Materials Chemistry and Physics 183 (2016) 422e429

Contents lists available at ScienceDirect

Materials Chemistry and Physics
journal homepage: www.elsevier.com/locate/matchemphys

Magnetic polymer-silica composites as bioluminescent sensors for
bilirubin detection
Alexander S. Timin a, e, *, Alexey V. Solomonov a, b, Akiko Kumagai c, Atsushi Miyawaki c,
Svetlana Yu Khashirova d, Azamat Zhansitov d, Evgeniy V. Rumyantsev a
a

Inorganic Chemistry Department, Ivanovo State University of Chemistry and Technology (ISUCT), 7, Sheremetevsky prosp., 153000, Ivanovo, Russian
Federation
Department of Materials and Interfaces, Weizmann Institute of Science, Rehovot, 7610001, Israel
c
Cell Function Dynamics, Brain Science Institute RIKEN, 2-1 Hirosawa, Wako-city, Saitama, 351-0198, Japan
d
Kabardino-Balkar State University, 173 Chernyshevskogo St., Nal'chik, 360004, Kabardino-Balkaria, Russian Federation
e
RASA Center in Tomsk, Tomsk Polytechnic University, pros. Lenina, 30, Tomsk, Russian Federation
b

h i g h l i g h t s

g r a p h i c a l a b s t r a c t

 Novel magnetic silicas grafted by
guanidine containing co-polymers
were prepared.
 Unag protein was effectively loaded
into polymer coated silicas.
 The ﬂuorescent properties depend on
content of bilirubin.

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 5 April 2016
Received in revised form
5 August 2016
Accepted 28 August 2016
Available online 8 September 2016

The synthesis of multifunctional nano-sized materials is leading to the rapid development of key
application, including improved drug delivery, bioimaging and protein separation. In this work, magnetic
silica particles modiﬁed with novel guanidine containing co-polymers were manufactured via sol-gel
method. To evaluate the chemical composition of our prepared samples, FT-IR spectroscopy and thermogravimetry were conducted. Scanning electron microscopy was used in order to investigate the
morphology of ﬁnal products after modiﬁcation by guanidine containing co-polymers and iron nanoparticles. In addition, the surface of polymer-silica composites was functionalized by the novel bilirubininducible ﬂuorescent protein UnaG. In an aqueous bilirubin solution, the silica particles decorated with
the polymer-UnaG have showed bright ﬂuorescence. Synthesis and characterization of these hybrid
materials allow developing of new multifunctional nano-sized materials, which will be used for detection and separation of bilirubin, a lipophilic heme catabolite that is a clinical diagnostic for liver function.
© 2016 Elsevier B.V. All rights reserved.
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It is well known that the surfaces of nano-sized materials have
high free energy providing high reactivity. Therefore, the surfaces
of nanoparticles will adsorb biomolecules when it comes into
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contact with biological ﬂuids [1e3]. As a result, the interaction
between nanoparticles and biological cells can lead to dysfunction
of metabolism of these cells and, therefore, a high toxicity of
nanoparticles can damage and destroy the cells. Despite this fact,
many types of nanomaterials due to their unique characteristics
inherent to the nanoscale can be effectively used for targeting of
different proteins and anticancer drugs [4e6]. It makes them
relevant for application in nanomedicine as protein/DNA or anticancer drug carriers. Various nanomaterials have been widely
investigated for potential application in drug delivery systems.
Different metallic nanoclusters based on gold, iron, silver nanodots
and its hybrids have found potential application for targeting cancer drugs [7e9]. However, the effect of toxicity of nanoparticles has
seriously limited their application in the biological media, for
example, in blood plasma. In order to reduce nanoparticles toxicity
several methods of surface coating have been suggested.
These methods are based on biomolecular grafting using antibodies, proteins, DNAs that are specially designed for targeting in
nanomedicine [10,11]. However, it worth emphasizing that
different polymers with biological properties are used for surface
modiﬁcation. A number of polymers have been already synthesized
and applied for surface modiﬁcation of nanoparticles. The most
commonly studies include poly (acrylamide) [12], polyethilenglycol
[13], polyacrilic acid [14]. The silica nanoparticles have gained much
importance for polymer grafting. Due to high chemical and excellent biocompatibility, silica nanoparticles interacting with polymers can form « core-shell » structure which consists of silica core
and polymeric shell (Fig. 1a) [15].
Functional groups of polymers provide interactions between
surface of polymer coated nanoparticles with proteins, anticancer
drugs and biological samples via van der Waals and electrostatic
binding [16]. In this ﬁeld, a new kind of polymers should be examined
for developing of new surface properties of polymer coated nanoparticles. Taking into account previously published results, we can
consider guanidine containing polymers as one of the most promising candidates for surface modiﬁcation due to their non-toxicity,
biological activity and high binding ability [17,18]. Our recent
studies are focused on application of these polymers and its analogues for surface modiﬁcation of silica nanoparticles. For example, it
has been recently demonstrated that polymethacryloyl guanidine
hydrochloride (PMCGH) and polyacrylate guanidine (PAG) can be
considered for modiﬁcation of silica nanoparticles with formation of
«core-shell » structure and further application of polymer coated
silica nanoparticles as drug carriers and hemoadsorbents [19,20].
Herein, we used new type of guanidine containing copolymers:
methacrylate guanidine with dialdehyde cellulose (MAG þ DAC);
diallyl dimethyl ammonium chloride with diallyl guanidine acetate
(DDAC þ DGA, 75:25) (Fig. 1c, d). 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 [21].
Today all researchers in the ﬁeld of nanotechnology concentrate
on synthesis of multifunctional nanoparticles with multiple properties, such as ﬂuorescence and magnetics. The potential of ﬂuorescent nanoparticles in biomedical applications is enormous
[22,23]. Nanoparticles are effectively rendered ﬂuorescent by
immobilizing ﬂuorescent proteins onto their surface [22]. As
traditional ﬂuorescent proteins, Aequorea GFPs [24] and GFP-like
proteins [25] are well-known. However, Miyawaki and his colleagues have achieved the molecular cloning and characterization
of a new type of ﬂuorescent protein from the Japanese eel (Fig. 1e).
This protein, called UnaG, becomes ﬂuorescent when it forms a
special complex with bilirubin (BR). Although being a dicarboxylic
acid (Fig. 1b), BR is a water-insoluble molecule; it adopts a “ridgetile” conformation in solution to make intramolecular hydrogen
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bonds that prevent the two propionic acid groups from interacting
with water. While circulating in human blood plasma, BR is bound
to serum albumin [27]. It is transported to the liver, where it is
normally conjugated with glucuronic acid to become water-soluble
and excreted into bile [20]. BR may be accumulated in blood at high
concentrations once patients suffer from a liver disease (hyperbilirubinemia) [21]. Thus, serum levels of BR are a key factor for
identiﬁcation of liver disease. In the past, various biochemical
methods based on determination of total bilirubin in blood samples
by colour have been used. Usually, it is used UVeVisible spectroscopy for determination of bilirubin concentration. However, all of
these methods are not so effective because of the inﬂuence of other
components in blood (for example, albumins) on UVeVis spectra of
bilirubin absorption. Therefore, to search new effective methods of
bilirubin detection is still actual and relevant [28e30]. As it was
already mentioned that UnaG protein can show ﬂuorescence when
it binds to BR that emphasizes the actual interest of application of
UnaG protein for BR due to ﬂuorescent properties of its complex.
In this study, we prepared polymer-coated silicas with g-Fe2O3
nanoparticles and guanidine containing copolymers for further
functionalization by Unag protein. This paper points out magnetic
properties of prepared samples and ﬂuorescent properties of
complex of UnaG-BR on the silica surface.
2. Experimental section
2.1. Chemicals
TEOS (Si(OC2H5)4, Mw ¼ 208.3 g/mol, 99%) and ammonia solution
(30 wt% and 4 wt%) were purchased from commercial chemical
company “Ecos-1” (Russian Federation). FeCl3 (Mw ¼ 162.2 g/mol,
99%), FeCl2 (Mw ¼ 126.7 g/mol, 98%) and BR (Mw ¼ 584.7 g/mol) were
purchased from Sigma-Aldrich (USA). Bilirubin-bovine serum albumin (BR-Albumin) complex and phosphate buffer (1e1) obtained
from “AGAT-MED” (Russian Federation). The guanidine containing
polymers: copolymer of methacrylate guanidine and dialdehyde
cellulose (MAG þ DAC); copolymer of diallyl dimethyl ammonium
chloride with diallyl guanidine acetate (DDAC þ DGA, 75:25) were
provided 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.
The full description of these guanidine containing copolymers can be
found in Refs. [31,32]. Protein samples of apoUnaG were obtained
from Brain RIKEN Science institute, Japan. The structure of UnaG and
ﬂuorescent properties of UnaG-BR can be found in Ref. [26]. All
chemicals were analytical grade and used without further treatment.
2.2. Synthesis of MAG þ DAC-SNP-g-Fe2O3 and DDAC þ DGA-SNP-

g-Fe2O3

The magnetite (g-Fe2O3) was prepared using co-precipitation
method with further thermal treatment at 250  C [33,34]. Brieﬂy,
aqueous solution of FeCl3 and FeCl2 was prepared in 2:1 ratio.
203 mg of FeCl3 and 79 mg of FeCl2 were put in 25 mL of aqueous
solution. 30% Ammonia solution was added to this solution to make
pH ¼ 10. The temperature of solution was increased up to 90  C.
After being rapidly stirred for 4 h the solution became black indicating the formation of Fe3O4. The black solution was ﬁltered,
washed with water and ethanol several times, and then the black
powder was thermally treated at 250  C for 2 h. During thermal
treatment the black powder (Fe3O4) was transformed into reddishbrown colored powder (g-Fe2O3). The powder of g-Fe2O3 was
further characterized by XRD analysis in order to conﬁrm the formation of gamma phase of Fe2O3. The obtained g-Fe2O3 was used in
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Fig. 1. (a) Schematic illustration of silica core modiﬁcation by polymer coating; (b) structure of bilirubin IXa; (c) UnaG (wild type, pdb.org No. 4I3B) protein crystal structure; (d)
structures of MAG þ DAC and (e) DDAC þ DGA (75:25).

sol-gel synthesis of silica composite materials. For this reason,
90 mg of g-Fe2O3 was mixed with 4.5 mL of H2O containing from 0.1
to 0.3 g of polymer in order to form solution A (20 mg/mL of gFe2O3 and 22e66.6 mg/mL of guanidine containing co-polymers).
After that, the solution A was added to solution B (6 g of TEOS
and 1 mL of H2O) and vigorously stirred until homogeneous
mixture was being obtained. Then, the solution was stirred for 6 h.
1.5 mL of aqueous ammonia solution (4 wt %) was added every
30 min as a catalyst. Finally, the obtained product was washed
several times and dried under vacuum at 96  C for 24 h. Thus, the
samples with the lowest and highest amount of grafted polymer
were prepared, respectively. The same procedure was repeated for
non-modiﬁed silica (SNP-g-Fe2O3) in the absence of polymers. For
polymer coated silica particles we have following abbreviation:
MAG þ DAC-SNP-g-Fe2O3 and DDAC þ DGA-SNP-g-Fe2O3.
2.3. Preparation of UnaG, BR and BR-Albumin solutions
Protein samples of apoUnaG and BR-Albumin complex were

dissolved in ultra-pure water. BR solution was prepared by dissolving in 100 mL of NaOH solution, followed by adjusting the pH to
7.4 to obtain the initial concentration 1 mM.
2.4. Functionalization of silica composites by UnaG
The polymer-coated silica composite materials with g-Fe2O3
nanoparticles were further functionalized by UnaG using an
adsorption method [33]. It was based on two stages: the deposition
of apoUnaG with BR and direct holoUnaG adsorption. In both cases,
at ﬁrst stage a bulk material (25 mg of solid sample) was incubated
in a 2 mL solution containing 0.99 mM holoUnaG or apoUnaG.
In case of apoUnag, after vigorous mixing for 5 min and
centrifugation (6000 rpm) for 5 min at 4  C, the precipitate was put
into a BR solution (2 mL, c (BR) ¼ 2.16 mM), while supernatant was
also mixed with BR. All solid samples with adsorbed UnaG/BR were
separated from the solution and prepared for ﬂuorescent microscopy while supernatant was additionally analysed by ﬂuorescence
spectroscopy.
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In case of holoUnaG, after adsorption procedure and centrifugation for 5 min at 4  C and 6000 rpm, solid samples with adsorbed
holoUnaG were prepared for ﬂuorescent microscopy while supernatant was additionally analysed by ﬂuorescence spectroscopy.
2.5. Characterization
2.5.1. Scanning electron microscopy
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
 de
rale de Lausanne (EPFL). Before examEcole Polytechnique Fe
ining, 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 between 3 and 4 mm with acceleration voltages of 3e5 kV. The
chamber vacuum was 107 mbar. We used SE2 signal (topography
visualization) for SEM imaging.
2.5.2. Fourier transform infrared (FT-IR) spectroscopy
FT-IR spectra of the samples were recorded on a Nicolet TM
4700 FTIR spectrometer (“Nicolet”, USA) using KBr technique.
2.5.3. X-ray diffraction (XRD) analysis
XRD patterns were recorded under a Bruker X-ray diffractometer D8 Advance using Cu-Ka radiation over the range
10  2q  70 .
2.5.4. Thermal gravimetric (TG) analysis
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 amount of grafted co-polymers has been calculated using
following equation:

Grafting yieldðGY; %Þ ¼

W1  W0
 100
W0

where W1 and W0 represent the weight loss of initial and grafted
substrate, respectively.
2.5.5. Fluorescence spectroscopy
Fluorescence spectra were obtained on the ﬂuorescence spectrometer Cary-Agilent Eclipse. The detection rate of spectra was
1200 nm/min at 600 V (detector voltage). The width of the excitation and emission slits was 5 nm in all cases. All experiments
were carried out at 298 ± 1 K in a thermostatic cell equipped with a
Peltier heat-transfer module. The investigations were carried out in
quartz cuvettes with light-absorbing layer thickness of 1 cm. All
experiments were performed in phosphate buffer at pH 7.4. Excitation wavelength was 498 nm.
2.5.6. Fluorescence microscopy
Images were obtained using Live Imaging System based on
Olympus IX81 ﬂuorescent microscope (magniﬁcation 20/0.5)
equipped with a GFP (FITC/Cy2-494/518) ﬁlter set and a motorized
stage. Samples were placed between hydrophobic glass plates.
DuPont™ Elvanol® (polyvinyl alcohol) was used as adhesive to
avoid bubbles formation.
2.5.7. Vibrating-sample magnetometer
A vibrating-sample magnetometer (VSM) (EG & G Princeton
Applied Research vibrating sample magnetometer, model 155) was
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used at 300 K to measure the magnetic moment.
3. Results and discussion
3.1. Preparation of MAG þ DAC-SNP-g-Fe2O3 and DDAC þ DGASNP-g-Fe2O3
The g-Fe2O3 nanoparticles were prepared using well-known coprecipitation method [33,34]. After that, the reddish-brown coloured solution of g-Fe2O3 nanoparticles with concentration of
20 mg/mL was added slowly to sol-gel solution containing TEOS
and guanidine co-polymers. The obtained mixture was stirred until
silica particles were formed. Then, we have characterized the obtained silica composites having low and high amount of guanidine
containing co-polymers.
First of all, TG analysis was performed in order to evaluate the
grafting amount of guanidine containing co-polymers (Supporting
information, Fig. 1S). According to the obtained TGA curves, it was
determined that the maximum grafting yield for MAG þ DAC-SNPg-Fe2O3 and DDAC þ DGA-SNP-g-Fe2O3 does not exceed
29.72e30.79%. Herein, we focus on investigation of samples with
maximum grafting content of co-polymers because the immobilization of biocompatible polymers such as guanidine containing copolymers can protect against toxic effect of nanoparticles [1e3].
Therefore, the samples with maximum content of guanidine containing co-polymers were further studied.
Powder X-ray diffraction (XRD) patterns were analysed for gFe2O3 nanoparticles and silica composite materials (Supporting
information, 2S). The silica composite materials (MAG þ DAC-SNPg-Fe2O3 and DDAC þ DGA-SNP-g-Fe2O3) show a broad diffraction
peak at 22.5  C corresponding to the amorphous silica (JCPDS:
29e0085) and several diffraction peaks which are assigned to gFe2O3 (maghemite, JCPDS: 39e1346). FT-IR spectroscopy was conducted to determine the presence of functional groups of grafted
polymers after sol-gel modiﬁcation. FT-IR spectra of pure guanidine
containing copolymers (MAG þ DAC, DDAC þ DGA) are presented in
Supporting information, Fig. 3S. According to FT-IR spectra of prepared silica composite materials: SNP-g-Fe2O3, MAG þ DAC-SNP-gFe2O3 and DDAC þ DGA-SNP-g-Fe2O3 (Fig. 2) several peaks can be
observed which correspond to the chemical bonds of silica and
guanidine containing co-polymers. A broad band in the range
3600e3300 cm1 can be assigned to the OeH stretching bands of
hydrogen-bonded water molecules and SiOeH stretching vibrations [35]. The corresponding SieOH bending mode is found
around 950 cm1. The “bulk” vibrational modes corresponding to
SiO4 groups are observed at 1087e1095 cm1 and 800 cm1
(antisymmetric and symmetric SieOeSi vibrations, respectively),
with the bending vibrations near to 460 cm1 [36]. It is clearly seen
that after sol-gel modiﬁcation the FT-IR spectra polymer coated
silicas have shown new frequencies corresponding to the functional groups in guanidine containing copolymers. In case of
DDAC þ DGA-SNP-g-Fe2O3 the band around 1649 cm1 can be
assigned to the combination of N]C, NH2 and HeO vibrations. The
intensive peak at 1561 cm1 corresponds to the CH3COO vibrations in DDAC þ DGA. The bands between 3000 and 2800 cm1
correspond to intensive asymmetric and symmetric CeH stretching
vibrations of methylene and methane groups in DDAC þ DGA. As for
MAG þ DAC-SNP-g-Fe2O3 it can be observed two most intensive
peaks at 1538 and 1662 cm1 respectively. The ﬁrst one can be
assigned to C]O groups in MAG þ DAC and second one is associated with NeH vibrations. Perceptible differences were observed in
1500e1350 cm1 region which is responsible for carboxylic and
amine bonds in guanidine containing copolymers. FT-IR spectra
also give us the information about the presence of g-Fe2O3 in our
samples. From the spectra, it can be seen that two broad peaks at
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Fig. 2. FT-IR spectra of uncoated and polymer coated silica particles.

555 and 463 cm1 were identiﬁed. These peaks correspond to FeeO
stretching and bending vibration mode of g-Fe2O3 [37]. Thus, FT-IR
spectroscopy has also shown the presence of guanidine containing
copolymers and g-Fe2O3 in our samples after sol-gel synthesis and
consequently conﬁrms silica modiﬁcation by these chemical
components.
The SEM analysis was used in order to reveal any morphological
changes after sol-gel modiﬁcation. The results of SEM analysis are
presented in Fig. 3. It is clearly seen that non-modiﬁed silica had
non-uniform spherical shape. The particles with mean diameter of
200 nm as well as the particles with mean diameter of 350e410 nm
can be detected. As it was reported previously [38], the
morphology, shape and size of particles depend on sol-gel conditions: pH value, reaction time, temperature, concentrations of initials reagents and addition of surfactants. Considering obtained
results, the sol-gel synthesis of non-modiﬁed silica allows to prepare non-uniform silica particles with wide size distribution. The
SEM image of g-Fe2O3 nanoparticles was shown in Fig. 3b for the
comparison. The average size of g-Fe2O3 is around 18e21 nm. As it
can be seen from Fig. 3 (c, d), MAG þ DAC-SNP-g-Fe2O3 and
DDAC þ DGA-SNP-g-Fe2O3 have slightly distorted spherical shape
with multiple white spots (g-Fe2O3) around silica particles. Moreover, the particle size of MAG þ DAC-SNP-g-Fe2O3 (~120e175 nm)
and DDAC þ DGA-SNP-g-Fe2O3 (~140e210 nm) is lower in comparison with non-modiﬁed silica. Such changes in morphology of
polymer-silica composites conﬁrm successful sol-gel modiﬁcation.
Also the nanosized characteristics are so critical when these materials are further considered for biological application.
Magnetic properties of g-Fe2O3 and polymer-silica composites
were studied. The magnetic hysteresis curves were recorded at
300 K (room temperature) (Fig. 4)a. According to Fig. 4a, the saturation magnetization of g-Fe2O3 is 51.3 emu/g. The magnetic intensity of DDAC þ GA-SNP-g-Fe2O3 (21.5 emu/g) and MAG þ DACSNP-g-Fe2O3 (29.1 emu/g) are lower than g-Fe2O3 due to the
presence of non-magnetic components (silica and guanidine containing co-polymers) [38]. Nevertheless, polymer-silica composites
exhibit supermagnetic state at room temperature which is desirable for many practical applications. Moreover, MAG þ DAC-SNP-g-

Fe2O3 dispersed in water solutions can be separated from water by
suing a typical hand-held magnet (Fig. 4b, Supporting information,
Video 1). Also it should be noted that interactions of g-Fe2O3 with
surface of polymer-silica composites are strong enough in order to
perform a motion of polymer-silica composites under the inﬂuence
of magnetic ﬁeld.
Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.matchemphys.2016.08.048.
3.2. Fluorescent properties of magneto-polymer coated silicas after
functionalization by UnaG-BR complex
In the previous study by Kumagai et al. [26], DMSO was used to
prepare a stock solution of BR, which is water-insoluble. After
dilution with phosphate buffer (pH 7.4), BR solutions were mixed
with apoUnaG to construct holoUnaG. Then, DMSO and free BR
were removed by gel-ﬁltration. In this study, by contrast, we
employed a simpliﬁed procedure for holoUnaG preparation that
used no DMSO.
We performed the titration of BR solution by adding
experimentally-determined concentrations of apoUnaG to study
ﬂuorescent properties of the holo UnaG in aqueous solution (pH
7.4). Immediately after the addition, we observed a substantial increase in ﬂuorescence, whose spectra were identical to those previously presented in Ref. [26] (Fig. 5a). The ﬂuorescence value did
not change after 2 weeks at 4  C, which conﬁrmed the high stability
of holoUnaG complex.
Then, we have studied the inﬂuence of the carrier protein albumin on binding ability between apoUnaG and BR. It can be
observed the similar increase in ﬂuorescent spectra in the presence
of BSA (Fig. 5c). However, it is required less concentration of
apoUnaG (in 6 times lower) to reach the same ﬂuorescence value
compared to free BR. This fact might be associated with higher
solubility of BR in the presence of albumin due to the formation of
BR-Albumin complex. The Kd constant values for BR-apoUnaG (98
pM) are lower than in case of BR-albumin (18 mM [39]). As a result,
the BR-UnaG complex is much more stable than BR-bovine serum
albumin. These results indicated that such small concentrations
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Fig. 3. SEM image of (a) non-modiﬁed silica, (b) g-Fe2O3 nanoparticles, (c) DDAC þ DGA-SNP-g-Fe2O3 and (d) MAG þ DAC-SNP-g-Fe2O3 respectively.

Fig. 4. (a) Hysteresis curves of g-Fe2O3 (green line), MAG þ DAC-SNP-g-Fe2O3 (red line) and DDAC þ GA-SNP-g-Fe2O3 (blue line) at 300 K; (b) MAG þ DAC-SNP-g-Fe2O3 composite
dispersed water solution and magnetic separation. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

(micro- and nanomolar) of apoUnaG are enough for BR detection in
aqueous solution using ﬂuorescent spectroscopy.
The next stage was to the ﬂuorescence of polymer coated
samples after holoUnag functionalization. For this reason we performed adsorption technique. It is clearly seen that after even
10 min of adsorption, the ﬂuorescence intensity of holoUnaG in
solution was decreased by 2 times (Fig. 5d).
According to images of ﬂuorescent microscope (Fig. 5e), nonmodiﬁed silica particles did not show ﬂuorescence. However, at
the same time after functionalization of holoUnag polymer coated
silica particles we can observe green ﬂuorescence of polymeric
shell due to the protein-BR adsorbed onto the surface. We suppose
that the binding of the protein occurs via electrostatic forces. The
ﬂuorescence intensity of MAG þ DAC-SNP-g-Fe2O3 is slightly

higher in comparison with DDAC þ GA-SNP-g-Fe2O3. To sum up, we
can conclude that holoUnaG with BR does not unfold and becomes
stable even after adsorption forming ﬂuorescent complex with BR
molecules. Here we have shown the potential application of UnaG
for bilirubin detection in aqueous solution in the presence of albumin and on the surface of polymer coated particles. These results
can be interesting for development of new methods of bilirubin
detection and further removal from blood plasma using functional
modiﬁed silica nanoparticles.
4. Conclusions
The magneto-polymer coated silica particles have been synthesized via sol-gel method. The incorporation of g-Fe2O3
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Fig. 5. (a) Scheme of preparation of ﬂuoromagnetic UnaG-BR (holoUnaG)-containing silica particles (b) The increase in ﬂuorescence after titration of BR (с0 ¼ 1 mM, 1) with apoUnaG
(с, mM:1e0, 2e0.27, 3e0.55, 4e0.82, 5e1.09, 6e1.36, 7e1.63, 8e1.90, 9e2.16, 10 e through 5 days). (c) The increase in ﬂuorescence after titration of BR-Albumin complex (с0 ¼ 1 mМ,
1) by UnaG (с, mM:1e0, 2e0.27, 3e0.55, 4e0.82). (d) The ﬂuorescence difference amongst the sample before (1) and after (2) adsorption of holoUnaG on magneto-polymer coater
silica particles. (e) Fluorescent microscopy images of sample without UnaG (SNP-g-Fe2O3) (non-ﬂuorescent) and with holoUnag e DDAC þ GA-SNP-g-Fe2O3 (f1) and MAG þ DACSNP-g-Fe2O3 (f2) (green ﬂuorescence). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

nanoparticles allowed to provide magnetic properties of our samples and, therefore, separation of particles by the inﬂuence of
magnetic ﬁeld. Despite the fact that the silica was chosen as a core
for polymer coating, we should emphasize that other available
matrixes based on titania, carbon, graphene oxide can be easily
used for surface functionalization with guanidine polymers.
Therefore, we expect that such guanidine containing polymers
could be further considered in wide range of afﬁnity systems. A new
type of magnetic polymer coated nanoparticles containing unique
ligand-switching protein UnaG were also obtained. Established that
bilirubin-contained holoUnaG protein being adsorbed on magnetic
silica particles keeps their high intrinsic ﬂuorescence. Such composite may be applied for bilirubin detection and removal using
magnetic ﬁeld.
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