNS Analyzer).

3 Results

The elemental analysis of PVP-MSiNs was carried out to
confirm the presence of PVP after sol-gel synthesis and
thermal/ethanol treatments (Table 2). The results proved that
PVP was successfully grafted on silica surface. We also
determined the grafting degree (GD) of PVP onto silica sur-
face from the nitrogen content. As it can be seen the grafting
degree of PVP increases from 0.68 to 1.84 wt% which is
logically in agreement with initial conditions of synthesis.
The nitrogen adsorption—desorption isotherms of all
prepared samples are shown in Fig. 1. The pure silica (SiN)
and PVP-MSIiNs exhibit type I and type IIb isotherms
according to the ITUPAC classification [26]. The typical
hysteresis loops (type H3) are observed in case of PVP-
MSiNs associated to inter-particles pores originating from
packing of particles. The BET surface area of all samples
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Table 2 Physical properties of the obtained samples

Sample BET surface Total pore Average pore Elemental composition (wt%)®
area® (m?/g) Volume® (cm?/g) size® (nm)
C H N GD of PVP (%)°
SiN 40 0.015 2.5 - - - -
PVP-MSIiN-1 106 0.65 332 3.51 0.47 0.68 5.71
PVP-MSIN-2 131 0.75 51.5 5.12 0.65 0.99 8.53
PVP-MSIN-3 143 1.12 54.4 6.54 0.85 1.29 11.41
PVP-MSiN-4 152 1.19 31.6 9.48 1.20 1.84 17.10
? BET specific surface area measured in the 0.05-0.25 range of the relative pressures
® Total pore volume was calculated at a relative pressure about 0.99
¢ Average pore size was calculated from the BJH method (4 V/A)
9 Elemental analysis was performed via Elemental Analyser (Thermo Flash 1112 CHNS Analyzer)
¢ Determined using eq. GD = % x 100 where w(N) is the content of nitrogen in prepared sample; M(PVP) and M(N) are

molecular weights of repeating monomer in PVP chain and nitrogen, respectively

along with their total pore volume and average pore size
calculated according to the BJH methods are listed in
Table 2. The obtained results show that the surface prop-
erties of PVP-MSIiNs are clearly different from SiN. The
SiN is characterized by a low specific surface area
(~40 m?/g). Also the pore size distribution curve of pure
silica shows very intensive peak at 2.6 nm and one weak
peak between 5 and 7 nm. However, the increase in the
surface area, pore size and pore volume is observed after
surface functionalization for all silicas modified with dif-
ferent grafting amount of PVP. This fact confirmed a big
impact of PVP on surface properties of silica nanoparticles.

3.1 Structural and textural characterization
of the obtained materials

The structure of PVP-MSiNs was characterized using
SEM analysis. The SEM images of SiN was shown and
discussed in our previous work [26]. The particles of SiN
have a spherical shape and range from 200 to 300 nm.
The particles are well defined and do not form agglom-
erates. The SEM images of PVP-MSiNs (Fig. 2) show the
presence of particles agglomerates ranging in size from
200 nm to 2 pm. It’s obvious that these cluster agglom-
erates consist of uniform spherical nanoparticles when the
magnification is increased. This fact confirmed an
important influence of PVP on morphology of the final
product. The particle size distribution was also obtained.
About 1,000 particles (agglomerates and individuals) of
each sample were analyzed and then the histograms of
particle size distribution were built. From the obtained
histograms we can suggest that if the amount of PVP is
increased, the main peak (average particle size) is shifted
to large particles.

@ Springer

3.2 Immobilization of BSA

Experiments involving the BSA immobilization for SiN and
PVP-MSIiNs were conducting for an initial concentration of
BSA (4 mg/ml) at room temperature. As it can be observed
from Fig. 3a, the amount of immobilized BSA increased
with increasing the quantity of PVP incorporated inside the
silica matrix. The maximum amount of BSA adsorbed on
unmodified silica was 26 mg/g, whereas using PVP as an
agent for surface modification, 72 mg/g was achieved.

It was performed desorption studies in order to remove
extra quantity of BSA from silica surface. For this reason
BSA modified silicas were washed in 10 ml of phosphate
buffer and then in 1 mol/L NaCl solution. Desorption process
was repeated until the removing of BSA has stopped. Fig-
ure 3b shows the BSA desorption capacity as a function of
time for all tested samples. The equilibrium amount of des-
orbed BSA for unmodified silica was about 54 % whereas it
was about from 25 to 19 % of adsorbed BSA is desorbed
from PVP-MSIiNs. It was managed to reduce the release of
large quantity of BSA from silica matrix using PVP.
Desorption of BSA most probably occurs due to the increase
of ionic strength (influence of NaCl) which leads to a
decrease of electrostatic interaction between PVP and BSA.

Thus, after desorption studies we can conclude that only
14 mg/g of BSA was managed to strongly load on silica
surface without any further leaching in case of unmodified
silica. As for PVP-MSIiNs, the amount of BSA grafted onto
modified silica surface after the removal procedure was
28 mg/g (PVP-MSIiN-1), 35 mg/g (PVP-MSiN-2), 43 mg/g
(PVP-MSIN-3) and 53 mg/g (PVP-MSiN-4), respectively.
Then, we use final products with different quantity of BSA
grafted onto silica surface to investigate bilirubin adsorp-
tion from phosphate buffer at pH 7.4.
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Fig. 1 Nitrogen adsorption/desorption isotherms at 77 K of the obtained samples with corresponding the pore size distribution (inset)

3.3 Adsorption rate of bilirubin

The effect of time on bilirubin adsorption was studied.
Figure 4 demonstrates the specific adsorption rate curves
of bilirubin for SiN and PVP-MSiNs@BSA. Also it
should be mentioned that water-soluble complex of BSA
with bilirubin can be detected by spectrophotometry at the
wavelength of 460 nm. The presence of such peak at 460
was not observed for all albumin containing samples
which confirmed the fact of the strong BSA immobili-
zation onto silica surface after adsorption/desorption

process. As it can be observed, the BSA immobilization
onto the silica surface leads to the increase of adsorption
capacity for bilirubin in comparison with pure unmodified
silica. The amount of adsorbed bilirubin onto the surface
of SiN is quite low (0.32 mg/g) whereas the adsorption
capacity of BSA-immobilized silica (SIN@BSA) is higher
and equals 0.59 mg/g. The adsorption capacity of PVP-
MSiNs@BSA ranges from 1.4 to 2.82 mg/g. It is obvious
that such values of adsorption capacity are higher than in
the case of SiN and SIN@BSA. However, the adsorption
kinetics of SiN and SiN@BSA was faster than for the
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Fig. 2 SEM micrographs of PVP-MSiNs and corresponding histograms of particle size distribution (inser)

PVP-MSiNs@BSA. The required time to reach equilib-
rium conditions was approximately 60 min in case of SiN
and SIN@BSA whereas the adsorption time of PVP-
MSiN-1@BSA (28 mg/g) and PVP-MSIiN-2@BSA
(35 mg/g) was ~90 min. It takes more contacting time
(~120 min) in order to reach the maximum adsorption
capacity for PVP-MSIN-3@BSA (43 mg/g) and PVP-
MSiN-4@BSA (53 mg/g). These results indicate that the
adsorption rate of bilirubin depends on the amount of
incorporated PVP and BSA, respectively.
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The adsorption kinetic models (pseudo first- and second-
order equations) were used to study the adsorption rate that
controls the residence time of adsorbate uptake at the solid-
solution interface. The first-order rate equation of Lager-
gren is generally expressed as follows:

ki -t
2.303 @)

IOg(qe - 6]:) = log(qlcal) -

where ¢, and g, are the adsorption capacity at equilibrium
and at time t, respectively (mg/g), k; is the rate constant of
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Fig. 2 continued

pseudo first-order adsorption (1/min), g;., is the adsorp-

tion capacity calculated by pseudo first-order model (mg/g)
The linear form of the pseudo second-order equation can

be represented as follows:

t 1 1

4 k@ Qe

where k, is the rate constant of pseudo second-order
adsorption (1/min) and ¢,., is the adsorption capacity
calculated by pseudo second-order model (mg/g).

The results for the first-order and second-order kinetics
t (3) models are listed in Table 3. R’ VaI;Jes for second-order
equation are higher than in case of R” values of first-order
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Fig. 4 Effect of time on the 3.0 1
adsorption of bilirubin at pH 7.4
(phosphate buffer) by SiN and
PVP-MSiNs; V = 10 ml; 2.5
m = 125 mg adsorbent, and
T=25°C
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equation indicating that second-order mechanism is

predominant.

3.4 Effect of equilibrium concentration of bilirubin

The relations between the equilibrium concentration of
bilirubin and equilibrium adsorption for all tested samples
are given in Fig. 5. The shape of isotherms for all tested
samples is very familiar. The adsorption values of bilirubin
increased as the bilirubin concentration increased, and
finally reached a saturation level at high concentrations. It
can be seen that up to a certain concentration, no more
bilirubin can be adsorbed on the silica surface. As it was
shown in the section “bilirubin adsorption rate”, the BSA
immobilization increases the adsorption ability to bilirubin.
Also the adsorption capacity of PVP-MSiNs@BSA is
found to be much higher in comparison with SiN and
SiN@BSA. It is clear that adsorption capacity increased
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with increasing amount of BSA immobilized onto silica
surface.

Langmuir and Freundlich adsorption models have been
used for analysis of the experimental data. The Langmuir
and Freundlich equations are

qg= 6]madeCe
1+ K,;C,

q = KFC;/H

(4)
(5)

where C, is the equilibrium concentration of bilirubin, g,,..
is the maximum adsorption according to the Langmuir
model, K; and Ky are the Langmuir and Freundlich con-
stants, respectively, n is the Freundlich exponent.

Table 4 shows all calculated parameters for Langmuir
and Freundlich models. According to the correlation
coefficients of isotherms, the adsorption data fit the
Langmuir isotherm equation best, followed by the Lang-
muir isotherm.
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Table 3 First- and second-order kinetics constants for all tested samples

Sample Exp First-order kinetics Second-order kinetics
Geq (mg/g) ki (1/min) Gear (Mg/g) R? k2 G2cal R?

SiN 0.32 0.0737 0.37 0.974 0.2797 0.35 0.989
SiN@BSA (14 mg/g) 0.59 0.0738 0.69 0.975 0.1524 0.64 0.984
PVP-MSIN-1@BSA (28 mg/g) 1.41 0.0345 1.72 0.928 0.0164 1.81 0.985
PVP-MSIN-2@BSA (35 mg/g) 1.79 0.0368 2.02 0.985 0.0167 2.19 0.986
PVP-MSIN-3@BSA (43 mg/g) 2.35 0.0391 2.90 0.986 0.0084 3.08 0.991
PVP-MSIN-4@BSA (53 mg/g) 2.82 0.0369 3.71 0.965 0.0061 3.717 0.989
Fig. 5 Experimental adsorption 3.0 -

isotherms of bilirubin for SiN
and PVP-MSiNs@BSA;
V=10 ml; m = 125 mg

PVP-MSiN-4@BSA (53 mg/g)

N 2.5 4 <
adsorbe'nt, apd T =25 °C; e PVP-MSIiN-3@BSA (43 mg/g)
adsorption time = 2 h %ﬁ
E
= 2.0
e PVP-MSiN-2@BSA (35 mg/g)
:;; 1.5 4
- PVP-MSiN-1@BSA (28 mg/g)
=
2 L .
2 10 — Langmuir model
= ) .
S LT T e Freundlich model
g /A -
g . SiN with 14 mg/g of BSA
K SIN
T M T T M T M T M T M T M 1
1 2 3 4 5 6 7 8

equlibrium concentration (mg/ml)

Table 4 Langmuir and Freundlich adsorption isotherm parameters

Sample Exp Langmuir Model Freundlich Model
eq (mg/g) qmax (mg/g) Kd R2 KF n R2

SiN 0.32 0.39 0.51 0.992 0.11 1.68 0.944
SiP@BSA (14 mg/g) 0.59 0.94 0.28 0.985 0.19 1.59 0.946
PVP-MSIN-1@BSA (28 mg/g) 1.41 1.86 0.42 0.999 0.52 1.84 0.945
PVP-MSiIN-2@BSA (35 mg/g) 1.79 2.21 0.49 0.987 0.67 1.86 0.944
PVP-MSIN-3@BSA (43 mg/g) 2.35 2.81 0.68 0.998 1.06 2.27 0.941
PVP-MSiIN-4@BSA (53 mg/g) 2.82 3.42 0.64 0.999 1.25 2.20 0.941

3.5 Effect of ionic strength on bilirubin adsorption

The effect of ionic strength on the bilirubin adsorption was
investigated because the ionic strength is one of the major
factors that has an impact on the adsorption process
(Fig. 6). We perform this experiment for all samples
excepting SiN because such sample is characterized by low

adsorption capacity for bilirubin and is not interesting for
the following consideration. The obtained results show that
adsorption behavior of bilirubin was strongly affected by
concentration of NaCl in bilirubin solution. The adsorption
capacity for bilirubin decreased as NaCl concentration
increased. The explanation of such phenomenon is dis-
cussed below.
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Fig. 6 Effect of NaCl concentration on bilirubin adsorption for BSA
modified samples; V,,,,; = 10 ml, m,4 = 125 mg, pH 7.4 (phosphate
buffer), T = 26 °C

4 Discussion

Our work can be basically divided into two distinct parts.
In the first part we present a full characterization of func-
tionalized silica particles and the influence of PVP on BSA
immobilization. Here we show that PVP grafting during the
sol—gel synthesis leads to the formation of big clusters of
agglomerates. This fact might be explained by the forma-
tion of additional electrostatic interactions between Si and
O™ and positively charged nitrogen in PVP chain during
sol-gel process [40]. It might have a negative side on
modification of silica particles using PVP. However, we
showed that PVP grafting plays an important role in protein
immobilization. According to the process of BSA immo-
bilization, the porous channels of silica are full of PVP that
makes it valuable to interact with BSA to form intercon-
nected complexes. The large pores in PVP modified silicas
allow the BSA molecules to diffuse in materials and
interact with incorporated PVP via electrostatic and
H-bond interactions that provide additional binding with
BSA. Also hydrophobic/phydrophilic forces positively
influence the BSA immobilization [41, 42]. The unmodi-
fied silica is characterized by a low adsorption capacity
compared to PVP modified silicas due to the low surface
area and pore size. Only Si—~OH/Si—O~ groups on the inner
walls of silica channels facilitate the protein immobiliza-
tion. Moreover, PVP grafting does not only increase the
loading efficiency for BSA but also provides stronger
binding of BSA molecules with silica surface compared to
unmodified silica. We also proved the successful immo-
bilization of BSA onto silica surface via a physical
adsorption process using FTIR spectroscopy. The FTIR
spectra of SiN and PVP-MSiNs with physically adsorbed
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Fig. 7 Comparison in adsorption capacity of SiN, BSA- and PVP-
grafted silicas towards bilirubin

BSA revealed two very intensive peaks at 1,656 and
1,533 cm™!' corresponding to the amide-I and amide-II
bands, respectively [43, 44].

In the second part we applied our adsorbents to study
bilirubin adsorption. Two major aspects in bilirubin
adsorption are involved. One of them is the adsorption
kinetics and another one is an equilibrium adsorption.
According to the study of adsorption kinetics of bilirubin
we demonstrated that it is required more time to reach
equilibrium conditions in case of BSA/PVP-MSiNs. This is
probably due to the fact that bilirubin adsorption is a very
complex process which involves several factors: com-
plexation rate of BSA with bilirubin and PVP, respectively,
and diffusion stage as well. Also the content of PVP (dis-
cussed below), the geometric affinity between PVP and
BSA, the specific Van der Waals interactions and electro-
static forces have significant effect on the adsorption rate of
bilirubin. Moreover, we showed that the pseudo second-
order mechanism is dominant and, therefore, we suggest
that chemisorption is the rate-limiting step controlling the
adsorption process. A wide range of adsorption rates have
been reported in the literature. From the analysis of liter-
ature [44] for patients diagnosed as having fulminant
hepatitis it was reported that the effective treatment time
for bilirubin removal ranges from 1 to 2 h. In this study it
can be concluded that the time to reach equilibrium con-
ditions seems to be quite suitable for all tested samples.

Our study of bilirubin adsorption at equilibrium condi-
tions demonstrates how the modification of silica particles
using PVP and BSA can significantly improve the adsorp-
tion capacity for bilirubin. There are three major aspects
which play a significant role in bilirubin adsorption such as
the amount of immobilized BSA, the quantity of PVP
grafted onto silica and the surface properties (specific sur-
face area and pore size). We studied the equilibrium
adsorption of bilirubin using PVP modified silica in order to
compare the influence of PVP on bilirubin adsorption. The
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diagram (Fig. 7) shows a comparison in bilirubin
adsorption for SiN, MSIN@PVP (57 mg/g) and
MSIN@BSA (14 mg/g), respectively. As it can be seen,
the adsorption capacity is also increased after PVP
grafting. However, it is required a much higher quantity
of PVP to achieve the adsorption capacity which is a bit
higher in comparison with the adsorption capacity of
BSA modified silica. We may conclude that PVP graft-
ing has definitely an influence on bilirubin adsorption but
it is not as big as in the case of BSA molecules. As
reported above, BSA molecules can form a strong
complex with bilirubin providing a great increase in
adsorption capacity for bilirubin [43]. The formation of
intermolecular complex between bilirubin and BSA occur
via different interactions: electrostatic, H-bonds, non-
specific Van der Waals, hydrophobic and hydrophilic
forces [57]. But in case of PVP, interactions with bili-
rubin can occur only via hydrogen bonding of C=O in
PVP and carboxyl and imine groups in bilirubin
molecular.

The last factor which has an impact on additional bili-
rubin binding is an increase in specific surface area and
pore size. The larger pore size in case of PVP modified
silicas provides a much more expeditious pathway and
available pore volume for bilirubin transfer and interac-
tions with BSA.

As mentioned in the introduction, a wide range of
adsorption capacity was reported in literature for biliru-
bin removal (Table 1). According to our study we can
conclude that our prepared adsorbents have a good
adsorption capacity for bilirubin. Usually, the adsorption
capacity of each modified material depends on the type
of reactive ligand or functional groups grafted onto
surface. For instance, the adsorption capacity of cyclo-
dextrin modified with polyethyleneimine is a bit higher
than that of our functionalized silicas. But our adsorbents
have higher adsorption capacity compared to poly-D-
lysine immobilized chitosan particles [37]. In our previ-
ous work, we also used amino-modified silicas with the
following application of these materials for bilirubin
removal and the obtained adsorption capacity for biliru-
bin was 1.17-1.65 mg/g [26]. As discussed above, many
chemical interactions (universal and specific) between
BSA and bilirubin take place. However, electrostatic
interactions are the main driving forces providing a
strong binding of bilirubin to BSA: the negatively
charged carboxyl groups of bilirubin can be easily
attached to the positively charged functional groups of
constituent amino acids in BSA molecules [45]. There-
fore, the increase of the ionic strength (NaCl concen-
tration) leads to the decrease in the adsorption capacity
due to the weakening of the electrostatic interaction

between bilirubin and BSA
modified silicas.

immobilized onto PVP

5 Conclusions

We prepared new adsorbents based on silica particles
modified with BSA and PVP. It was shown that the mor-
phology and surface properties of modified silicas were
tunable by the amount of incorporated PVP. Structural
changes and protein immobilization ability before and after
PVP grafting were determined. It was demonstrated that
the adsorption capacity of each adsorbent is affected by the
presence of BSA and PVP as well. However, we proved
that the content of BSA immobilized onto silica surface
plays the most significant role in bilirubin adsorption. The
sample with the maximum content of BSA showed a good
adsorption capacity for bilirubin compared to other avail-
able analogues. Therefore, this type of adsorbents could be
designed as hemoadsorbents for further improvement of
hemoperfusion system.
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