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a b s t r a c t

This study addresses the development of gel-based magnetic material in the purposes of biomedical
applications in the fields of tissue engineering, regenerative medicine, drugs delivery and magnetic
biosensing. Ferrogels were synthesized by radical polymerization of acrylamide in a stable aqueous sus-
pension of c-Fe2.04O2.96 nanoparticles (NPs) fabricated by the laser target evaporation technique. Gel net-
work density was set to 1:100, the concentrations of imbedded NPs (average mean diameter of about
11 nm) were fixed at 0.00, 0.25 or 0.75% by weight. Saturation magnetization of the gels showed a linear
dependence on concentration of NPs. The main task of proposed investigation was to determine the con-
tribution of the presence of NPs to the change of the physical properties of gels and their biocompatibil-
ity. We found that the gradual increase of NPs concentration in the gel network resulted in the significant
increase of the gel’s Young modulus, effective viscosity, negative value of electrical potential and
adhesion index for both the human dermal fibroblasts and the human peripheral blood leucocytes. We
concluded that from viewpoint of biomedical applications, the inclusion of small amount of NPs into
the polymer network significantly enhances the mechanical and electrical properties of ferrogels, and
improves biocompatibility of these systems.
� 2017 The Authors. Published by Elsevier B.V. This is anopenaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
Introduction

Recently, magnetic nanoscale particles had received significant
interest due to their intrinsic properties in the expectation of the
biomedical applications employing their ability to respond on the
application of the magnetic field. Magnetic materials can be used
for magnetic separation, magnetic biosensing, in vivo medical
imaging, drug delivery, thermal ablation or hyperthermia and tis-
sue repair [1]. Iron oxide nanoparticles (NPs) without surface mod-
ification usually display hydrophobic properties causing their
agglomeration, plasma opsonin protein adsorption, recognition
by the microphages and removal from the blood stream within
seconds [2]. The way to avoid these obstacles is to design
water-based stabilized (sterically or electrostatically) magnetic
suspensions with requested properties. That is, magnetic ferroflu-
ids become the next generation magnetic materials for biomedical
applications. Further development of the concept of biomedical
magnetic nanomaterials resulted in appearance of polymer/NPs
composites, such as magnetic microspheres for magnetic separa-
tion or magnetic label detection [3] and finally ferrogels [4].

In general, gel is a 3D cross-linked polymer network swollen in
a liquid phase [5,6]. The physical basis of functional properties of
the polyelectrolyte hydrogels stems from the balance of interaction
of polymeric filaments with the medium, the entropic flexibility of
filaments, the positive osmotic pressure of counterions, and the
balance of forces of attraction and repulsion between electric
charges [7].

The structure of gel-like synthetic systems is similar to the
living systems where the biopolymer network is immersed into a
liquid phase. Typical example of the gel-like biological system
is the cell cytoskeleton. Remarkably, the synthetic gels mimic
well a number of cell functions, e.g. contraction, elongation,
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Fig. 1. TEM image of iron oxide NPs (JEOL JEM2100). Inset: PSD of MNPs obtained
by graphical analysis of images (2160 particles).
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electrocapacity, secretion etc. [8–11]. Close resemblance of the
structural and functional features of gel-like synthetic and living
systems is the most important argument for implication of syn-
thetic hydrogels in biomedical applications.

The development of biocompatible materials based on the func-
tional properties of gels is a promising area of biomedical engineer-
ing. In particular, polyacrylamide (PAAm) gels and their co-
polymers are widely introduced as a soft working body of sensors,
actuators and transducers [12,13]. Furthermore, the advantages of
PAAm gels as the cellular substrates for tissue engineering were
reported in a number of investigations [14–17].

Meanwhile, resent studies have demonstrated a new class of
hydrogels filled with the magnetic nanoparticles [18–20]. On the
one hand, the iron oxide NPs per se have many application in med-
icine, e.g. for MRI diagnostics, drugs targeted delivery and con-
trolled release, hyperthermia treatment of tumors, magnetic
biosensing and so on [1,21,22]. On the other hand, the composition
of hydrogel and iron oxide NPs opens up a potential in the devel-
opment of magnetically controlled biocompatible materials for tis-
sue engineering, regenerative medicine, drugs delivery and
magnetic biosensing [22–26].

In our early works, the electromechanical [27,28] and mechano-
electrical transductions [29,30] in copolymers of PAAm gels were
studied in details. Taking into account the future development of
ferrogels in biomedical applications, this study was aimed to deter-
mine the impact of iron oxide NPs on the gel functional properties.
In this work, we discuss our experience of PAAm-based ferrogels
fabrication and characterization and the influence of NPs concen-
tration on the gel’s Young modulus, effective viscosity, electrical
potential and degree of the cell adhesion. We show that from the
viewpoint of biomedical applications, the inclusion of small
amount of iron oxide NPs (0.25 or 0.75 wt%) into the polymer net-
work of PAAm gel significantly enhances the mechanical and elec-
trical properties of ferrogels, and improves the biocompatibility of
these systems.
Fig. 2. XRD pattern of iron oxide NPs with corresponding Miller indexes
identification.
Materials and methods

Materials

Magnetic nanoparticles for the synthesis of ferrogels
Iron oxide NPs were synthesized by laser target evaporation

(LTE) of Fe2O3 target pellet using specialized setup with Yb fiber
laser operated in pulse regime at 1.07 mm wavelength [31]. This
very productive method of high-energy physical dispersion was
extensively described in our earlier works [32,33]. Fig. 1 shows
transmission electron microscopy (TEM) image of NPs obtained
by JEOL JEM2100 microscope: NPs were spherical and non-
agglomerated. Particle size distribution (PSD) of MNPs was
obtained by the analysis of TEM images in the ensemble of 2160
particles. PSD (Fig. 1 inset) was lognormal with the median value
11.4 nm and dispersion 0.423. 90% of NPs by weight had the diam-
eter below 30 nm.

The specific surface area of NPs (Ssp) measured by the low-
temperature adsorption of nitrogen (Micromeritics TriStar 3000)
was 78.0 m2/g. The weight average diameter of NPs, calculated
from this value using the equation dw = 6/(qSsp) (q = 4.6 g/cm3

being the density of iron oxide) was 16.7 nm, i.e. in a good agree-
ment with dw = 18.5 nm, obtained using PSD with the parameters
given above.

The crystalline structure of NPs was characterized by X-ray
diffraction (XRD) using Bruker D8 Discover diffractometer
(Fig. 2). The peaks in the diffractogram corresponded to inverse
spinel structure, which is basically the same for magnetite and
maghemite. The exact chemical composition of MNPs determined
by the electrochemical Red-Ox titration (TitroLine, Schott Instru-
ments) was found to be Fe2.04O2.96, that is close to maghemite. A
detailed discussion on the crystalline and chemical structure of
LTE iron oxide NPs was provided in our previous report [34].

Hysteresis loops and termomagnetic curves of the iron oxide
NPs were measured by MPMS XL-7 SQUID-magnetometer. Fig. 3
shows the hysteresis loop of air-dry NPs measured at room tem-
perature. One can appreciate rather low but not exactly zero coer-
civity consistent with the average size obtained by structural
evaluation.

Observed magnetic behaviour of the studied particles was pre-
viously described in terms of core-shell structure of individual
nanoparticle taking into account the effect of the interaction of
the core magnetization and the shell of the particle [32]. The value
of the saturation magnetization (Ms) obtained for spherical LTE
NPs was close to 55 emu/g being quite reasonable for the iron
oxide NPs of this size. It is necessary to mention that even at 5 K,
the magnetization curves did not saturate and the maximum mag-
netization value in a field of 60 kOe was denoted as Ms. It was
appreciably smaller than the one expected for bulk maghemite.



Fig. 3. Hysteresis loop of iron oxide NPs measured at room temperature. Inset:
magnified part of the M(H) loop in low fields.
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This was understood by taking into account the small size of the
NPs and the high amount of atoms on the surface.

Indeed, because of defects of the crystalline structure and non-
compensated spins, very often the surface layers of ferromagnetic
particles are less magnetized than their bulk cores. Obviously, this
factor reduces the saturated magnetization of the system of NPs as
compared with the bulk magnetic material.
Preparation and characterization of ferrofluid
Based on LTE maghemite NPs the stable ferrofluids were pre-

pared for the synthesis of ferrogels. Air-dry MNPs were dispersed
in 5 mM solution of sodium citrate to get 6% (wt) stock suspension.
The suspension was ultrasonically treated for 30 min using Cole-
Palmer CPX750 processor operated at 200 W output. The decrease
in the average hydrodynamic diameter of aggregates in the stock
suspension was monitored by dynamic light scattering (DLS) using
Brookhaven ZetaPlus analyzer. As the average hydrodynamic
diameter decreased to ca. 100 nm, the stock suspension was cen-
trifuged at 9000 rpm for 5 min using Hermle Z383 centrifuge.
The supernatant ferrofluid contained 5.04% (wt) of the iron oxide
NPs. The average hydrodynamic diameter of particles in ferrofluid
was 49.5 ± 0.1 nm. Fig. 4 presents the weighted PSD of particles in
ferrofluid by DLS in comparison to the weighted PSD of air-dry NPs
by TEM. The major fraction of particles in ferrofluid corresponds to
Fig. 4. Histograms of weighted PSD of iron oxide NPs in air-dry state (TEM) and in
stabilized water suspension (DLS). Numbers give the weight percentage of fractions
in water suspension.
the individual NPs (80% by weight) whereas the minor fraction of
small aggregates is still present (20% by weight).

Despite the fact that the major part of the iron oxide NPs by
weight had the diameter below 30 nm, a significant amount of
NPs (about 10%) corresponds to a larger particles. Their magnetic
state is not necessarily corresponds to a material with uniformly
magnetized core and even not necessarily corresponds to a single
domain state which is close to 30–40 nm for maghemite [35]. This
may explain not exactly zero coercivity of NPs and as it will be dis-
cussed below, some peculiarities in agglomeration of MNPs during
ferrogel synthesis.

Zeta-potential of ferrofluid was measured by the elec-
trophoretic light scattering (ELS) using Brookhaven ZetaPlus ana-
lyzer. It was �30.1 ± 0.7 mV, which value stands for the high
stability of the ferrofluid due to the adsorption of electrostatic sta-
bilizer (citrate anions) upon the surface of iron oxide NPs.

Synthesis of gels and ferrogels
Polyacrylamide gels (PAAm) were synthesized by the free-

radical polymerization in 1.6 M aqueous solution with N,N0-methy
lene-diacrylamide as a cross-linker. Cross-linker to monomer ratio
was set at 1:100, which is the average number of cross-links per
number of monomer units in linear subchains. Ammonium persul-
fate in 3 mM concentration was used as an initiator. All reagents
were purchased from Merck (Schuchardt, Hohenbrunn).

In the synthesis of PAAm ferrogels free-radical polymerization
was performed in ferrofluids with different concentration of NPs.
The composition of the reaction mixture: monomer, cross-linker,
and initiator concentration was the same as for the blank PAAm
hydrogel. As the gel samples swelled in the consequent washing
cycles after the synthesis, the final concentration of NPs in ferro-
gels changed with respect to the initial concentration set up in
the synthesis. The concentration of NPs in ferrogels was deter-
mined by the thermogravimetric analysis (NETZSCH STA 409). It
was 0.25 or 0.75% of iron oxide NPs in ferrogel by weight.

Polymerization of gels and ferrogels was performed in different
master-forms at 80 �C for two hours. Polyethylene probe tubes
(diameter 10 mm) were used to form the gel cylindrical samples
needed for mechanical and electrical examinations. Upon the poly-
merization, the gel samples were removed from the probe tubes
and washed in distilled water for 2 weeks with water renewal
every two days until constant weight of the gel samples was
achieved.

Gel samples for the studies of biocompatibility were made in
the shape of thin sheets – ca. 1 mm in thickness. Prior to the heat-
ing, the reaction mixture was placed between commercial 25 � 25
(mm2) polished cover glasses for optical microscopy. The glasses
were separated by 0.8 mm Al wire spacers provided the thickness
of the resulted gel sheet. The synthesized gel sheets were then
washed as indicated above. To produce the gel samples for cell cul-
turing in 24-well and 96-well plates, the gel sheets were cut by a
round razor blade to appropriate diameter of 13 and 6.5 mm,
respectively. Fig. 5 shows the gel and ferrogels samples used for
cell culturing.

Magnetic characterization of ferrogels
The magnetization M(H) curves of gel and ferrogels were mea-

sured by vibrating sample magnetometer (Faraday magnetometer
of laboratory design) using polycarbonate capsules. The value of
the magnetization in a field of 1.8 kOe was denominated as satura-
tion magnetization Ms. Hysteresis loop shape for air-dry NPs, as it
was mentioned above, reflected no saturation at room tempera-
ture: the magnetization in the field of 60 kOe was close to
55 emu/g. Observed magnetic characteristics of NPs (absence of
saturation at room temperature, saturation magnetization value,
low coercivity) are consistent with close to superparamagnetic



Fig. 5. Examples of gel and ferrogel samples (diameter �6.5 mm) with the iron
oxide NPs content 0, 0.25 or 0.75% (from left to right) used for cell culturing in 96-
well plates.
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behaviour earlier discussed for the iron oxide NPs obtained in the
same conditions [23].

Fig. 6 shows the results of magnetic characterization for gel and
selected ferrogel samples with different amount of magnetic filler.
As to expect for the water based sample, gel without NPs has linear
diamagnetic response. All the ferrogels had S-shaped hysteresis
loops with very low the coercivity (Hc) of the order of few Oe,
reflecting very weak interactions between the iron oxide NPs. Ms

presented a linear dependence on the concentration of NPs. It is
important to mention that the shape of M/Ms. hysteresis loops
where Ms = M(H = 1.8 kOe) was similar for all ferrogels under con-
sideration clearly confirming the similarity of magnetic state of all
samples. In all cases under consideration, we are dealing with
diluted system in which magnetic interactions are very weak and
most probably negligible. The same conclusion comes from the
estimation of the average distances between the NPs on the molec-
ular level [22] in the supposition of the de-aggregated state. The
average distances between the NPs are at least 10 time larger com-
paring with average NPs diameter.

Methods

Gel viscoelasticity measurements
Cylindrical gel samples �10 mm in length and �10 mm in

diameter were used for mechanical testing. The equipment of
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Fig. 6. Hysteresis loops of gel and selected ferrogels with different concentration c
of iron oxide NPs. Inset shows the M/Ms. hysteresis loops, where Ms = M
(H = 1.8 kOe) calculated for each one of the samples. Numbers are concentrations
of NPs of iron oxide in gel (by weight).
laboratory design was built around an optical system based on a
digital camera, and contained the following parts: a bath for the
gel sample, a semiconductor force transducer, an electromagnetic
linear motor for applying mechanical deformations, a semiconduc-
tor optical transducer for the measurement of gel sample length in
dynamics. Gel sample was clamped vertically between the livers of
force transducer and linear motor. To produce the ‘compression-
decompression’ cycle of gel samples, the step-wise axial deforma-
tions (e) were applied by means of the linear electromagnetic
motor (Fig. 7).

Gel tension (r) was calculated as the recorded force normalized
by the gel cross-sectional area. To obtain the correct value of gel
cross-section in the course of applied deformations, the diameter
of gel sample was monitored at every step by means of digital cam-
era. Young modulus (E) was determined as the slope of linear part
of curve in coordinates e vs r: tga = r/e = E.

The apparent viscosity (g) of gel samples was calculated as:
g = Es, where s is the time constant of force relaxation obtained
in the gel after its rectangular deformation of 2.5–5% (see inset
for Fig. 7), and calculated using the Maxwell model of viscoelastic-
ity [36].
Gel electrical potential measurements
The electrical potential of gel was obtained by two identical Ag/

AgCl tapered glass microelectrodes (�1 mm in tip diameter) typi-
cally used in biophysical studies for intracellular voltage measure-
ment. The details of potential measurement in the gel were
described in several studies [29,30]. Briefly, thin-walled, single-
barrel borosilicate capillary tubes ‘‘TW150F-6” (‘‘World Precision
Instruments”, USA) were single-pulled using a standard electrode
puller ‘‘ME-3” (‘‘EMIB Ltd”, Russia). The pulled electrodes were
immersed in a 3 M KCl solution with the tip facing upward, so that
the solution climbed to the tip by capillary action.

One electrode was pinned into the gel sample and the other was
placed into outside water. The potential difference between micro-
electrodes was measured using an instrumental amplifier on the
base of an integrated circuit ‘‘INA 129” (‘‘Burr-Brown”, USA). To
reduce the influence of electromagnetic interference on the poten-
tial difference measurement, special wire shields were provided
around the measuring unit.
Gel biocompatibility testing

Cell adhesion to material surfaces as a basic method for the
determining of gel samples biocompatibility was studied in the
present study. As it well known, the cell adhesion is one of the
initial stages of cells monolayer formation, and it characterizes
a direct interaction between cells and matrix [37]. Primary cul-
tures of fibroblasts and primary leucocytes were chosen for the
first-check of gels biocompatibility. In general, the culturing of
fibroblasts is widely introduced in biomedicine, e.g. for the stim-
ulation of bone or skin tissues reparative regeneration, for the
creation of bone or cartilage bioimplants etc. The blood cells, in
particular leucocytes, initiate in vivo inflammatory and regenera-
tive processes in the wound region. Thus, the interaction of
fibroblasts and leucocytes with any artificial material is very
important test for its future use in the regenerative and trans-
plantation medicine.

The culture of human dermal fibroblast cells (5th passage) was
obtained from a supposedly healthy donor of 40 years old. The cul-
ture of human peripheral blood leukocytes was derived from five
supposedly healthy donors of 23–28 years old. All donors were
informed of the procedures and benefits involved in the study
before their written consents were obtained. Ethics Committee of
the Ural State Medical University approved the study.



Fig. 7. Experimental records of force measurement in the course of gel sample deformation. Insert (on the right) displays the initial stage of force change in response to the
gel compression step.
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Determination of the adhesive activity of human dermal fibroblasts to
the gels

At the first stage, the gel samples were sterilized in a Dulbecco’s
Phosphate Buffered Saline (DPBS) purchased from Sigma Aldrich,
USA without Ca2+ and Mg2+ for 30 min at 121 �C, 1.1 atm. The pri-
mary culture of dermal fibroblasts was performed by enzymatic
disaggregation of skin using collagenase, extracted from Clostrid-
ium histolyticum (Sigma Aldrich, USA) [38]. Flap of skin
(�10 mm2) was removed from the gluteal region of patient.

The cells were spread onto the surface of the gel samples sized
for 96-well polystyrene plate (Orange Scientific, Belgium). The
sowing concentration of cells was set to 4 � 103 cells per well.
The culture medium of Dulbecco’s Modified Eagle’s Medium – high
glucose – DMEM/Ham F-12 – purchased from Sigma Aldrich, USA
with 10% fetal bovine serum (Sigma Aldrich, USA) was used. After
passage, the cell cultures were incubated at 37 �C, 5% CO2 and 95%
humidity in a Sanyo 18AIC incubator (Japan) for 6 h, and then
washed off from unattached cells in DPBS solution without Ca2+

and Mg2+.
The fibroblasts adhered to the gel samples were documented

with the use of ZOE microscope (Bio-Rad, USA), and then removed
from the gel surfaces by the means of 0.25% tripsin-versene solu-
tion. The number of attached cells was counted using an auto-
mated cell counter Scepter (Millipore, USA). The adhesion index
was calculated as the number of adhered cells divided by the num-
ber of cells sown and multiplied by 100%.

Eight wells of 96-well polystyrene plate were set for the blank
gel and ferrogels with MNPs concentration of 0.25 or 0.75% for each
and used for the cells adhesion testing. Additionally, eight free
wells were filled with the same sowing concentration of cells to
serve as a reference point.
Determination of the adhesive activity of human peripheral blood
leucocytes to the gels

The gel samples were immersed in Hank’s solution (NPO
PanEko, Russia) without phenolic red (pH = 6.8) for one day, and
sterilized at 120 �C for 20 min. Subsequently, the gel samples were
placed on the bottom of 24-well polystyrene plates (SPL Life-
sciences, Castor).

To get leukocytes, the peripheral blood was taken from sup-
posedly healthy donors on an empty stomach at early morning
from v. Intermedia cubiti, and stored in test tubes (Vacuette TUBE,
Greiner Bio-Ont GmbH) containing Lithium Heparin. After
sedimentation of erythrocytes, plasma rich in leukocytes was
prepared. Ungraded peripheral blood leukocytes were selected
and washed in Medium-199 with Earle salts and glutamine
(FGU SRC Vector, Russia). The number of cells was counted with
the use of Goryaev’s chamber, and set to 6 � 106 cells per square
centimeter in Medium-199 contained 20% fetal bovine serum
(Biosera, Brazil).

The suspension of leukocytes was spread onto the surface the
surface of gel samples, and incubated for 2 h at 37 �C, 5% CO2 and
absolute humidity. Then, unattached cells were removed from
the samples by gentle washing with 0.9% NaCl solution. Cell mor-
phology and their adhesiveness were assessed with the use of
microscope (Micros MC-200, Austria) after cells staining by
Romanovsky-Giemsa. The average number of adhered cells in 10
visual fields for every gel sample was calculated [39].

Cells adhesion to the blank gel and ferrogels with MNPs concen-
tration of 0.25 or 0.75% by weight was tested in six samples of each
gel. In total, 90 samples for five donors were studied.

Statistical analysis

The statistic software packages ‘‘SPSS Statistics 17.0” (IBM) and
‘‘RStudio” (Version 0.99.903, RStudio, Inc.) were used for statistical
analysis. Mann-Whitney test and t-test were applied for compara-
tive analysis of biological and physical data sets, respectively. The
level of significance was set at p < 0.05.

Results and discussion

Impact of nanoparticles on the viscoelasticity of gels

Fig. 8 shows an example of the dependence of tension vs defor-
mation obtained for the blank gel and ferrogel filled with iron
oxide NPs in concentration 0.75% by weight. One can see that (1)
the dependence of gel tension on gel deformation is not linear if
the whole deformation interval of 0 to 25% is considered; (2) the
addition of iron oxide NPs into the polymer network shifts ‘‘tension
vs deformation” curve upwards. Young modulus of �25 kPa for gel
and�40 kPa for ferrogel were calculated based on the linear part of
the ‘‘tension vs deformation” curves.

Table 1 shows the results of Young modulus and effective vis-
cosity calculations in the blank gel and ferrogels with different
concentrations of NPs. One can see that the gradual increase of
MNPs concentration is accompanied by the significant increase of
Young modulus. Apparent viscosity grows up with the addition
of 0.25% of NPs to the gel and then remains stable with the further
increase of NPs concentration.



Fig. 8. Effect of MNPs embedded in PAAm gel matrix on the deformation curve of
the gel or ferrogel. Blue circles correspond to the gel without NPs, brown ones – to
ferrogel with 0.75% NPs by weight. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 1
Mean values and SD of Young modulus and apparent viscosity in tested gel samples
(n = 9).

Samples Young Modulus
(E, kPa)

Effective viscosity
(g, kPa � s)

Gel 26.50 ± 1.7 5.8 ± 1.2
Ferrogel (NPs – 0.25%) 32.3 ± 1.3 p < 0.05 8.4 ± 2.1 p < 0.01
Ferrogel (NPs – 0.75%) 39.5 ± 1.5 p < 0.001 8.6 ± 1.8 p < 0.01

Fig. 9. Typical experimental record of the electrical potential obtained in the
ferrogel with iron oxide NPs concentration of 0.75%.
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Both the Young modulus and the apparent viscosity increase
with the concentration of iron oxide NPs in the ferrogel. Unexpect-
edly, this increase is much higher than that, predicted by the clas-
sical theories of composite materials [40]. The structural reasons
underlying this strong effect are unclear. Possibly, during the gel
polymerization NPs aggregate to a certain extent and form various
structures, whose influence on the mechanical properties of the
composite is much stronger than the effect of the individual
particles.

It should be noted that non-monotonic dependences of the vis-
coelastic module on the concentration of embedded rigid NPs
(with one maximum shape) were observed in experiments with
various gels [41,42]. The physical reason of this effect is still
unclear. It can be a result of chemical interaction of the ions, dis-
robed from the NPs surfaces, with the gel macromolecules. This
interaction can inhibit the gel polymerization, reducing its elastic
and viscous module [41]. The second reason can be an agglomera-
tion of the NPs and the fragments of the macromolecules into
mesoscopic dense aggregates. Because of such kind agglomeration,
the concentration of macromolecules in the main part (out of the
aggregates) of the gel decreases, provoking the decrease of the
mechanic module of composite [43].

Although more studies is necessary in order to understand an
apparent viscosity increase we can mention some interesting
directions for further research. It is well known that the largest
particles out of particle distribution in ferromagnetic suspension
play a decisive role in the agglomeration process [44]. The idea
to include magnetic interactions for the description of the beha-
viour of ferrogels with multidomain nanoparticles is under special
focus of the present day research [45]. In the same way as large NPs
contribute to colloidal agglomeration they may keep NPs agglom-
erates stable in the course of mechanical deformation. It would be
interesting to test ferrogels containing magnetic nanoparticles
with different parameters of particle size distribution and even
on purpose created ensembles with bimodal distributions (having
a small fraction of large multidomain iron oxide NPs).

One of the direction to answer the question about the role of
magnetic interactions for the description of the behaviour of ferro-
gels with large nanoparticles would be a systematic comparison of
viscoelastic properties of gels filled with nanoparticles assembles
having similar size distribution characteristic but being either
magnetic or non-magnetic. This research direction is strictly
dependent on the improvements of nanoparticle fabrication meth-
ods. One of the promising techniques with this respect is the elec-
tric explosion of wire [46].

In general, the obtained results show that at a given levels of the
PAAm network density (1:100) and the iron oxide NPs concentra-
tion (0.25 or 0.75 wt%), the ferrogels elasticity is suitable for poly-
meric scaffolds used in the muscle tissue engineering [12,47].

Impact of nanoparticles on the electrical potential of gels

Fig. 9 shows the typical experimental plot of the electrical
potential (u) measurement in the ferrogel sample by a capillary
microelectrode. The baseline with u = 0 corresponds to the case
of allocation of an electrode in a supernatant solution outside the
gel sample. Upon pinning the capillary electrode into the gel, its
potential dropped down to the value ca. �60 mV, which remained
constant. When the electrode was taken out, the electrical poten-
tial returned to the baseline. Table 2 presents the values of the
electrical potential in all tested gel samples. One can see that in
the ferrogels the negative values of electrical potential are signifi-
cantly higher than that in the blank gel.

The difference of the electrical potentials between the gel and
its surroundings is a consequence of Donnan equilibrium in a
two-phase system with the restricted diffusion of one of the ions
across the phase boundary [48]. In polyelectrolyte gel it stems from
the general asymmetry of charge distribution in the electrically
charged polymeric network. On the one hand, the gel macromolec-
ular network comprises electrical charges, which are affixed by the
polymeric chains without possibility to leave the gel. On the other
hand, these charges are equilibrated by the equivalent amount of
oppositely charged counterions, which are free to move both inside
and outside the network and establish an equilibrium distribution.
Such equilibrium (Donnan equilibrium) results in the existence of
the electric potential, which has the same sign as the sign of the
electrical charges affixed upon the subchains. The sign is negative
for the polyanionic gels and positive for the polycationic gels
[29,34,49,50].

In the present work, we used PAAm gel. Acrylamide is a neutral
monomer and PAAm gel is not a polyelectrolyte, which means that



Table 2
Mean values and SD of electrical potential in tested gel
samples (n = 10).

Samples Potential, mV

Gel �22.5 ± 3.6
Ferrogel (NPs – 0.25%) �68.8 ± 9.4 p < 0.001
Ferrogel (NPs – 0.75%) �62.3 ± 5.3 p < 0.001
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the network does not contain electrical charges on the subchains
and counterions. Nevertheless, we observed negative electrical
potential �23 ± 4 mV for the blank gel. The possible reason for
the non-zero potential might be rationalized by considering the
details of microelectrode technique elaborated for the measure-
ments of potential. In fact, in this technique the basic quantity is
the diffusion potential of KCl solution across the tip of the micro-
electrode, which is pinned into the gel [50]. Thus, the microelec-
trode technique measures the difference in the diffusion
potentials of KCl in water (outside the gel) and in the gel. It is pos-
sible that the diffusion potential of KCl in the gel changes due to
the presence of hydrocarbon subchains of the network, affecting
the dielectric constant of the gel as compared to that of water. It
might shift the measured potential of the gel to the negative value.
In this respect the potential of the blank PAAm hydrogel should not
be considered as Donnan potential.

Meanwhile, the substantial increase of the potential for the fer-
rogels certainly stems from the Donnan equilibrium, which is
established if NPs are embedded into the polymeric network. As
it was indicated in the experimental section, the iron oxide NPs
in ferrofluid were electrostatically stabilized by sodium citrate to
prevent their aggregation. Citrate anions readily absorb on the sur-
face of NPs and provide the negative electrical charge of the parti-
cles. Na+ cations are counterions in the double electrical layer on
the surface of iron oxide NPs. During the synthesis of ferrogels
the polymeric network encapsulates the NPs with the double elec-
trical layers on their surface. Thus, the negatively charged particles
became entrapped in the network and can not leave it. Na+ counte-
rions remained free to move and to establish equilibrium distribu-
tion between gel and outside water. It is the basis for the negative
Donnan potential of the ferrogel to appear. It is remarkable,
although might be coincidental as well, that the potential of the
ferrogels (63–69 mV) is close to the simple sum of the baseline
potential of the blank PAAm gel (23 mV) and the zeta-potential
of ferrofluid (�30 mV).
Fig. 10. A gallery of photos obtained for human dermal fibroblasts in PAA gels with
different concentration of iron oxide NPs (see explanation in the text). A – blank gel,
B – ferrogel with 0.25% of iron oxide NPs, C – ferrogel with 0.75% of NPs. Scale bars
are equal to 100 mm.
Impact of nanoparticles on the adhesive activity of cells

Fig. 10 shows photographs of the human dermal fibroblasts
attached to the blank gel and to the ferrogels with iron oxide
NPs concentrations of 0.25 or 0.75%. Visually, the number of cells
depends on the NPs concentration embedded in the gel matrix.
Furthermore, the overwhelming majority of cells adhered to the
blank gel mainly resembles a sphere in shape while the cell spread-
ing take place in the ferrogels. In the ferrogel, the number of
spindle-shaped fibroblasts grows with the increase of NPs concen-
tration. This morphological observation implies a good affinity of
the fibroblasts to ferrogels.

Fig. 11 shows the effect of iron oxide NPs concentration in
PAAm gel on the adhesion activity of human dermal fibroblasts.
One can see that the increase of NPs concentration in the gel net-
work results in the increase of the cell adhesion index. At NPs con-
centration of 0.75%, the cell adhesion to the ferrogel is significantly
higher than that for the blank gel (n = 8, p < 0.01). It is also seen
that the more the NPs concentration the closer is the adhesion
index to the polystyrene (control) widely introduced for the
cellular technologies.

Table 3 presents the results of human peripheral blood leuco-
cytes adhesiveness to the blank gel and ferrogels with iron oxide
NPs concentration of 0.25 or 0.75%. In that case, to estimate the
impact of NPs on the cell adhesion quantitatively the number of
cells attached to the ferrogels was normalized to the number of
cells adhered to the blank gel. One can see that in the blank gels
the adhesion approximately in 1.5 and 1.8 times lower than that
one in the ferrogels with NPs concentration of 0.25% or 0.75%,
accordingly.



Fig. 11. Results of adhesion index calculation for the human dermal fibroblasts in
different gel samples and the control matrix. The adhesion index was defined as the
number of adhered cells divided by the number of cells sown and multiplied by
100%. Mean values (n = 8) and confidence interval (p = 0.05) as vertical bars are
plotted.

Table 3
Adhesive activity of the human peripheral blood
leucocytes to PAAm gels with different concentration
of iron oxide NPs. Mean values (n = 30) and confidence
interval (p = 0.05) are present.

Samples Relative Adhesion, %

Gel 100 ± 5
Ferrogel (NPs – 0.25%) 153 ± 15
Ferrogel (NPs – 0.75%) 181 ± 13
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Thus, the adhesive activity of the human peripheral blood leu-
cocytes and the human dermal fibroblast showed qualitatively
the same results. In general, the direct and indirect effects of iron
oxide NPs on the cell adhesion are possible. Although known data
on the direct impact of iron oxide nanoparticles on the cell function
are quite contradictory, the authors of a number of studies have
noted the increase of cell adhesion to substrates in the presence
of iron oxide NPs [23,51–54]. The indirect effect of NPs on the cell
adhesion due to the increase of gel stiffness [55–58], to the change
of gel electrical potential [59,60], and to possible change of gel sur-
face smoothness and 3D structure [47] are most likely arguments
to explain the obtained findings.

Topography alterations of the gels and also the clustering effect
are very important determinants of the different cell behaviour.
With respect to formation of clusters, aggregation is almost inevi-
table process related to ferrofluid system. The second reason can be
an agglomeration of the NPs and the fragments of the macro-
molecules into mesoscopic dense aggregates during polymeriza-
tion process. Here we would like to come back and remind that
the major fraction of particles in ferrofluid corresponds to the indi-
vidual NPs (80 wt%) whereas the minor fraction of small aggre-
gates is still present (20 wt%). This means that aggregates of NPs
can be incorporated into the gel matrix as mesoscopic dense aggre-
gates providing the statistical random distribution of
inhomogeneities.

In addition, one can also imagine more exotic factors responsi-
ble for enhanced cell adhesion in the case of ferrogels with high
NPs concentrations. Such environmental factors as terrestrial
magnetic field, electromagnetic radiation always appearing in
non-shielded room and microvibrations might be involved and
contributing. For separation each one of these factors ‘‘clean”
environments should be created for systematic experiments.
Meanwhile, independently on the mentioned factors or their
combination affecting the result, the increase of iron oxide NPs
concentration in ferrogel improves PAAm gel biocompatibility
estimated by the cell adhesion activity. Adhesion phenomenon
did not depend on the type of cells. Qualitatively, the findings
presented here are in a good agreement with the results obtained
by other researchers for polyvinyl alcohol (PVA) hydrogels filled
with Fe2O3 NPs [25,26]. The authors showed that the osteoblasts
preferentially adhered to ferrogels, and with the increasing NPs
concentration, the cell adhesion density was significantly
promoted.

Thus, the screening assessment of cells morphology and adhe-
sion activity showed promising use of PAAm ferrogels for the tissue
engineering purposes. However, future investigations of the cells
proliferation and differentiation in PAAm ferrogels with different
topography and NPs distribution are necessary, especially in a con-
dition of the external magnetic field application.
Conclusions

This study addresses the development of gel-based magnetic
material for possible use in the biomedical applications in the
fields of tissue engineering, regenerative medicine, drugs deliv-
ery and magnetic biosensing. Polyacrylamide gel was chosen as
a soft working body because of its biocompatibility is well
known. The gel was filled with the maghemite c-Fe2.04O2.96

NPs also well introduced in the biomedicine. Ferrogels were syn-
thesized by radical polymerization of acrylamide in a stable
aqueous suspension of NPs (dw = 18.5 nm) fabricated by laser
target evaporation. The gel network density was set to 1:100,
the concentration of imbedded NPs was fixed at 0, 0.25 or
0.75% by weight.

The main task of proposed investigation was to determine the
effects of iron oxide NPs on the physical properties of gel and its
biocompatibility. We started from the gel viscoelasticity and
potential testing because the both the mechanical and the electri-
cal features of gel are critical for the tissue engendering. The inclu-
sion of iron acid NPs into the polymer network with concentration
of 0.25 or 0.75% by weight resulted in the significant increase of
Young modulus and electrical potential in the gel. Moreover, the
more the NPs concentration the more were stiffness and potential
of gels. At the same time, the embedding of NPs to the gel network
shifts negative value of gel potential toward the living cells
potential.

The impact of iron oxide NPs on the gel physical properties
is a reasonable basis to explain our finding on the increase of
cell adhesion to ferrogels. The cell adhesiveness is an impor-
tant measure of cells interaction with matrix, and it reflects
the biocompatibility of material directly. We found that the
biocompatibility is significantly higher in ferrogels than that
in the blank gel. Importantly, this conclusion is true for the
both the human dermal fibroblasts and the human peripheral
blood leucocytes. Since these cells belong to different physio-
logical systems, the obtained results imply the wide-range of
ferrogel promising use for specific needs of biomedicine. This
may be the magnetically controlled multilayer wound healing
coatings, bioimplants of musculoskeletal tissue, micro-devices
for drugs targeted delivery and controlled release, magnetic
biosensors. However, future investigations of the cells prolifer-
ation and differentiation in PAAm ferrogels as well as detailed
studies of the effect of the ferrogel matrix on the cell structure
and functioning are necessary.

Thus, from the viewpoint of biomedical engineering
applications, the inclusion of small amount of iron oxide NPs into
the polymer network of PAAm gel significantly enhances the
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mechanical and electrical properties of ferrogels, and improves
biocompatibility of these systems. Meanwhile, the question to
what extent the magnetism of NPs is responsible for the observed
behaviour at the moment remains open.
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