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bility and cytotoxicity of carbonyl
iron particles grafted with poly(glycidyl
methacrylate) and the magnetorheological activity
of their suspensions†

Martin Cvek,ab Miroslav Mrĺık,*ac Markéta Ilč́ıková,cd Jaroslav Mosnáček,d

Vladimir Babayan,a Zdenka Kuceková,a Petr Humpoĺıčeka and Vladimir Pavĺıneka

Carbonyl iron (CI) particles were grafted with poly(glycidyl methacrylate) (PGMA) using atom transfer radical

polymerization. Compact coating of PGMA largely improved the chemical stability of the particles in an acid

environment and thus reduced the common drawback of bare CI particles. Furthermore, due to possible

medical applications of CI-polymer systems for magnetic drug targeting, an in vitro cytotoxicity test was

performed using an NIH/3T3 cell line. The cell viability was evaluated by spectrometric assay (MTT). The

results show that the prepared particles are not cytotoxic. Moreover, bare CI particles as well as

synthesized core–shell particles were suspended in silicone oil, and the rheological behavior of MR

suspensions was investigated in controlled shear rate mode under various magnetic field strengths.

Dynamic yield stress as a measure of the rigidity of the created internal structures of the suspensions

was determined using the Herschel–Bulkley model, which provided a reasonably good fit for rheological

data. MR suspensions of PGMA-coated particles exhibited only slightly decreased yield stresses due to

their negligibly-affected magnetic performance.
Introduction

Magneto-responsive magnetorheological (MR) suspensions
composed of so ferromagnetic particles 0.1–10 mm in size
dispersed in non-magnetic carrier liquids exhibit remarkable
rheological behavior including rapid, reversible and tunable
transitions from liquid-like to solid-like states under an applied
magnetic eld.1–4 Drastic changes of physical properties,
namely viscosity, yield stress or shear modulus occur within a
few milliseconds aer the application of the magnetic eld due
to the alignment of dispersed particles into column-like struc-
tures, which is a process based on the magnetic eld-induced
polarization of the particles.5–7 This phenomenon makes MR
suspensions desirable for a signicant number of engineering
applications incorporating damping systems,8–10 torque trans-
ducers,11 the nishing of optics,12 or robotics.13
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However, poor thermo-oxidation and sedimentation stabili-
ties are crucial problems of classical MR suspensions, which
reduce their broader practical utilization.13,14 Moreover, in many
cases an overlooked drawback is also the poor chemical stability
of bare CI particles in an acidic environment. Such drawbacks
can be efficiently reduced by the modication of the particle
surface with polymer chains, allowing for the involvement of
core–shell structured particles in the preparation of MR
suspensions.1–3,7,15,16 However, conventional coating methods
tend to cause a large decrease in the magnetic permeability of
the particles. Using surface-initiated reversible deactivation
radical polymerization, such as atom transfer radical polymer-
ization (ATRP), allows the precise control of the molecular
weight of graed polymer chains. This approach also enables
control over the polymer layer thickness on an inorganic
substrate since the thickness of the layer progressively increases
with the molecular weight of the densely-graed polymer
chains.17 Therefore, such a method enables an adjustment to
MR performance via the controlled thickness of the polymeric
layer on the particles surface.18

Generally, MR suspensions are in most cases subjected to
shear ow while exhibiting nearly Newtonian behavior in the
absence of a magnetic eld (off-state), or develop a yield stress
and shear rate-dependent apparent viscosity aer the applica-
tion of an external eld (on-state).1,5,10 The behavior of MR
suspensions can be characterized by the Bingham plastic
This journal is © The Royal Society of Chemistry 2015
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model,19 which belongs among the most popular models
because of its simplicity and sufficient accuracy.20 Nevertheless,
the on-state pseudoplastic behavior of MR suspensions is in
contradiction to the Bingham model. Therefore some
authors21–23 have employed the Herschel–Bulkley (HB) model,
which replaces constant plastic viscosity in the Bingham model
with a shear rate-dependent power-law relation in order to
include post-yield stress shear thinning characteristics.

In our preceding paper,18 we showed that the poly(glycidyl
methacrylate) (PGMA) coating of CI particles via ATRP resulted
in a considerable improvement of thermo-oxidation and sedi-
mentation stabilities, while the response of the modied
particles to a magnetic eld remained at an acceptable level.
However, in real-life applications, the anti-corrosion stability of
the particles also plays an important role; for instance in the
nal polishing of high precision optics, a decrease in pH can
improve the MR nishing of certain polycrystalline materials.24

The rst part of this article deals with the examination of the
chemical stability of PGMA-coated CI particles in an acidic
environment in order to shi this material closer to potential
real-life applications. Moreover, due to possible biomedical
applications,25–28 attention is paid to an indicative in vitro
cytotoxicity test, which was performed in order to analyze the
basic cellular response to the tested substances. PGMA has
recently gained interest in drug and biomolecule binding,29 and
for this reason it was chosen as a coating layer for this study. In
the second part, the magnetic performance of the bare and
modied CI particles was investigated using the Jiles–Atherton
(J–A) model, while their suspensions' rheological behavior was
studied, and the obtained ow curves were tted with the HB
model in order to predict dynamic yield stresses and thus
further evaluate yield stress development as a result of the
polymer coating layer applied on the surface of CI particles.
Experimental
Materials

All chemicals were used as received. Carbonyl iron (CI) powder
(SL grade) with a purity higher than 99.5% was obtained from
BASF (Germany). Glycidyl methacrylate (GMA, 97%), a-bromo
isobutyryl bromide (BiBB, 98%), (3-aminopropyl) triethoxy-
silane (APTES, $98%), ethyl a-bromo isobutyrate (EBiB, 98%),
triethylamine (Et3N, $99%), N,N,N0,N00,N00-pentamethyldiethyl-
enetriamine (PMDETA, $99%), copper bromide (CuBr, $99%),
anisole (99%) and aluminum oxide (neural, Brockmann I) were
produced by Sigma Aldrich (USA). Other chemicals, namely
tetrahydrofuran (THF, p.a.), acetone (p.a.), ethanol (absolute
anhydrous, p.a.), toluene (p.a.), and hydrochloric acid (HCl,
35%, p.a.) were purchased from Penta Labs (Czech Republic).
MR suspensions were prepared using the silicone oil Lukosiol
M200, which is a product of Chemical Works Koĺın
(Czech Republic; dynamic viscosity of 194 mPa s, density of
0.97 g cm�3, 25 �C).

An NIH/3T3 mouse embryonic broblast cell line (ATCC
CRL-1658), Dulbecco's Modied Eagle Medium, penicillin/
streptomycin (PAA Laboratories GmbH, Austria) and MTT (3-
This journal is © The Royal Society of Chemistry 2015
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(Invitrogen Corporation, USA) were used for cytotoxicity tests.

CI particles graed with PGMA chains (CI-PGMA) were
prepared as described in a previous paper.18
Characterization

Monomer conversion during polymerization and the molecular
weight of graed polymer chains were characterized using
proton nuclear magnetic resonance (1H NMR) (400 MHz
VNMRS Varian NMR spectrometer, Varian, Japan) and gel
permeation chromatography (GPC) (PL-GPC220 Agilent, Japan),
respectively. The morphology and dimensions of the particles
were observed using scanning electron microscopy (SEM)
(Tescan Vega II LMU, Czech Republic). Modication of the CI
surface with PGMA chains was proved by energy-dispersive
spectroscopy (EDS) also performed on Tescan, and Fourier
transform infrared spectroscopy (FTIR) (Nicolet 6700, USA) in
the attenuated total reectance (ATR) mode within the wave-
number range of 4000–500 cm�1 using a germanium crystal.
The magnetic properties of both coated and bare CI particles
were evaluated using a vibration sample magnetometry (VSM)
(Model 7407, Vibrating Sample Magnetometer, Lakeshore, USA)
employing a magnetic eld strength of �870 kA m�1. The non-
linear magnetization curve of ferromagnetic particles can be
described by the J–A model:30

MðHÞ ¼ MS

�
coth

�
He

A

�
�
�
A

He

��
(1)

whereM denotes magnetization of the material, H the magnetic
eld strength, and MS the saturation magnetization; A is the
parameter describing magnetization shape without hysteresis,
whereas He is the effective magnetic eld strength given by:

He ¼ H + aM (2)

where a is the coefficient describing coupling between
domains. Hence, obtained magnetization curves18 are further
analyzed in this paper. Moreover, the effect of polymer coating
on the stability against sedimentation was studied with the help
of a Tensiometer Krüss K100 (Krüss GmbH, Hamburg, Ger-
many) at laboratory conditions. The measurements were per-
formed on the MR suspensions based on 10 wt% particle
concentration. Such concentration was chosen as an optional
for the measurement with respect to the principle of tensio-
metric method.
Chemical stability

The anti-acid-corrosion stability of bare CI particles and both
types of CI-PGMA particles were investigated. The amount of 1 g
of appropriate particles was suspended in 20 mL of 0.05 M HCl,
and the pH-value was measured as a function of time. The
instrument (SensoDirect pH110, Tintometer GmbH, Germany)
was previously calibrated using two standard buffers at labo-
ratory temperature. The acidic suspensions were mechanically
stirred during the experiment, while prior to each measurement
RSC Adv., 2015, 5, 72816–72824 | 72817



Scheme 1 Schematic picture of the synthesis of CI-PGMA particles.

Table 1 Weight- and number-average molecular weights and the
dispersity index Đ of PGMA grafted onto CI particles

Sample code �Mw [g mol�1] �Mn [g mol�1] Đ [-]

CI-PGMA-1 6600 5000 1.32
CI-PGMA-2 12 500 9700 1.29

RSC Advances Paper
the probe of the pH-meter was cleaned by rinsing with distilled
water and dried.

Cytotoxicity

Determination of cytotoxicity was carried out according to the
international standard EN ISO 10993-5 using an NIH/3T3
mouse embryonic broblast cell line (ATCC, CRL-1658), which
is a commonly used cell line for cytotoxicity testing of mate-
rials.31–34 As a culture medium, Dulbecco's Modied Eagle
Medium – high glucose, added 10% calf serum and penicillin/
streptomycin, 100 mg mL�1 (PAA Laboratories GmbH, Austria)
– was used.

Extract preparation. Prior to extraction, the samples were
disinfected at 120 �C for 40 minutes (Binder ED 53, Germany).
Tested samples – bare CI particles and CI-PGMA-1 particles –

were extracted according to ISO 10993-12 in the amount of 0.2 g
of powder per 1mL of culture medium and incubated at (37� 1)
�C under stirring for (24� 1) h. The parent extracts (100%) were
diluted in the culture medium in order to obtain extracts of
concentrations 75, 50, 25, 10 and 1 vol%. The extracts were used
for cytotoxicity testing within 24 h.

Cytotoxicity evaluation. The cells were seeded on micro-
titration plates (TPP, Switzerland) in a concentration of 1 � 105

per mL and pre-cultivated for 24 h. The culture medium was
subsequently replaced with appropriate extracts. The cells were
cultivated for 24 h in the presence of individual extracts. The
cell viability was evaluated by MTT assay (Invitrogen Corpora-
tion, USA). The absorbance was measured at 570 nm with an
Innite M200 Pro NanoQuant absorbance reader (Tecan, Swit-
zerland). All the tests were performed in quadruplicates. Cell
viability was expressed as the percentage of cells present in the
corresponding extract relative to cells cultivated in a pure
growth medium (reference, 100% viability). Values >0.8 were
assigned to no cytotoxicity, 0.6–0.8 to mild cytotoxicity, 0.4–0.6
to moderate cytotoxicity, and <0.4 to severe cytotoxicity. The
morphology of cells was observed by an inverted Olympus phase
contrast microscope (Olympus IX81, Japan).

Sample preparation and rheological properties in steady shear
ow

Bare CI particles as well as both types of CI-PGMA were sus-
pended in silicone oil (40 wt% of particles in oil). In order to
avoid settling and provide homogeneous samples, the MR
suspensions were thoroughly stirred before each measurement.
Raw rheological data was measured with a rotational rheometer
Physica MCR502 (Anton Paar GmbH, Austria) using parallel
plate geometry 20 mm in diameter. The sample suspension was
injected between the plates and a magnetic eld (0–438 kA m�1)
perpendicular to the plates generated with a magnetic cell
(Physica MRD 170+H-PTD200) was applied, while the gap
between the plates was set to 0.5 mm. The true magnetic eld
strength was determined with a Teslameter (Magnet-Physik, FH
51, Dr Steingroever GmbH, Germany). Shear rates (10�2 to
102 s�1) were applied, and a shear stress and viscosity were
determined in the absence (off-state) and in the presence (on-
state) of a magnetic eld. Prior to each on-state measurement,
72818 | RSC Adv., 2015, 5, 72816–72824
MR suspensions were off-state sheared in order to disrupt
possible residual structures. Then, new structures were induced
using a given magnetic eld strength. The temperature during
testing was maintained at 25 �C.
Results and discussion
Synthesis and characterization of PGMA-modied CI particles

The surface modication of CI particles with PGMA chains was
performed in several steps18 as shown in Scheme 1. First, the
oxidized CI surface was modied by reaction with an APTES
silane agent. With this modier it is also possible to make the
graed layer desirably stronger due to the horizontal cross-
linking between modier molecules.35 Subsequently, the intro-
duced amine groups were modied by reaction with BiBB in
order to introduce the ATRP initiator on to the CI surface.
Finally, a surface-initiated ATRP of GMA was performed. In
addition to ATRP initiator bonded on CI particles, a free sacri-
cial initiator was used in excess to decrease an extent of
termination reactions due to a high concentration of active
radicals on the CI surface and to allow better control of the
molecular weight of PGMA. Two types of CI-PGMA particles
varying in shell thickness were obtained by using twomonomer/
initiator ratios leading to a modication of CI particles with two
various molecular weights of PGMA.

The weight- and number-average molecular weights ( �Mw,
�Mn) were determined by GPC analysis based on free PGMA
chains grown from a free sacricial initiator, under the
assumption of the similar growth of the polymer from free and
bond initiators.36 The results are summarized in Table 1. Based
on the molecular weights of the graed polymer chains it was
This journal is © The Royal Society of Chemistry 2015



Fig. 2 VSM spectra of bare CI (open squares), CI-PGMA-1 (open
circles), and CI-PGMA-2 particles (open triangles). The solid lines
represent the Jiles–Atherton model predictions.
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estimated theoretically that maximal lengths of fully stretched
PGMA chains, and consequently shell thicknesses, are around 9
nm and 17 nm for the CI-PGMA-1 and CI-PGMA-2, respectively.

Fig. 1 shows SEM images of bare CI (a) and CI-PGMA-1 (b)
particles. Particles possess a spherical shape with diameters
under 5 microns. As can be seen, particles in both samples have
comparable dimensions indicating negligible change in their
size due to modication.

The modication of the CI surface was conrmed by EDS
and FTIR analyses. In EDS measurements, the electron beams
are only able to penetrate a few nanometers deep into the
sample surface.37 This method was preferably employed for
conrmation of the presence of characteristic elements in the
PGMA layer. Comparing spectra of bare CI and CI-PGMA-1
particles,18 both of them showed strong Fe L, Ka, and Kb
lines; however, in CI-PGMA-1 particles, a higher content of
carbon was determined, implying the presence of a PGMA layer
on the surface of the CI particles. Successful CI surface modi-
cation was also indicated by substantial characteristic emis-
sion peaks, namely a Ka line of oxygen and a Ka line of silicon
originated from the modier.

In FTIR spectra of CI-PGMA-1,18 carbonyl (C]O) stretching
vibrations and the asymmetric stretching of C–O–C from ester
groups of PGMA were observed at 1714 cm�1 and 1350 cm�1,
respectively. In addition, absorption peaks occurring at 904
cm�1 and 815 cm�1 were distinct indications of the presence of
an oxirane ring.

The magnetic properties of the utilized particles were
investigated. As shown in Fig. 1, the magnetic behavior of the
coated particles was similar to that of the bare ones, but showed
slightly lower values of magnetic moments due to a decreased
magnetic susceptibility. However, the decreases of magnetiza-
tions in the modied particles were negligible in comparison to
the bare ones (Fig. 2, inset A), as the thickness of the coatings
was controlled via ATRP means. Magnetization curves were
tted with the J–A model, which further predicted slightly
decreased values of saturation magnetizations. A value of
229 emu g�1 was reached for bare CI particles, while PGMA-
coated variants exhibited magnetizations of 220 emu g�1 and
215 emu g�1, respectively. The values obtained by the applica-
tion of the J–A equation were higher than those resulting from
the experimental measurements, which might have occurred
due to incomplete saturation magnetization as a result of the
use of an insufficient magnetic eld strength.38 Furthermore,
Fig. 1 SEM micrographs of bare CI (a), and CI-PGMA-1 (b) particles.

This journal is © The Royal Society of Chemistry 2015
the values of a parameter in the J–A model approached zero for
all measurements, which indicated almost hysteresis-free
curves (Fig. 2, inset B). The A parameter in the J–A equation
describing magnetization shape was calculated as 161 kA m�1

for bare CI particles, while values of 159 kA m�1 and 157 kA m�1

were obtained for CI-PGMA-1 particles and CI-PGMA-2 particles,
respectively, which stem from a negligible change in the
magnetic behavior of the CI particles as a consequence of the
controlled surface modication.

Although the magnetic properties of the PGMA-modied
particles were only slightly reduced compared to bare CI, their
sedimentation stabilities in silicone oil were improved signi-
cantly due to enhanced interactions with the dispersion
medium. This phenomenon was analyzed in more details in our
previous paper.18
Chemical stability

Fig. 3 shows the pH value as a function of time for CI particles as
well as CI-PGMA particles subjected to an acidic environment.
In all measurements, the pH value initially decreases, which
might be caused by local sample stabilization in the vicinity of
the pH-meter probe. The experiment is based on the reaction of
an aqueous HCl solution with Fe. The oxidation of Fe proceeds
according to the equation (ESI†).

Shortly aer the initiation of the experiment, the pH value of
the dispersion containing bare CI particles exhibited a gradual
increase accompanied by an intensive H2 bubble evolution.
Approximately aer 40 minutes, the leaking amount of H2

decreased, while an ongoing increase of the pH value was
observed.

On the contrary, both types of CI-PGMA particles demon-
strated excellent anti-acid corrosion stability. The PGMA shell
and its APTES graing base covered the CI core, and the reac-
tion almost did not proceed. However, minimal production of
H2 was observed, which implied that the APTES base was not
fully compact, and thus the chloride ions were still able to react
RSC Adv., 2015, 5, 72816–72824 | 72819



Fig. 3 Resistance of bare CI particles (open squares), CI-PGMA-1
particles (open circles), and CI-PGMA-2 particles (open triangles)
against an acidic environment (0.05 M HCl). The inset image shows a
tremendous difference in chemical stability between bare CI particles
(A) and CI-PGMA-1 particles (B) after a 36 hour exposure.

Fig. 4 Micrographs of the NIH/3T3 mouse embryonic fibroblast cell
line, ATCC CRL-1658 treated with (a) 50% CI extract, (b) 50% CI-PGMA
extract, and (c) reference.

Table 2 The cytotoxicity of CI and CI-PGMA extracts of various
concentrations on the NIH/3T3 cell line reported according to the
requirements of EN ISO 10993-5 standard

Extract Control NIH/3T3, 1.00 Control NIH/3T3, 1.00

75% CI 0.97 CI-PGMA 0.85
50% 0.93 0.98
25% 0.99 1.01
10% 0.95 1.02
1% 0.95 0.98
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with the Fe core. Nevertheless, compared to bare CI the
improvement in chemical stability was signicant. Generally,
the pH remained at a similar value throughout the whole
experiment. It was also clear that for the purpose of chemical
stability enhancement, it was sufficient to modify the CI parti-
cles with PGMA chains with a molecular weight of 6600 gmol�1,
since no further improvement of chemical stability occurred
with the increasing molecular weight of graed PGMA.

Aer a 90 minute exposure, a difference of 3 orders on the
pH scale was reached, and the measurement was stopped.
However, the samples were le in solutions. The inset of Fig. 3
shows that the modied particles were still in a very good
condition aer a 36 hour exposure. Hence, the results of the
stability test showed that CI-PGMA particles are very promising
candidates for practical implementation.

Magnetic particles have also found promising applicability
in the biomedical eld. Cell therapy (cell separation and
labeling),25 cancer therapy,26 and particularly drug delivery27

have been examined using such remarkable structures. It was
shown that in order to target organs that lie deeply in the body
cavity (8–12 cm from the body surface), the use of magnetic
microparticles (0.5–5 mm) is necessary. Besides that, PGMA has
recently gained a special interest in drug and biomolecule
binding where the presence of an epoxy ring represents an ideal
site for a coupling reaction with pharmaceuticals.29,39

With this knowledge, PGMA was deliberately chosen as a
shell material for the ATRP coating of CI particles. Prepared
CI-PGMA particles may represent a promising material for drug
delivery to organs deep within the body.28 Thus, in this article
the cytotoxicity of prepared particles as an important charac-
teristic was further studied.

Cytotoxicity

The results performed on the NIH/3T3 cell line have shown that
tested concentrations of extracts have not distinctly affected the
cell viability. The cytotoxicity of bare CI particles belongs to a
72820 | RSC Adv., 2015, 5, 72816–72824
category with an absence of cytotoxicity within the whole tested
concentration range. Nevertheless, the primary interest of this
study was to investigate the cytotoxicity of CI-PGMA particles.
The maximum loss of cell viability was observed in the 75%
extract, where 0.85 cell survival was reached, which is still
related to the absence of cytotoxicity. For all other concentra-
tions of extracts, namely 50%, 25%, 10%, and 1%, the absence
of cytotoxicity was more obvious, whereas the values of viability
in these concentrations were around 1.00 compared to the
reference.

Results of the MTT assay were also conrmed bymicroscopic
observations. Fig. 4 shows the effect of extract concentration on
changes in cell morphologies. The absence of cytotoxicity of
CI-PGMA particles and their gained functionality make them
very interesting from a further research point of view, as the
appropriate substances can be attached. Considering the
observations (Table 2), it can be asserted that CI-PGMA particles
have the potential to be successfully used in medicine.
Rheological measurements

The steady shear ow properties of prepared silicone oil MR
suspensions were measured in a controlled shear rate mode.
The collected data was properly investigated in order to describe
the change of rheological behavior upon the application of the
external magnetic eld. Fig. 5 presents shear stresses of
prepared MR suspensions as a function of the shear rates under
This journal is © The Royal Society of Chemistry 2015



Fig. 5 The dependence of the shear stress on the shear rate for a
40 wt% suspension of CI particles (open squares), CI-PGMA-1 particles
(open circles), and CI-PGMA-2 particles (open triangles) in silicone oil
under 0 kA m�1 (a), 87 kA m�1 (b), and 438 kA m�1 (c) magnetic field
strengths.

Fig. 6 Rheograms of 40 wt% MR suspension of bare CI particles
showing experimental data (open squares) fitted with the HB model
(dashed lines) under various magnetic field strengths.

Fig. 7 Predicted dynamic yield stresses of MR suspensions based on
bare CI particles (open squares), CI-PGMA-1 particles (open circles),
and CI-PGMA-2 particles (open triangles) as a function of magnetic
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various magnetic eld strengths. The shear stresses of suspen-
sions based on CI-PGMA particles exhibit similar values when
compared to the MR suspension of bare CI, which proves a
promisingMR performance of the preparedmaterials. As can be
seen, in spite of a relatively low particle loading, the shear
stresses increased almost over four orders of magnitude by the
application of a 438 kA m�1 magnetic eld strength in
comparison to the off-state behavior at lower shear rates,
whereas a shear stress increase by two orders of magnitude was
attained at higher shear rates. The on-state behavior can be
characterized by the wide shear stress plateau within the shear
rate range, which is attributed to the formation of internal
chain-like structures resulting in the solid-like character of MR
suspensions.40

In order to exclude possible data distortion, the off-state ow
curves are not shown within the whole shear rate range due to
the inappropriateness of measuring MR geometry PP20 for low
shear rates as, was also presented by authors.41

Flow curves in linear scaling tted with the HB model
(eqn (3)) are depicted in Fig. 6. The displayed rheological data
correspond to the MR suspension based on bare CI particles
under various magnetic eld strengths. Rheograms of MR
suspensions containing modied particles are included in ESI
(please see Fig. S1†). As can be observed, the off-state behavior
of the MR suspension can be denoted as Newtonian, however,
in the on-state, the MR suspension exhibits a non-linear
increase of shear stress with an increasing shear rate, which
can be characterized as non-Newtonian shear thinning
behavior. As initially expected, shear stress increased with
increasing magnetic eld strength due to a more pronounced
chain-like formation. A similar behavior was also observed in
suspensions of PGMA-coated particles in which, however, shear
stresses exhibited slightly lower values. The obtained experi-
mental data was analyzed using the HB model, which is
expressed as follows:
This journal is © The Royal Society of Chemistry 2015
s ¼ s0 sgnð _gÞ þ K _gn; jsj. s0
_g ¼ 0; jsj\s0

�
(3)

where s is the shear stress, s0 means the dynamic yield stress
controlled by the magnetic eld strength, sgn denotes the
signum function, _g represents shear rate, K and n are the
consistency index and the power-law exponent, respectively.
The HB model provided a reasonably good t with the experi-
mental data, as was further proved by statistical evaluation
(Table S1) (ESI†).

The dynamic yield stresses predicted according to the HB
model (Fig. 7) are plotted as a function of applied magnetic eld
strength. Surface modication reduced the magnetic suscepti-
bility of the particles. Therefore, the yield stresses of MR
suspensions containing coated particles were lower; however,
due to controllable coating the decrease was insignicant.
Nevertheless, the increase in the molecular weight of the poly-
mer coating layer caused a further decrease in the yield stress
(Table 3).

The displayed dependences exhibit similar patterns, as were
described previously by authors.42,43 According to numerical and
mathematical models, the dynamic yield stress varies with H2–1.5

depending on a mechanism of the polarization. The behavior of
the MR suspensions follows a dipole mechanism at relatively low
field strength.

RSC Adv., 2015, 5, 72816–72824 | 72821



Table 3 Summary of yield stress values under various magnetic field strengths

Dispersed phase

Dynamic yield stress [kPa] at certain magnetic eld strengths

87 kA m�1 173 kA m�1 262 kA m�1 351 kA m�1 438 kA m�1

Bare CI 0.120 0.519 1.215 2.046 2.941
CI-PGMA-1 0.107 0.417 0.944 1.503 2.160
CI-PGMA-2 0.089 0.332 0.768 1.359 2.130
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magnetic elds, which is reected in the quadratic dependence
of the yield stress on the magnetic eld strength. At higher
magnetic elds, local saturation magnetization of the particles
arises, and the yield stress further varies only with H1.5. Never-
theless, the noticeable change of the slope in Fig. 7 was apparent
only in the MR suspension of bare CI particles. This behavior can
be associated with exceeding the critical magnetic eld strength.
MR suspensions of both variants of PGMA-coated particles
exhibited an almost linear trend within the whole magnetic eld
strength range, which can be attributed to the presence of the
PGMA shell affecting the contact zones between the particles.

Evaluation of MR efficiency

As for electrorheological suspensions,44 the performance of MR
suspensions can be in some instances described with MR effi-
ciencies rather than absolute values of shear stresses. MR effi-
ciency (e) is dened for any given _g as:

e ¼ ðhE � h0Þ
h0

(4)

where hE represents the on-state viscosity of the MR suspension
and h0 denotes the off-state the viscosity at the same _g.

Fig. 8 illustrates e as a function of applied magnetic eld
strength at _g ¼ 1 s�1. The highest values of e obviously
demonstrate the MR suspension of bare CI particles. MR
suspensions of PGMA-coated particles exhibit a similar trend,
nevertheless, with lower values of e. Themolecular weight of the
polymer shell appears to have a negligible effect on e in this
case.
Fig. 8 The dependence of MR efficiency on the appliedmagnetic field
strength for MR suspensions containing 40 wt% of CI particles (open
squares), CI-PGMA-1 particles (open circles), and CI-PGMA-2 particles
(open triangles) in silicone oil at 1 s�1.
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Conclusion

Two types of CI particles graed with PGMA of different thick-
nesses were synthesized using a surface-initiated ATRP. It has
been found that a PGMA coating layer provides excellent anti-
acid corrosion properties. No signicant difference in particle
chemical stability was observed as the molecular weight of
graed PGMA increased from 6600 to 12 500 g mol�1. Secondly,
the in vitro cytotoxicity test conducted according to ISO stan-
dards shows that CI-PGMA particles are not cytotoxic. The
absence of cytotoxicity, the presence of an easily transformable
epoxy ring, and a high magnetic response make the prepared
CI-PGMA particles a promising material for biomedical appli-
cations, especially for drug delivery to organs deep within the
body.

The rheological properties of silicon oil-based MR suspen-
sions were evaluated over a magnetic eld strength range using
the HB model and provided a reasonably good t with the
experimental data, as was supported by statistical evaluation
(ESI). MR suspensions of PGMA-coated CI particles generated
sufficient dynamic yield stresses compared to the suspension of
bare CI particles. However, it was shown that the lower molec-
ular weight of the PGMA was reected in less suppressed MR
activity. In general, yield stresses of the MR suspensions were
quadratically dependent on the applied magnetic eld strength.
Assuming these and previously described ndings to be accu-
rate, it can be concluded that CI-PGMA particles obtained using
surface-initiated ATRP appear to be a versatile material for
miscellaneous applications.
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