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A B S T R A C T

Magnetic particles are promising carriers for targeted drug delivery. Granulocyte colony-stimulating factor
(G-CSF) is a cytokine which stimulates neutrophil proliferation process. In this study, G-CSF molecules were suc-
cessfully covalently immobilized on magnetic silica gel beads (MagBs) surface. Comparison of free and on MagBs
immobilised G-CSF (MagBs-G) on proliferation efficiency and viability of mouse myeloid cell line NFS-60 was
performed using XTT assay. Cytotoxic or stimulation effects of used MagBs on NFS-60 cell proliferation were
not observed. However, the positive effect on proliferation of cells was noticed increasing the concentration of
MagB-G in the test wells from 0.5µg/ml to 50µg/ml. Proliferation of cells in the presence of 50µg/ml MagBs-G
(2.7µg/ml G-CSF) resulted in maximal proliferation response, which was reached using free G-CSF. Compar-
ing the concentration of G-CSF that gives half-maximal response of free (3.6pM) and on MagBs immobilized
(11.4nM) G-CSF can be concluded that immobilized G-CSF possessed the same efficiency as free G-CSF mole-
cules, however the higher amount of immobilized G-CSF is required.

1. Introduction

Nowadays magnetic micro- and nanoparticles (MPs) are used in a
wide variety of applications particularly for in vitro biomedical diag-
nostic and bionanotechnology [1]. MPs consist of magnetic elements
(mostly of iron, nickel, cobalt and their chemical compounds) and can
be manipulated using external magnetic field. This property of MPs
simplifies their modification procedure [2,3]. Iron oxide particles such
as magnetite (Fe3O4) or its oxidized form maghemite (γ-Fe2O3) are
mostly used magnetic core in biomedical applications due to their good
biocompatibility and biodegradability [4]. Moreover, MPs of different
size (from a few nanometers to micrometers) made of iron oxide are
commercially available and can be modified or encapsulated in poly-
mers, metals, silica or carbon materials [5,6]. The magnetic proper-
ties of modified MPs depend on the size of the core. Usage of multi-
ple small cores encapsulated by a single shell allows to improve MPs
properties [7]. The coating of MPs can change their surface area and

charge, however functional groups present on the surface of coatings
ensure better immobilization of ligand for molecular targeting. Most of-
ten proteins on the surface of MPs are immobilized by physical adsorp-
tion or covalent bonding. Adsorption is a simple, quick and inexpensive
immobilization method which is characterized by a random orientation
of proteins and weak attachment on the surface. Covalent bonding or
cross-linking provides stronger attachment of proteins on the surface,
however more than one reactive group is usually required for protein
immobilization and stable ligand layer formation [8–10].

Fabricated magnetic particles-based approaches have been proposed
for various biomedical applications. Based on the functions, MPs can be
used for gene and drug delivery [11], DNA separation [12], biosens-
ing [13] (for instance, protein detection by magnetorotation [14], pro-
tein barcoding [15]) and in magnetic resonance and magnetic particles
imaging [16,17]. Moreover, interaction between MPs and target cells
may induce various side-effects and might have a negative impact to vi-
ability and cell functions [18–20]. Generation of reactive oxygen species
during biodegradation and leaching of MPs has the highest impact on
cell viability [21].
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Granulocyte colony-stimulating factor (G-CSF) is an important bio-
logical drug, which is in the first ten positions of biopharmaceutical
sales [22,23]. This protein acts on the neutrophil lineage selectively
stimulating the proliferation and differentiation of committed progeni-
tor cells and activation of mature neutrophils [24,25]. G-CSF action is
modulated though binding to the granulocyte colony-stimulating factor
receptor by forming a homo-oligomeric complex. G-CSF also exerts a
direct effect on retinal photoreceptor cells [26], glioma cells [27], my-
oblast [28] and other types of cells.

In the present study, we explored and compared the effect of free
and on magnetic silica gel beads (MagBs) immobilized G-CSF on the pro-
liferation of cells. A mouse myeloid cell line (NFS-60) has been chosen
as a model system for this research. The distribution of MagBs in the cell
culture, their cytotoxic or stimulating effect and influence of free and on
MagBs immobilised G-CSF on the cell proliferation have been evaluated
and compared. In addition, the efficiency of covalent G-CSF immobiliza-
tion on MagBs has been determined, and the simplicity and convenience
of MagBs for such purpose have been demonstrated.

2. Materials and methods

2.1. Materials

Phosphate buffered saline (PBS) tablets (0.0027M KCl, 0.137M
NaCl, and 0.01M phosphate buffer pH 7.4), 1-ethyl-3-(3-diaminopropyl)
carbodiimide hydrochloride (EDC) were purchased from Sigma Aldrich
(Germany). Tris(hydroxymethyl)-aminomethane (Tris), bovine serum
albumin (BSA), magnetic silica gel beads Roti®-MagBeads COOH HP58
(10±0.5mg/ml) (MagBs), Bradford Reagent (5 times concentrated so-
lution, Roti®-Nanoquant) and 4-Morpholineethanesulfonic acid mono-
hydrate (MES) were obtained from Carl Roth (Germany). N-Hydrox-
ysuccinimide (NHS) was received from Merck (Germany). Granulo-
cyte-colony stimulating factor (G-CSF) was donated from Profarma UAB
(Lithuania). Deionized (DI) water was obtained from a water purifica-
tion system Adrona SIA (Latvia). Mouse myeloid cell line (NFS-60) re-
ceived from Profarma UAB were grown in RPMI 1640 growth medium,
fetal bovine serum, gentamicin sulphate, 2-mercaptoethanol [29]. 0.1M
PBS pH 7.4, 0.1M Tris buffer, deionized water was autoclaved before
using. All other solutions were prepared in the laminar Flow Hood
(NuAire, USA) from autoclaved DI water and were passed through the
0.22µm PES filter.

2.2. MagBs characterization

The size and morphology of MagBs were evaluated using high-res-
olution field emission scanning electron microscope (SEM) SU-70 (Hi-
tachi, Japan) and transmission electron microscope (TEM) Tecnai G2
F20 X-TWIN (FEI, Netherlands). Absorbance spectra of MagBs was col-
lected using double-beam spectrophotometer Lambda 25, PerkinElmer
(Shelton, USA).

2.3. Immobilization of G-CSF on the MagBs

G-CSF molecules were attached by covalent coupling of amino
groups to activated carboxyl groups on MagBs surface using carbodi-
imide crosslinkers chemistry. All immobilization procedures were per-
formed in the laminar flow hood at room temperature. Before the im-
mobilization, MagBs solution was resuspended by sonicating for 10min.
10µl of MagBs (10±0.5mg/ml) was added to 1ml of 0.1M MES
buffer pH 5, gently mixed and supernatant was discarded by using
magnetic separation. Washing procedure was carried out two times.
To activate carboxyl groups on the surface of MagBs, freshly prepared
0.417mM EDC and 0.695M NHS solutions were mixed in the ratio 1:1
and poured on magnetic particles. Activation solution was mixed on a

shaker for 20min. Magnetic particles were collected by a magnet,
washed once with 1ml of 0.1M MES buffer and supernatant was dis-
carded. After that 200µl of 0.05mg/ml G-CSF solution prepared in
0.01M PBS pH 7.4 was added to the activated MagBs. Suspension was
mixed on a shaker for 2h. Afterwards, MagBs modified with G-CSF mol-
ecules were collected with a magnet and supernatant was separated for
the determination of residuary G-CSF concentration by Bradford protein
assay. Meanwhile, particles were washed 3 times with 1ml 0.01M PBS
pH 7.4. Uncoupled activated carboxyl groups on the surface of MagBs
were blocked by keeping modified particles in 1ml 0.1M Tris buffer for
2h while mixing on a shaker. In the end of the modification MagBs were
washed 3 times with 1ml 0.01M PBS and 3 times with 1ml 0.01M PBS
containing 1mg/ml BSA. Magnetic particles with immobilized G-CSF
(MagBs-G) were re-suspended in 200µl 0.01M PBS containing 1mg/ml
BSA and have been kept at +4°C.

2.4. Bradford assay

Calibration curves were built using BSA and G-CSF as standards in
the range from 1 to 75µg/ml and from 1 to 25µg/ml, respectively. Dis-
posable plastic cuvettes were filed with 200µl each of standards (or
sample) of corresponding concentrations and 800µl Roti®-Nanoquant
working solution. Each sample was measured at wavelengths of 590nm
and 450nm. Ratio of absorbance at A590 nm to A450 nm was used for de-
termination of protein concentration.

Residual supernatant after G-CSF immobilization on the MagBs step
was analysed in the Roti®-Nanoquant assay range, diluting each sample
4 times to fit the A590 nm/A450 nm ratio in the linear zone of the calibra-
tion curve.

2.5. Cell culture and treatment

Biological activity of G-CSF proteins was determined using NFS-60
cell line [30]. Active G-CSF protein initiates proliferation of this cell line
after interaction with G-CSF receptor on the surface of the cells [31].
NFS-60 cells were maintained in RPMI 1640 growth medium supple-
mented with 10% fetal bovine serum, antibiotic – gentamicin sulphate,
0.05mM 2-mercaptoethanol and 2ng/ml G-CSF monomer. Before deter-
mination of biological activity of G-CSF monomer, NFS-60 cells were
prepared: centrifuged and re-suspended at a concentration of 5.0 ×
107 cells/ml in cell maintenance media without G-CSF and 2-mercap-
toethanol.

For the test procedure, G-CSF was serially diluted in growth medium
for the investigation of NFS-60 cell proliferation in the presence of free
G-CSF. MagBs and MagBs-G were serially diluted in 0.01M PBS pH 7.4
containing 1mg/ml BSA. 40µl of growth medium RPMI 1640 supple-
mented with 10% fetal bovine serum and 10µl of solution containing
required concentration of free G-CSF, MagBs or MagBs-G were aliquoted
per test well of 96-well tissue culture plate. The final concentrations of
free G-CSF were from 0.01µg/ml to 1µg/ml, MagBs − from 0.5µg/ml
to 100µg/ml and MagBs-G − from 0.5µg/ml to 50µg/ml, respectively.
Each concentration of free G-CSF, MagBs or MagBs-G was tested in trip-
licate. Effect of MagBs on cells proliferation was studied in presence of
2ng/ml free G-CSF in grown medium. 2-mercaptoethanol was added to
the prepared cell suspension to a final concentration of 0.1mM and 50µl
of such NFS-60 cells was added into each test well (1×104 cells/well).
The plates were incubated for 48h at 37 °C in a 5% CO2 atmosphere.

2.6. Cell proliferation and viability assay

XTT is a colorimetric assay used to assess cell viability as a function
of cell number based on metabolic activity [32]. After 48h of NFS-60
cell incubation with free G-CSF, MagBs or MagBs-G, test wells were
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filled with XTT reagent and incubated for another 6h maintaining the
37 °C temperature and 5% CO2. The absorbance of converted dye which
is linked to the viable cells was measured at 490nm using a microplate
reader.

3. Results and discussion

Various nanoparticles are increasingly employed in medicine for di-
agnosis, therapy or drug delivery. In recent years increasing attention
has been given to the development of new strategies of therapeutic
agent’s delivery to the target and for increase circulation time in vivo
of these agents. Application of magnetic micro- and nanoparticles as a
core for a drug carrier ensure localized drugs transport by applying a
magnetic field over the target, while immobilisation of drugs on the car-
rier provides longer circulation time keeping drugs activity [33,34]. Ad-
ditionally, it was observed that some carriers (diethylenetriaminepen-
taacetic acid functionalized SiO2 nanoparticle) have stimulating effect
on the cell proliferation without any modification with drugs [35]. Bio-
compatibility and magnetic properties of particles can be improved by
encapsulating MPs in a shell [36,37]. In this study used MagBs consisted
of Fe3O4 nanoparticles coated by silica matrix, which protects cells from
the cytotoxic effect of magnetite or its oxidized form maghemite.

The characterization of MagBs was performed before immobiliza-
tion of G-CSF by different techniques (Fig. 1). It was determined from
SEM and TEM images that particles were spherical. The presence of
Fe3O4 nanoparticles in silica matrix can be observed in TEM image (Fig.
1B). The size distribution was evaluated from SEM images. The av-
erage size of MagBs was 571±171nm (Fig. 1C). Although the parti-
cles were not exactly the same size, MagBs were well suited for im-
mobilization of G-CSF. MagBs were easily collected during all stages
of MagBs-G preparation. In addition, possible influence of MagBs pres

ence in solution on XTT results was evaluated by recording MagBs ab-
sorbance spectra (Fig. 1D). The absorbance of MagBs solution gradually
decreases in range from 350 to 800nm, wherein absorbance of 100µg/
ml MagBs solution at 490nm was equal to 0.067. Considering, that such
MagBs concentration was the highest concentration, which was used in
following experiments, it can be concluded that presence of MagBs in
solution should not influence XTT results.

The cytotoxic or stimulating effect of MagBs used in our study on
cells was evaluated by XTT colorimetric assay after culturing of NFS-60
cells in the presence of 2ng/ml free G-CSF and varying concentrations
of MagBs (from 0.5 to 100µg/ml) in a 96- well microplate for 48h (Fig.
2). Cell viability expressed in percentage and normalized to the control
(100% without MagBs) was higher than 88% in all cases. Moreover, no
dependencies between viability of cells and MagBs concentration were
determined. Thus, MagBs used in our study are neither cytotoxic, nor
exhibited a stimulating effect on the cells. Fig. 3 represents differences
between how cells look like immediately after the addition of MagBs
to the culture medium and after 48h of cultivation. Shortly after the
addition of MagBs (Fig. 3A) most of magnetic particles were located
away from cells. Besides, the majority of MagBs were isolated from each
other, although portion of particles were interconnected in chains or
formed structures of pellet shape. After 48h of incubation (Fig. 3B) the
number of cells increased. Almost all magnetic particles were clustered
in chains or structures of pellet shape. Furthermore, most of intercon-
nected MagBs were located close to the cells. Only a small part of MagBs
was located separately from each other. In conclusion, MagBs are prone
to interconnection and migration towards cells after 48h of cultivation.
Similar tendency was observed in subsequent experiments with MagBs
modified with G-CSF.

In XTT assay the change of solution colour from slightly yellow to
bright orange is proportional to the number of viable cells [38]. In the
case of high colorimetric reaction intensity, yellow colour turns to red.

Fig. 1. Characterization of magnetic silica gel beads by different methods. (A) SEM and (B) TEM images of MagBs. (C) The size distribution of MagBs obtained from SEM images. (D)
Absorbance spectra of MagBs solution (CMagBs =100µg/ml).
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Fig. 2. Dependence of cell viability on the concentration of magnetic silica gel beads de-
termined by XTT assay.

Magnetic silica gel beads, which were used in our investigation, were of
brown colour (Fig. 3). Therefore, it was decided to additionally inves-
tigate how the colour of MagBs could influence the results of an XTT
assay. In order to accomplish this task two experiments were performed
in parallel (Fig. 4). The first one was performed in the same way as the
investigation of the cytotoxic or stimulating effect of MagBs on cells.
NFS-60 cells were incubated in the presence of various MagBs concen-
trations. Cell viability was evaluated by XTT colorimetric assay. The sec-
ond one was done in the same way as the first, except that MagBs were
removed from the medium with cells before analysis. The solution of
growing cells with MagBs was poured into 1.5ml tube after 48h of cul-
tivation. MagBs were collected with a magnet on the side of tubes. Su-
pernatant without MagBs was used for XTT colorimetric analysis. The
absence of MagBs in the growing medium with cells was confirmed by
optical microscopy. The effect of MagBs presence in the test well and
their colour on the results of cell viability determined by XTT assay is
shown in Fig. 4.

Based on XTT assay results, the decrease or increase of cell viabil-
ity for analysis using growth medium with cells and MagBs was not
greater than 10%. These results are comparable with previously pre-
sented data (Fig. 2). XTT cell proliferation assay showed that removal
of MagBs by a magnet from the growth medium with cells had a neg-
ative influence on the test results in all samples with a different con-
centration of MagBs. This negative effect changed very little with the
increase of MagBs concentration in the growth medium with cells. A

lower viability of cells associated with lower absorbance of converted
dye in solutions without MagBs in comparison with the control can be
explained by a loss of cells during MagBs removing procedure. After
48h of incubation most of magnetic particles were located close to cells
(Fig. 3B), therefore magnetically discarding MagBs might mutually re-
sults in a removal of cells. Furthermore, during the MagBs removal from
the medium with cells, an additional procedure of pouring the solution
into tubes and back to the plate wells was performed and therefore the
additional loss of some cells can occur. Finally, considering that previ-
ously determined absorption of the 100µg/ml concentration of MagBs
at 490nm is 0.067 it can be concluded that MagBs presence when per-
forming XTT assay is negligible.

The success of MagBs modification with G-CSF was evaluated by
analysing supernatant that was obtained after the removal of modified
MagBs-G. Bradford assay was used for the determination of residual
G-CSF in a 4 times diluted supernatant. Different additives, salts and
the dilution of a sample in buffers have extensive effects on the protein
calibration curve obtained by the Bradford assay [39,40]. Two calibra-
tion curves of BSA were prepared. Deionized water or 0.01M PBS, pH
7.4, were used for the dilution of BSA stock solution and the prepara-
tion of calibration curves. It was observed that the slope of the calibra-
tion curve was 15% higher using water compared to PBS. The presence
of hydrogen phosphate and dihydrogen phosphate ions (HPO4

2− and
H2PO4-) in the solution can increase aggregation of the proteins [41].
So, considering that for the modification procedure the stock solution of
G-CSF was diluted with PBS it was decided to use 0.01M PBS, pH 7.4,
for the preparation of BSA calibration curve. Additionally, a calibration
curve of G-CSF employing PBS to dilute stock solution was prepared.
The difference of about 22% in slopes of BSA and G-CSF calibration
curves was observed (Fig. 5). The concentration of G- SCF in a 4 times
diluted supernatant calculated from G-CSF and BSA calibration curves
was 5.71µg/ml and 1.11µg/ml, respectively. Mindful of such a big dif-
ference in the calculated concentrations it was decided to use a value of
G-CSF concentration calculated form G-CSF calibration curve. The con-
centration of G-CSF in the solution, which was used for the modification
of MagBs, decreased from 50µg/ml (initial concentration) to 22.8µg/ml
(in supernatant). The results of the Bradford assay showed that during
the modification procedure more than a half of G-CSF proteins were im-
mobilized on the surface of MagBs. The amount of immobilized G-CSF
in the initial MagBs-G solution was 5.44µg. MagBs-G concentration in
initial solution was 500µg/ml.

NFS-60 cells were treated with a different concentration of MagBs-G
for 48h. In addition, the investigation of NFS-60 cell proliferation in
the presence of free G-CSF was done in parallel. Cell proliferation and

Fig. 3. Optical microscopy images of cells (A) immediately after addition of MagBs (cMagBs- 50µg/ml) and (B) after 48h of cultivation.
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Fig. 4. Dependency of cell viability on MagBs concentration after 48h of incubation. Con-
trol group is NFS-60 cells which were incubated without MagBs.

Fig. 5. Calibration curves of BSA (circles) and G-CSF (squares) diluted in PBS. Triangles
― points for the evaluation of G-CSF concentration in 4 times diluted supernatant after
the MagBs modification procedure using calibration curve of BSA (▼) and using calibra-
tion curve of G-CSF (▲).

viability was analysed by the XTT assay (Fig. 6). The concentration of
MagBs-G in a 96-well microplate was recalculated to the concentration
of G-CSF. The selection of free G-CSF concentrations used for prolif-
eration test was based on the concentration of G-CSF in solutions of
MagBs-G. It was decided to use a G-CSF concentration from 0.01µg/ml
to 1µg/ml. As we expected the proliferation of NFS-60 cells in the used

range of free G-CSF was higher in comparison with the control group,
however no difference in the response was observed when increasing
the concentration of G-CSF in the selected concentrations range (Fig.
6A). Furthermore, MagBs-G concentration effect on NFS-60 cell prolif-
eration was investigated in the range from 0.5µg/ml to 50µg/ml of
MagBs-G which relates to a G-SCF concentration in the range from
0.027µg/ml to 2.7µg/ml. Gradual increase of proliferation when in-
creasing MagBs-G concentration was observed in all test wells (Fig. 6B).
The proliferation ability increased almost twofold when 0.5µg/ml of
MagBs-G (0.027µg/ml of G-CSF) was used, but it was about three times
lower than that for the samples with free G-CSF. The maximal pro-
liferation, which was reached using free G-CSF, was achieved only at
the highest concentration of MagBs-G (50µg/ml). The stimulation effect
on NFC-60 cell proliferation also was observed by other authors using
50nm diethylenetriaminepentaacetic acid functionalized SiO2 particles
modified with G-CSF [35]. Thus, G-CSF molecules retained their activ-
ity after immobilization. In our case a relatively high concentration of
immobilized G-CSF (2.7µg/ml) required in test wells with NFS-60 cells
to achieve maximal proliferative response can be explained by a ran-
dom orientation of covalently immobilised G-CSF molecules on MagBs
surface. Accordingly, not all molecules of G-CSF could improve the pro-
liferation of NFS-60 cells. In addition, the mobility of MagBs-G is lim-
ited due to their size, therefore it is more difficult for G-CSF molecules
that are immobilized on surface of particles to reach NFS-60 cells com-
pared to free G-CSF molecules and it takes more time. In addition, not
all G-CSF molecules immobilized on MagBs surface can approach recep-
tors on cells due to spatial hindrances.

A proliferation response in the previous test (Fig. 6A) was maximal
when NFS-60 cells were incubated even with the lowest used free G-CSF
concentration (0.01µg/ml). Therefore, for the evaluation and compar-
ison of the potency of free and immobilized on MagBs surface G-CSF
additional test was performed. NFS-60 cells were incubated with var-
ious free G-CSF concentrations in the range from 0 to 1ng/ml. Ob-
tained results are represented in form of dose-response curves (Fig.
7A). In the case of free G-CSF half-maximal response (EC50) value (the
concentration of G-CSF that gives half-maximal response) was about
68pg/ml or 3.6pM, which is comparable with results of other authors
(5.3pM [42]). The 100% viability was achieved in the presence of
1ng/ml of free G-CSF in the cell medium. A similar G-CSF concen-
tration (2ng/ml) was also needed for reaching 100% viability in the
previously reported paper [43]. In the case of G-CSF immobilized on
MagBs surface (Fig. 7B) an EC50 value was 214ng/ml or 11.4nM. Such
big difference in EC50 values between the free and immobilized G-CSF
indicated that free G-CSF molecules possess higher potency than on
MagBs immobilized G-CSF. Nevertheless, it is possible to achieve the
same efficiency of free and immobilized G-CSF molecules on the prolif

Fig. 6. Comparison of XTT colorimetric measurements of the NFS-60 cell proliferation, incubating cells with a different concentration of (A) free G-CSF and (B) MagB-G.

5

Anton
Highlight

Anton
Highlight

Anton
Highlight

Anton
Highlight



UN
CO

RR
EC

TE
D

PR
OO

F

A. Popov et al. Colloids and Surfaces A: Physicochemical and Engineering Aspects xxx (xxxx) xxx-xxx

Fig. 7. Dose-response curves of (A) free and (B) immobilized on MagBs surface G-CSF molecules using NFS-60 cell line.

eration of cells (Fig. 6), however the amount of MagBs-G or the initial
amount of G-CSF used for MagBs surface modification must be higher.

The specific activity of G-CSF after immobilization on MagBs surface
was tested. G-CSF molecules even after the immobilization on beads af-
fect the proliferation of NFS-60 cells. Sufficiently higher concentration
of MagBs-G is required to achieve maximal proliferation response in
comparison with free G-CSF molecules, even though in both cases G-CSF
molecules possess the same efficacy. EC50 value of free G-CSF is quite
lower in comparison with EC50 value of immobilized G-CSF. Such no-
table difference in the potency of G-CSF might be explained by non-op-
timal, random orientation of G-CSF on the surface of MagBs after co-
valent bonding. Another limiting factor on the proliferation efficiency
is the restriction of MagBs-G mobility and spatial hindrances. Addition-
ally, G-CSF and its receptor complex requires 2:2 stoichiometry to be
effective [44–46], which means that the distance between immobilized
G-CSF molecules and their orientation needs to be taken into consider-
ation. These problems could be solved by using smaller magnetic par-
ticles, managing the surface coverage of protein on the particle and by
ensuring a proper orientation of molecules. Normally, activation signal
after ligand – receptor complex formation is transferred to a signal trans-
ducer and activator of transcription (STAT) families’ proteins. Then ac-
tivation signal is transmitted to phosphatidylinositol 3 kinase and its lig-
and Akt, and finally to the p21ras/Raf/MAPK pathway [47]. To under-
stand how immobilized G-CSF activate the cascade of actions, additional
experiments are needed taking in to account that G-CSF-mediated signal
transduction is accompanied by receptor mediated endocytosis [47].

4. Conclusions

In this work silica coated magnetic particles with free carboxyl
groups were chosen as matrix for the easy protein immobilization and
separation. It was shown that MagBs were not cytotoxic for NFS-60 cells
and their presence in a cell medium has no influence on the cell viabil-
ity. Silica matrix is likely the reason of reduced Fe3O4 cytotoxic effect.
The immobilization of G-CSF molecules on MagBs surface was success-
fully performed. The usage of magnetic particles allows to accelerate the
process of covalent immobilization of G-CSF and to avoid the centrifu-
gation step, which is usually required for the collection of modified par-
ticles during various steps of modification. Therefore, in such way the
loss of G-CSF-modified particles is significantly reduced and outcome of
modification is increased, which is especially important when a protein
such as G-CSF with a relatively high production cost is used for the de-
velopment of new drugs.
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