Colloid Polym Sci (2015) 293:1667-1674
DOI 10.1007/500396-015-3555-2

ORIGINAL CONTRIBUTION

Synthesis and application of silica hybrids grafted
with new guanidine-containing polymers as highly
effective adsorbents for bilirubin removal

Alexander S. Timin - S. Yu. Khashirova -
Azamat Zhansitov - E. V. Rumyantsev

Received: 7 February 2015 /Revised: 1 March 2015 / Accepted: 2 March 2015 /Published online: 11 March 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract The development and design of adsorbents with high
adsorption performance is the actual aim for successful toxin
removal. In this work, we report the performance of new
guanidine-containing polymers as a shell orientated around sil-
ica particles with following application for effective bilirubin
removal. To evaluate polymer-shell modification, Fourier trans-
form infrared spectroscopy and high-resolution electron micros-
copy were performed. Changes in surface morphology of
polymer-coated silicas were detected. It was shown that poly-
meric shell completely covers silica surface. The grafting
amount was evaluated by thermogravimetric and was in 18—
34 % range. Incorporation of guanidine containing polymers
into silica matrix leads to the great increase in adsorption capac-
ity According to the Langmuir model, the maximum adsorption
capacity for bilirubin was 43.47 mg/g. We also demonstrated
that prepared polymer-coated silicas could well adsorb bilirubin
from the bilirubin-albumin solution at low concentration of al-
bumin. Therefore, this study revealed that guanidine-containing
polymers have great potential to serve as effective agents for
improving of the adsorbent for bilirubin removal.
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Introduction

Nowadays, a variety of nanomaterials with different structures
have been applied in biomedicine because of their unique
characteristics inherent to the nanoscale [1-3]. For example,
mesoporous materials have been widely investigated and ef-
fectively used in drug delivery systems; different metallic
nanoclusters based on gold, iron, silver nanodots, and its hy-
brids have found potential application in sensing and magnetic
resonance imagining (MRI) [4, 5].

Preparation of nanoscale systems with new functional
properties is a major challenge; however, silica nanoparticles
remain widely used due to their unique features such as a high
surface area and thermal and chemical stabilities [6]. The
unique compatibility and possible size control in synthesis
are allowed to realize different combinations of silica particles
with other available materials. One of such approaches based
on using silica as a scaffold for templating another material
such as dyes, quantum, or magnetic dots [7, 8]. Here, silica is
used as a shell for the protection of encapsulated materials. In
another way, silica nanoparticles can be considered as seeds or
cores around which other materials can be grafted (Fig. 1b). In
this field, different functional polymers are being involved for
surface modification of silica core [9]. Functional groups in
polymeric chain provide excellent binding properties of mod-
ified silica surface for effective captures of different small
objects: magnetite or fluorescent nanoparticles, drugs, etc. A
number of polymers have been already synthesized and ap-
plied for silica functionalization. The most common studies
include poly(acrylamide) [10], polyethilenglycol [11], and
polyacrilic acid [12]. For this reason, a new kind of polymers
should be examined for developing of new surface properties
of polymer-coated silica particles. Taking into account the
published results about polymer science and biotechnology,
we suggest considering new guanidine-containing polymers
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Fig. 1 a Structures of diallyl a
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polydiallyl guanidine acetate
(PDAGA) and polymethacryloyl
guanidine hydrochloride
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based on polydiallyl and polymethacryloyl guanidine (Fig. 1a)
as one of the most promising candidates for silica modifica-
tion due to their low hemotoxicity and high ionic properties
[13, 14]. There are only few studies concerning investigation
and application of guanidine-containing polymers excepting
polythexamethylen guanidine and its analogues [15]. Besides,
It was reported that guanidine fragment in polymeric chain is
more promising than their amine equivalents due to capability
of guanidine groups bind stronger with negative molecules
compared to amine groups [16].

Polymer-coated silica particles have received tremendous
attention as adsorbents for many organic compounds [17]. At
present, synthesis of highly effective adsorbents has become a
promising technique for blood detoxification, especially for
bilirubin removal [18]. Bilirubin (Fig. 1c) is a dicarboxylic
acid and circulates in human blood plasma where it is bound
to serum albumin to form a water-soluble complex [19]. It is
transported to the liver as a complex with albumin, where it is
normally conjugated with glucuronic acid and excreted into
bile [20]. However, bilirubin can be accumulated in blood at
high concentration once patients suffer from a liver disease
(hyperbilirubinemia) [21]. Several techniques have been
employed for removal of the high concentration of free biliru-
bin from plasma in order to prevent hepatic and brain damage
[22]. However, hemoperfusion treatment based on application
of hemoadsorbents is one of the most effective techniques [23,
24]. Many kinds of adsorbents (carbon nanotubes, mesopo-
rous silica, graphene oxide) have been exploited. All of them
have some drawbacks related to the low adsorption capacity,
biocompeatibility, or high toxicity [21]. Therefore, the search
and synthesis of new adsorbents for efficient bilirubin removal
is very demanding.

In this work, polymer-coated silica particles were synthe-
sized via sol-gel method in the presence of guanidine-
containing polymer. A subsequent treatment of silica particles
with positively charged guanidine-containing polymers leads
to the great increase in adsorption capacity for bilirubin com-
pared to unmodified silica. We demonstrated successful mod-
ification of silica core by guanidine-containing polymers
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using electron microscope, Fourier transform infrared (FT-
IR) spectroscopy, and thermal analysis.

Experimental section
Chemicals

TEOS (Si(OC,Hs)4, 98 %) and ammonia solution (25 wt%)
were purchased from commercial chemical company “Ecos-
1” (Russian Federation). Bilirubin (M,,=584.7 g/mol) and
human serum albumin (HSA, > 97 % pure by gel electropho-
resis, 66.478 kDa) were purchased from Sigma-Aldrich
(USA). The guanidine-containing polymers, PDAGA (M,,=
1594 g/mol) and PMCGH (M,,=15,051 g/mol), were provid-
ed by the department of macromolecular compounds of the
Kabardino-Balkar State University and by the department of
chemistry of polyelectrolytes and biomedical polymers of
A.V. Topchiev Institute of Petrochemical Synthesis, Russian
Academy of Science. All chemicals were of analytical grade
and used without further treatment.

Preparation of polymer-coated silica particles

The silica particles (SiPs) were prepared according to the sol-
gel method [25]. Briefly, for the synthesis of uncoated SiP,
8.57 mL of TEOS was mixed with 20 mL of water-ethanol
(14 %) solution and stirred for 5 h. The ammonia solution
(pH 9) was added as a base catalyst. Polymer-coated silica
particles were synthesized via Stober method: 10 mL of water
solution containing the polymer at three different concentra-
tions (42, 56, and 78 mg/mL) was mixed with 8.57 mL of
TEOS to obtain a reaction mixture which was stirred for 5 h
under basic condition (pH 9). Then, this mixture was trans-
ferred into a Petri dish and was aged until the formation of the
solid products. The solid phase was separated by centrifuga-
tion and washed with distilled water to remove unreacted re-
agents. After that, it was dried under vacuum at 105 °C for
3 days. Such synthetic procedure allows obtaining 1.61 g of
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solid product (yield, ~ 70 %). The silica particles with the
lowest and highest amount of grafted polymer were labeled
“a” and “c,” respectively.

Bilirubin adsorption experiments

Ten milligrams of bilirubin was dissolved in 1 mL of 0.1 M
NaOH solution. Then, the bilirubin solution was diluted to a
definite concentration using 10 mM phosphate buffer (PBS,
pH 7.4). For each experiment (static and dynamic bilirubin
adsorption), 25 mg of polymer-coated silicas was incubating
with 5 mL of bilirubin PBS solution with an initial concentra-
tion of 200 mg/L. In case of dynamic adsorption, 1 mL of
suspension (which was centrifuged at 132,000 rpm before)
was tested by UV-visible spectrometer at definite time and
then returned to the initial tube. As for static experiment of
bilirubin adsorption, the solution was separated by centrifuga-
tion at 132,000 rpm after the adsorption equilibrium has been
attained (4 h). For obtaining adsorption isotherm, adsorption
experiments were performed with different initial concentra-
tion of bilirubin at 30 °C for 4 h. All adsorption experiments
were performed in a dark room. The concentration of bilirubin
was determined by Varian Cary Bio UV-Visible
Spectrophotometer at 438 nm. The amount of bilirubin
adsorbed was calculated with following equation:

0= 1160 m

m

Where C, and C are the initial and the residual bilirubin
concentrations in solution (mg/L), Vis the volume of bilirubin
solution (in L), m is the mass of the adsorbent (in mg),
respectively.

For study of bilirubin adsorption in the presence of HSA
solution, 25 mg of polymer-coated silicas was mixed with
5 mL of bilirubin PBS solution (Cpjjirupin=200 mg/L) contain-
ing different initial concentration of HSA (from 4.1 to 49 g/L)
at 30 °C for 4 h. The extent of bilirubin adsorption at the
presence of HSA was determined as

Extent of bilirubin adsorption (%)

__ initial amount of bilirubin — residual

0,
initial amount of bilirubin x100%  (2)

The concentrations of bilirubin and HSA were analyzed via
UV-vis spectroscopy at 460 and 280 nm, respectively.
Characterization

The images of uncoated and polymer-coated silica particles
were obtained using LEO 1550 Scanning Electron

Microscope (SEM) which is available in Centre of
MicroNano Technology (CMi) of Ecole Polytechnique
Fédérale de Lausanne (EPFL). Before examining, all samples
were mixed with ethanol to prepare suspension. The drop of
the suspension was adhesive onto copper surface and dried.
SEM imaging was performed under a working distance be-
tween 3 and 4 mm with acceleration voltages of 3—5 kV. The
chamber vacuum was 10”7 mbar. We used SE2 signal (topog-
raphy visualization) for SEM imaging. Fourier transform in-
frared (FT-IR) spectra of the samples were recorded on a
Nicolet TM 4700 FTIR spectrometer (‘“Nicolet,” USA) using
KBr technique. Thermal gravimetric (TG) analysis was used
to determine the content of grated polymer into silica core and
conducted via STA 449 F3 Jupiter (Netzsch, Germany) in
argon atmosphere from room temperature up to 900 °C with
a ramp rate of 10 °C/min. An alumina crucible with a cover
was used during thermal analysis. The zeta-potential of pre-
pared samples were measured using Brookhaven ZetaPlus
zeta potential analyzer. Zeta potential measurements were re-
peated three times. UV-visible spectra were taken with Varian
Cary Bio UV-Visible Spectrophotometer. The pH values were
measured by pH meter (Mettler Toledo, Swiss).

Results and discussion
Characteristics of polymer-coated silica particles

PDAGA and PMCGH are cationic polymers containing gua-
nidine groups which are very strong bases in water (pKa=
13.6) [26]. In contrast, silica surface is negatively charged in
wide range of pH values due to the existence of silanol groups
(Fig. S1, supporting information). Therefore, the mixture of
them can form a complex via electrostatic interactions and
hydrogen bonds forming a strong polymeric shell around sil-
ica nanoparticles during the sol-gel process. However, in order
to remove weak unbonded polymers, the washing procedure
was repeated until the weight loss of polymer-grafted silicas
(calculated via TG analysis) stopped changing. According to
the TG analysis, it was determined that the maximum concen-
tration of polymer should be up to 78 mg/mL; otherwise, it
becomes difficult to clean the result material from weakly
adsorbed polymer. In this work, the polymer-coated silica par-
ticles were prepared with three different graft ratios (evaluated
by TG analysis (Fig. 2b, ¢)) in order to evaluate the effect of
guanidine-containing polymers on surface morphology and
adsorption capacity.

One of the effective methods to identify the successful
modification of silica core by polymer is FT-IR spectroscopy.
IR-spectra of samples with maximum content of grafted poly-
mer are presented in Fig. 2a. The IR-spectra of samples with
lower content of polymer are available as a supporting infor-
mation (Fig. S2). Analysis of FTIR spectra revealed the broad
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Fig. 2 a FT-IR spectra of SiP, SiP-PDAGA-c, SiP-PMCGH-c. b TG curves for uncoated and polymer-coated silica particles (the weight loss for
polymer-coated silicas was estimated from 150 to 800 °C). ¢ Grafted yield (%) of each polymer grafted on silica core estimated via TG analysis

band in the range 3600-3300 cm ' corresponding to the O—H
stretching bands of hydrogen-bonded water molecules and
SiO—H stretching vibrations [27]. The corresponding Si-OH
bending mode is found around 950 ¢cm™'. The band at
1620 cm ! is an indication of adsorbed water, which is also
present on the bare silica, because of its difficult removal in
conditions of experiments. The “bulk” vibrational modes cor-
responding to SiO4 groups are observed at 1087-1095 and
800 cm™' (antisymmetric and symmetric Si-O-Si vibrations,
respectively), with the bending vibrations near to 460 cm™
[28].

The FTIR spectra of polymer-coated silicas show the
described modes of amorphous silica and some new fre-
quencies due to presence of guanidine-containing poly-
mers. Minor similar changes were observed in low fre-
quency range (1000-450 cm ') for all modified samples:
broadening and light shifts and intensity increasing of
peaks. In a high frequency range the new bands between
2949 and 2851 cm™ ' corresponding to intensive asymmet-
ric and symmetric C—H stretching vibrations were
emerged. Their discussion is obstructed because of strong
overlapping by —OH and N—H stretching modes of prima-
ry amines (3400 and 3200 cm ). The latter are clear seen
in spectra of modified silica as a shoulder on the left side
of the broad band caused by O-H stretching vibrations
(between 3120 and 3275 cm ') and can serve as an evi-
dent of successful inclination of functionalize groups into
silicas.

Perceptible differences were observed in 1700—
1400 cm™' regions. Here, polymer-coated silicas demon-
strated a development of number weak bands at 1397,
1455, and 1550 cm™ ' while 1620 ¢cm ' band strong
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increased, up-shifted and in case of SiP-PDAGA-c. The
band around 1410 cm™' can be assigned to the combina-
tion mode of v(C-O) + v(C-C) vibration. The peak new at
1550 cm™ ! corresponds to the §(N-H,) bending vibrations.
The bands in 1700-1600 cm ™' range are responsible for
carboxylic and amine bonds which are present in all func-
tional groups applied. Thus, FT-IR results clearly show
the presence of different chemical groups corresponding
to the functional groups of grafted polymer and conse-
quently confirm a successful silica surface modification
with guanidine containing polymers.

Then, we used TG analysis to evaluate thermal stability
of each polymers grafted on silica core and calculate the
grafting yield. The TG curves of the polymer-coated silicas
show the mass loss of the organic functional groups as it
decomposes upon heating (Fig. 2b). The weight loss at
temperatures below 150 °C is due to the removal of phys-
ically adsorbed water and surface hydroxyl groups [29,
30]. In case of SiP-PDAGA, the TG shows one strong
weight loss which starts at 150 °C and mostly finishes near
400 °C. Around 250 °C, the inclination was slightly
changed that assumes another process. The long tail after
400 °C was due to the carbonization of the decomposed
products to ash. It is interesting that the weight lost below
150 °C due to presence of water on surface is negligible
and not influenced by content of polymer. In contrast, the
SiP-PMCGH has a quantity of water comparable with un-
coated silica which increases with content of grafted poly-
mer. Also on TG curves of these samples (SiP-PMCGH),
there are distinguishable few steps of mass loss and the
temperature of polymer decomposition is much higher
compared to SiP-PDAGA.
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The amount of grafted polymers has been calculated using
the following equation:

Wi—Wy
0

Grafting yield(%) = x 100 (3)

where W, and W, represent the weight loss of initial and
grafted substrate, respectively.

The grafting yield for SiP-PDAGA and SiP-PMCGH
(Fig. 2¢) ranges from ~17.8-33.4 %. We can conclude that it
was managed to obtain polymer-coated silica particles with
three different grafting yields (~18, 23, and 33 %) that will
further help us to investigate the effect of polymer grafting on
bilirubin adsorption.

We next performed SEM analysis to observe changes in
surface morphology between uncoated and polymer-coated
silicas. Special SE2 detector was applied to observe the mor-
phology surface of uncoated and polymer-coated silica parti-
cles. The results are shown in Fig. 3. It can be seen that SiP
(Fig. 3a) exhibits a good uniform and monodisperse smooth
spherical morphology with an average particle diameter of
200-250 nm. As shown in the SEM images (Fig. 3b—d),
polymer-coated silicas (SiP-PDAGA-c and SiP-PMCGH-c)
also demonstrate spherical morphology but with rough surface
and an average diameter in 210-280 nm range. Such obvious

changes in surface morphology of polymer-coated silica par-
ticles confirm successful surface modification of silica core
using PDAGA and PMCGH as a polymeric shell. There were
no significant differences in SEM images for polymer-coated
silica particles with change of polymer and its content. On that
reason, we presented it as supporting information (Fig. S3).

Adsorption properties of polymer-coated silica particles

The effect of polymer content on the bilirubin adsorption
was investigated (Fig. 4a (inset)). As it can be seen, the
adsorption capacity for bilirubin is significantly improved
with increasing content of grafted polymers. For silica par-
ticles coated with 17 % of PDAGA and PMCGH, the ad-
sorption capacity is 5.3+0.3 and 7.94+0.7 mg/g, respective-
ly, whereas the adsorption capacity of silica particles coat-
ed with 33 % of PDAGA and PMCGH is much higher
(18.3+1.1 and 31.4+1.9 mg/g). These results strongly il-
lustrate the important role of guanidine-containing poly-
mers in bilirubin removal. The zeta potential measure-
ments (Table S1) indicate that polymer-coated silica parti-
cles become positively charged with incorporation of
PDAGA and PMCGH. Oppositely, SiP exhibited negative
charges at wide range of pH values (Fig. S1, Table S1).
This change suggested that guanidine groups of PDAGA
and PMCGH were protonated in acidic and neutral

Fig. 3 SEM images with SE2
signal of SiP (a), SiP-PDAGA-c
(b), SiP-PMCGH-c (c¢), and SiP-
PMCGH-c at high magnification
(@)
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Fig. 4 a Adsorption isotherm of bilirubin for SiP-PMCGH-c, effect of
polymer content on bilirubin adsorption (inset). b Adsorption capacity of
bilirubin on uncoated and polymer-coated silicas as a function of contact

medium and as a result, polymer-coated surface of silica is
positively charged. At the same time, it is well-known that
bilirubin molecule contains two carboxylic groups which
are deprotonated at pH 7.4 and thus is negatively charged
at pH 7.4. Therefore, the increasing tendency in adsorption
capacity of polymer-coated silica particles can be ex-
plained by the electrostatic attraction between negatively
charged carboxylic groups of bilirubin and positively
charged guanidine groups of polymer as illustrated in
Fig. 4c. Besides, hydrogen bonding also takes place in
additional bilirubin binding. This principle of electrostatic
interaction also explains the low adsorption capacity of SiP
(1.4+0.2 mg/g): the surface of SiP is negatively charged at
pH 7.4 because of the existence of silanols groups which
are deprotonated at pH 7.4; therefore, a strong electrostatic
repulsion between negatively charged surface of silica and
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carboxylic groups of bilirubin are generated which leads to
the great decrease in adsorption capacity for bilirubin.
Only hydrogen bonds can play some role in bilirubin bind-
ing (Fig. 4c¢).

As shown before, the amount of grafted polymer plays the
crucial role in the adsorption of bilirubin; for that reason, SiP-
PMCGH-c and SiP-PDAGA-c (GY ~33 %) were selected for
our following studies. We investigated the kinetic adsorption
of bilirubin. Figure 4b represents the adsorption rate curves
which were obtained by following decrease of bilirubin con-
centration within the samples with time. For SiP, bilirubin
adsorption rate is fast while in case of SiP-PDAGA-c and
SiP-PMCGH-c, adsorption capacity increased quickly in the
first 1 h and then reached maximum values only within 3 h.
This fact might be explained by the influence of electrostatic
interactions between positively charged guanidine polymers
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and negatively charged bilirubin and hydrogen bonding,
which could require a longer time to reach equilibrium
conditions.

The dependence between the equilibrium concentration of
bilirubin and the equilibrium adsorption amount of bilirubin
for SiP-PMCGH-c is shown in Fig. 4a. The adsorption values
of bilirubin increased as the bilirubin concentration increased
and finally reached a saturation level at high concentrations.
Two adsorption isotherm models (Langmuir and Freundlich)
have been applied to fit experimental dots. All parameters
calculated from Langmuir and Freundlich equations are pre-
sented as supporting information (Table S2). According to the
values of correlation coefficients (R*), The Langmuir model
shows the best fit for all samples. The maximum adsorption
capacity obtained from Langmuir model for SiP-PMCGH-c
was 43.47 mg/g. The maximum adsorption capacity of
polymer-coated silica particles (SiP-PMCGH-c) is quite com-
parable with other available adsorbents including albumin-
modified membrane (25 mg/g) [31], nanocrystaline titania
films (24.5 mg/g) [32], poly(pyrrole-3-carboxylic acid)-alu-
mina composite membrane (32.4 mg/g) [18],
polyethylenimine-grafted affinity adsorbents (23.6 mg/g)
[33], and heparip-modified chitosan/graphene oxide (GO)
(92.6 mg/g) [21]. Although the last adsorbent shows higher
adsorption capacity, however, GO exhibits a dose-dependent
toxicity and the leakage of GO into blood can be harmful to
patients [21].

In blood plasma, bilirubin generally exists in unconjugated
and conjugated forms. The conjugated form is thought to be
bilirubin-conjugated with glucuronic acid which makes it sol-
uble in water, while unconjugated form is bound to the albu-
min [34]. It was reported in several papers that some adsor-
bents can remove only free bilirubin [18]. Therefore, we per-
formed experiment of bilirubin adsorption in the presence of
HSA in order to detect the impact of albumin on extent of
bilirubin removal. According to the reference, the normal con-
centration for albumin in serum is approximately 35-50 g/L
(3.5-5.0 g/dL) and thereby, we performed experiments at dif-
ferent concentrations of HSA up to 50 g/L. The effect of HSA
concentration on bilirubin adsorption was shown in Fig. 4d.
These results clearly demonstrate that adsorption capacity of
polymer-coated silica particles is greatly affected by HSA
concentration and decreased with increasing of HSA concen-
tration: the extent of bilirubin removal for Si-PMCGH-c in the
presence of 4 g/ of HSA equals 58 % while in the presence of
49 g/L, it is already 20 %. The similar results are obtained in
case of SiP-PDAGA-c. It is generally accepted that there are
two binding sites present in each HSA molecule for bilirubin
[35]. The second binding is relatively weak and slow as com-
pared with the first binding. The adsorption capacity of each
adsorbent is limited by the biding constant of HSA-bilirubin
determining selectivity of each adsorbent. As it can be seen
from obtained data, good adsorption selectivity for bilirubin is

observed until 10 g/L of HSA; after this concentration, the
amount of adsorbed bilirubin becomes very low. Thus, the
polymer-coated silica particles can be efficiently applied for
bilirubin removal at low concentration of albumin. However,
it should be mentioned that binding constant of HSA-bilirubin
can vary considerably among different persons due to generic,
clinical, and physiologic variability [35]; therefore, the influ-
ence of HSA should be investigated in blood plasma for each
individual person to provide accurate results.

Conclusion

In this work, silica nanoparticles were successfully function-
alized with guanidine-containing polymers via sol-gel meth-
od. The polymer-coating process allowed obtaining polymeric
shell-silica core structure with spherical morphology and
rough surface. Incorporation of polymers (PDAGA and
PMCGH) into silica core significantly improved the adsorp-
tion capacity for bilirubin though it was shown that adsorption
capacity for bilirubin is limited by high concentration of albu-
min. Despite this fact, the results of static and dynamic ad-
sorption experiments showed that prepared polymer-coated
silica particles can efficiently remove bilirubin. The principle
of electrostatic binding was predominant and beneficial for
bilirubin adsorption in case of polymer-coated silicas.
Although, we chose the silica as a matrix for polymer modi-
fication, we should emphasize that other available matrixes
based on titania, carbon, and graphene oxide can be easily
used for surface functionalization with PDAGA and PMCG
H. Therefore, we expect that such guanidine-containing poly-
mers could be further considered in wide range of affinity
systems.
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