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A B S T R A C T

Carboxylated magnetite nanoparticles (MNPs) are frequently used to develop materials with enhanced
properties for MRI and hyperthermia. The controlled clustering of MNPs via covalent or electrostatic
approaches provides opportunity to prepare high quality materials. MNPs were prepared by co-precipitation
and coated by poly(acrylic acid-co-maleic acid) (PAM@MNP). The clusters were synthesized from purified
PAM@MNPs and polyethylenimine (PEI) solution via electrostatic interaction and covalent bond formation
(ES-cluster and CB-cluster, respectively). The electrostatic adhesion (–NH3

+ and –COO–) and the formed amide
bond were confirmed by ATR-FTIR. The averaged area of CB-clusters was about twice as large as that of ES-
cluster, based on TEM. The SAXS results showed that the surface of MNPs was smooth and the nanoparticles
were close packed in both clusters. The pH-dependent aggregation state and zeta potential of clusters were
characterized by DLS and electrophoresis measurements, the clusters were colloidally stable at pH > 5. In
hyperthermia experiments, the values of SAR were about two times larger for the chemically bonded cluster.
The MRI studies showed exceptionally high transversion relaxivities, the r2 values are 457 mM−1 s−1 and
691 mM−1 s−1 for ES-cluster and CB-cluster, respectively. Based on these results, the chemically clustered
product shows greater potential for feasible biomedical applications.

1. Introduction

The biomedical application of magnetic nanomaterials has been in
the focus of scientific interest over the past few decades. Magnetite
(and partially maghemite) nanoparticles (MNPs) are one of the most
promising candidates for this purpose. These superparamagnetic iron
oxide nanoparticles (SPIONs) are planned to be used in diagnostics
(e.g., contrast agent for magnetic resonance imaging (MRI), magnetic
particle imaging) and in different therapies (e.g., targeted drug delivery
and magnetic hyperthermia) as well [1–11]. Nevertheless, the most
progressive trend is the so-called theranostic approach, i.e., the
combination of diagnostics and therapy to get more efficient clinical
applications [11–14].

The SPIONs used for these purposes must fulfill a number of
criteria, including the MNPs have to be non-toxic, chemically stable,
uniform in size and should be well-dispersed in the relevant media.
This latter means that the colloidal stability of magnetite nanoparticles
is of crucial importance under physiological conditions, for example in
blood, in which the pH is ~7.3 and the salt concentration is ~150 mM

[1,3,6,7,11,12,15,16]. The naked particles do not meet this criterion, so
the MNPs must be coated to prevent their aggregation [16]. There is a
wide variety of options for the surface modification of nanoparticles.
For example covering the surface of the magnetite NPs by carboxylated
polyelectrolytes [17–20] is a very favorable choice (e.g., polyacrylic acid
[21], chondroitin-sulfate-A [22], poly(acrylic acid-co-maleic acid) [23],
etc.), because this not only provides the necessary colloidal stability of
coated nanoparticles, but the free (not bonded) –COOH/–COO–

groups are perfect even for binding different drugs (e.g., tissue
plasminogen activator [24]).

Many promising SPION products can be found in the literature [11]
with the potential of being used in future biomedical applications, but
many questions still need to be clarified and for a greater potential in
theranostics further enhancement of MNPs is required. One possibility
is the preparation of particle clusters. The particle-particle interactions
in clusters can modify the magnetic behavior of nanoparticles [25–27],
which basically influence their contrast-enhancing effects during MRI
diagnostics and heating efficiency during magnetic hyperthermia
treatment.
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In the past decade the significant advances made in controlled
clustering of magnetic nanoparticles have enabled the preparation of
high quality nanoparticles with tailored properties (e.g., size, composi-
tion) enabling biomedical use [28]. Recently Illés et al. published that
clustered oleate double layer (OA) coated MNPs covered by poly(-
ethylene glycol) showed enhanced MRI contrast compared to the non-
clustered nanoparticles [18]. Similar enhancement was realized by
Berret et al. [29] in the r2 relaxivities of MNPs clustered electro-
statically via oppositely charged polyions. Nesztor et al. synthesized
poly(acrylic acid-co-maleic acid) coated magnetite nanoparticles
(PAM@MNP) clustered by branched polyethylenimine (PEI-cluster).
These magnetic clusters were prepared via electrostatic adhesion of
oppositely charged PEI and PAM@MNP. Two different mixing meth-
ods, as well as the effect of PEI's relative amount and electrolyte (NaCl)
concentration on the cluster formation were tested to choose the
optimal preparation of electrostatically bonded clusters [30].
Friedrich et al. attached tissue plasminogen activator (tPA) proteins
to PAM@MNP nanoparticles via electrostatic adsorption and covalent
binding strategy using an amino-reactive activated ester reaction. The
behavior of these products was particularly different [24]. The covalent
binding strategy could also be used in case of the PEI and PAM@MNP
particles and the clusters prepared by this reaction should be slightly
different from the electrostatically bonded clusters.

The fundamental aim of this work is the preparation and compre-
hensive characterization of PEI-clusters obtained by electrostatic
interaction or chemical bonding of the components. First, we synthe-
sized the magnetite by co-precipitation and after the purification the
nanoparticles were coated by PAM. The clusters were prepared from
purified PAM@MNP nanoparticles and PEI solutions via electrostatic
interaction and chemical bond formation. Then we characterized the
clusters by TEM and SAXS, and we studied their pH-dependent surface
charging and aggregation properties. Next, we identified the bonds
between the PAM@MNPs and PEI by FTIR-ATR. Finally, we tested the
products in magnetic hyperthermia and in MRI diagnostics.

2. Materials and methods

2.1. Synthesis and materials

2.1.1. Synthesis of MNPs
Magnetic nanoparticles were prepared by co-precipitation method

published in our earlier paper [17,31]. FeCl2·4H2O, FeCl3·6H2O and
NaOH were analytical grade and purchased from Molar, Hungary. The
purified sol was stored at pH~3 and it was identified as magnetite by X-
ray diffraction. The magnetite nanoparticles (MNP) were spherical and
their average diameter was ~10 nm based on TEM [22,32].

2.1.2. Synthesis of PAM-coated MNPs
Carboxylated magnetite nanoparticles were prepared by surface

modification. Poly(acrylic acid-co-maleic acid) with molecular weight
~1800 Da (PAM, purchased from Sigma-Aldrich) was mixed with MNP
sol in a ratio of 1.1 mmol PAM (total amount of carboxylate and
carboxylic groups) to 1 g MNP (i.e., mmol/g). The pH was set to ~6.5,
and one day was ensured for the adsorption process [23]. The amount
of PAM which was not adsorbed on MNPs was completely removed
from the sol by an excessive washing process. During this, the pH was
set to ~3 which resulted in the aggregation of PAM-coated magnetite
nanoparticles (PAM@MNP). The PAM@MNPs were settled by a strong
magnet and the supernatant was removed, after which the particles
were re-dispersed in ultra-pure water. This process was repeated three
times. Finally, the pH was set to ~6.5, and the stable sol of PAM@MNP
contained approximately 0.9 mmol adsorbed PAM/1 g MNP [23,30].
Due to the presence of −COOH and −COO− functional groups on the
surface of PAM@MNP particles, at pH~6.5, the amount of charge on
the surface is approximately −0.175 mmol/g based on the potentio-
metric acid-base titration as published earlier [30].

2.1.3. Preparation of PEI-solution
For the preparation of clusters, branched polyethylenimine with the

molecular weight of ~25000 Da (PEI, purchased from Sigma-Aldrich)
was used. PEI has three different, N-containing moieties: primary,
secondary and tertiary amino groups, which can be protonated at
different pH-ranges. At pH~6.5 the positive charge on PEI is derived
from the protonated amino groups, and the amount of charge is
+10.30 mmol/g based on potentiometric acid base titration [30]. As a
result of this opposite charge formation the interaction between
deprotonated carboxylates (PAM@MNP) and protonated amino groups
(PEI) was controlled during the preparation of clusters. The synthesis
of clusters was performed in two different ways, i.e., the electrostatic
structural self-assembly and the chemical bond formation.

2.1.4. Synthesis of electrostatically bonded PEI-cluster
The "electrostatic way" relies on the extensive charge screening and

concomitant loss of repulsive double layer forces upon adsorption of
PEI [33,34]. This method is a type of self-assembly. The clusters were
prepared by mixing the PEI-solution (5 mL, 56.9 mg/L) and the PAM@
MNP sol (5 mL, 20 g/L) adjusted to the same pH and ionic strength
(pH~6.5 and 10 mM NaCl). The synthesis was performed by synchro-
nous flow method, i.e., the two precursors were simultaneously and
promptly injected into a vial and sonicated for 1 min immediately after
mixing [30]. In the prepared clusters (ES-cluster) the PEI to PAM@
MNP charge ratio is approximately 0.17. The exact iron content of the
sample was determined by inductively coupled plasma (ICP) method
using an Optima 7000 DV ICP-OES instrument (Perkin-Elmer,
Shelton, CT, USA), thus the magnetite content of the ES-cluster's sol
is 9.1 g/L.

2.1.5. Synthesis of chemically bonded PEI-cluster
In case of the novel "chemical way", 1.8 mL MES buffer (192.1 mg

MES·H2O, pH ~6.2, purchased from Sigma-Aldrich) was added to
22 mL PAM@MNP sol (1.75 g/L), the mixing was provided by ultra-
sonication (US) treatment (impulse mode). During further sonication,
0.35 mL PEI solution (0.1 mg/mL) was dosed into the mixture, then
the vessel was put into cold water (~0 °C). Finally, 31.5 mg 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide monohydrochloride (Sigma-
Aldrich) was added to the mixture under US treatment. The vessel
was stored in refrigerator for 2 days, occasionally shaking and
ultrasonicating (5 impulses) the sample. The purification was accom-
plished by dialysis (MWCO=6–8 kDa) against ultra-pure water, the
end-point of dialysis was ~5 μS/cm. The sample was let to settle on a
magnet for two days, and the supernatant was removed. The prepared
clusters (CB-cluster) were dispersed in 5 mL ultra-pure water. The PEI
to PAM@MNP charge ratio is approximately 0.06. The exact iron
content was determined by ICP as mentioned above, thus the magne-
tite content of the CB-cluster's sample is 5.3 g/L. It is important to note
that according to our previous experience, the use of MES as a buffer
agent is strongly recommended for obtaining a suitable degree of
functionalization [35].

2.1.6. Materials
NaCl, HCl and NaOH, used to set the pH and ionic strength, were

analytical grade products of Molar (Hungary). The majority of experi-
ments were performed at pH=6.5 ± 0.3 so we simplify the notion of this
pH value as ~6.5 and omit to note pH unless it has special significance
or the values are different. Ultra-pure water was provided by a Zeener
water purification system (HumanCorp, Korea). The experiments were
performed at 25 ± 1 °C.

2.2. Transmission electron microscopy (TEM)

The TEM micrographs of clusters were taken by a JEOL JEM
1400+ transmission electron microscope. The accelerating voltage of
80 kV was applied; the maximum resolution of the instrument is
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0.2 nm. One drop of highly diluted sol was dried onto a carbon film
coated copper grid. The average size distributions of the magnetite
nanoparticles were determined by evaluating ~100 particles using the
JMicroVision 1.2.7 software.

2.3. Dynamic light scattering (DLS) measurements

For characterization of pH-dependent aggregation state of nano-
particles and clusters, the average hydrodynamic diameter (Z-Ave) of
PAM@MNP particles and of different clusters was determined at 25 ±
0.1 °C by dynamic light scattering (DLS) method, using a Nano ZS
apparatus (Malvern) with a 4 mW He−Ne laser source (λ=633 nm)
operating in backscattering mode at an angle of 173°. The dispersions
were diluted to get an optimal intensity of ~105 counts per second, thus
the samples contained approximately 100 mg/L of magnetite. The
samples were homogenized in an ultrasonic bath for 10 s prior to the
measurements, after which 2 min relaxation was allowed in disposable
zeta cells (DTS 1060). Any changes in the aggregation state of the
nanoparticles and clusters in aqueous dispersions were characterized
by the hydrodynamic diameter (Z-Ave). The influence of the PEI and
the effect of pH variation (between 3 and 10) were studied in 10 mM
NaCl solution. For evaluation, the second- or third-order cumulant fit
of the autocorrelation functions were used, depending on the degree of
polydispersity.

The salt tolerance of PEI-clusters was studied only by visual
observation in 0, 10, 50, 90, 120, 150, 200, 300, 400 and 500 mM
NaCl solutions at pH~6.3. The dispersions were photographed after
standstill for 3 h, which started after 10 s of sonication. Based on our
former experiences, a sample without sedimentation for 3 h is con-
sidered to be colloidally stable under the given conditions.

2.4. Electrokinetic potential measurements

The electrophoretic mobility of the PAM-coated magnetite and PEI-
cluster dispersions was measured at 25 ± 0.1 °C in the same apparatus
used for DLS. The zeta-standard of Malvern (−55 ± 5 mV) was used for
calibration. The pH range and the ionic strength were identical to those
in the DLS experiments. The Smoluchowski equation was applied to
convert electrophoretic mobility to electrokinetic potential value. The
accuracy of the measurements was ± 5 mV.

2.5. Small-angle X-ray scattering (SAXS) measurements

Structural investigations of PAM@MNP nanoparticles and PEI-
clusters were performed by SAXS measurements using synchrotron
radiation at the P12 BioSAXS facility with high brilliance X-ray beam
(PETRA III storage ring – EMBL/DESY Hamburg). The beamline is
optimized for solution scattering experiments and allows the investiga-
tion of water based suspensions of magnetic sols. Before the measure-
ments of the magnetic samples, signal from the background solution
was measured by the point-collimation SAXS instrument, and it was
used for background subtraction. Data were analyzed by fitting
theoretical model suitable to describe the scattering from surface and
volume fractals as well as by Porod plot. The magnetic samples
contained 1 g/L magnetite, the pH was set to ~6.5 and there was no
added NaCl in the samples.

2.6. Attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR)

ATR-FTIR spectra were recorded with a Bio-Rad Digilab Division
FTS-65A/896 spectrometer (with DTGS detector), using a Harrick's
Meridian Split Pea Diamond ATR accessory. The absorbance of the
samples was measured in single reflection mode over the
400−4000 cm−1 range (with resolution of 2 cm−1), accumulating 256
scans. The background spectra were measured on a clean and dry

diamond crystal. The suspensions of PAM@MNP nanoparticles, PEI-
clusters as well as the solution of PEI were dried on the diamond
crystal surface. The pH of each sample was set to ~6.5 to get the
functional groups in comparable protonation / deprotonation states.

2.7. Magnetic hyperthermia

The magnetic hyperthermia efficiency of the samples was tested in a
magneThermTM (nanoTherics Ltd., Keele, Staffordshire, UK) instru-
ment. The volume of ES- and CB-clusters dispersions was 4 mL, and
the concentrations were 9.1 and 5.3 g/L, respectively. The mode of
clusterisation, as well as the resonant frequency (109.5, 329.1, 465.3
and 621.7 kHz, B=9.146mT) and magnetic field (6.173, 9.147, 12.347,
20.578 and 24.694 mT, f =109.5 kHz) were studied. The measurement
time in the hyperthermia setup was 15 min and the specific absorption
rate (SAR, W/g magnetite) values for the initial rate of temperature
change were calculated according to the approximating equation
SAR=(cp,s·mmedium/mmagnetite)·(ΔT/Δt), where cp,s is the specific
heat capacity was approximated with that of the medium (water),
mmedium and mmagnetite are the masses of the medium (water) and
the magnetite nanoparticles, respectively, and ΔT/Δt is the initial
temperature rate calculated in the range of 20–200 s

2.8. Magnetic Resonance Imaging (MRI)

The MRI contrast enhancement efficiency of PAM@MNP nanopar-
ticles, PEI-clusters was studied by determining T2 (transversal)
relaxation times by using a clinical MRI instrument, GE Excite HDxt
(GE Medical Systems, Milwaukee, WI) at a magnetic field strength of
1.5 T. The contrast enhancement of the magnetic samples was mea-
sured using the standard “birdcage” head coil. The dispersions were
prepared at nominal Fe concentrations of 0.009, 0.018, 0.045, 0.09,
0.135, 0.18 and 0.22 mM. After the MRI measurements the exact iron
content of the samples was measured again by ICP method mentioned
in Section 2.1.4. The plastic vials contained 4 mL of the diluted
samples. They were placed in a plastic box filled with water and put
in the center of the head coil. The r2 relaxivities were calculated from
the 1/T2 vs. Fe concentration plots as described in our previously
published paper [18].

3. Results and discussion

3.1. Structural characterization of prepared magnetic clusters

Transmission electron microscopy (TEM) can be used to directly
image nanoparticles, thus this method is suitable to determine the
average primary particle size of magnetite nanoparticles and the
estimated area occupied by the clusters on the grid. The TEM pictures
characteristic of the ES- and CB-clusters are shown in Fig. 1. The
average size of primary particles is 9.0 nm± 1.5 nm for the ES-clusters
and 10.3 nm± 1.9 nm for the CB-clusters. These values are very close
to the average particle sizes of the naked MNPs before the surface
modification and clustering process [22,32]. At the same time, compar-
ing the representative TEM images taken at the same magnification
(Fig. 1) the average area occupied by the chemically bonded clusters on
the grid is about twice as large as that of ES-clusters. It is also
important to note that the smaller ES-clusters seem to be more
compact than the chemically bonded clusters. Thus the accessibility
of water molecules to MNPs in the electrostatically bonded cluster is
lower.

This difference is probably explained by the variation in the
synthesis conditions. In case of the electrostatically adhered clusters,
the preparation was carried out at room temperature with continuous
ultrasonication, thus attachment of particles via electrostatic interac-
tion is instantaneous, i.e., electrostatic self-assembly occurs [29].
Therefore, despite the presence of relatively larger amount of PEI in

I.Y. Tóth et al. Journal of Magnetism and Magnetic Materials 427 (2017) 280–288

282



the system, there is no possibility of formation of large clusters. In
contrast, the peptide bond formation was performed at low tempera-
tures without stirring the sample constantly. The chemical reaction is
very slow, which provides an opportunity to the formation of larger
clusters.

The small-angle X-ray scattering (SAXS) is a useful technique for
the structural characterization of nanoparticle systems [36–38]. In the
water based sols, the electron density of magnetite is much higher than
these values representative for the other components in the samples
(e.g., coating polyelectrolyte (PAM) and clustering agent (PEI)), thus
information characteristic only of MNPs can be derived by the analysis
of the raw data. The SAXS results are shown in Fig. 2 as the double
logarithmic plot of I (background subtracted scattering intensity of the
sample) and q (scattering vector) [36] and as the Porod plot [38],
respectively.

As it is seen in Fig. 2a, the double logarithmic plots (log10(I) versus
log10(q)) yields curves with multiple straight sections. Each isolated
straight section was separately fitted with the power law I=q−s, where
the s parameter refers to the opposite value of the slope. The range of
log10(q) from −1.3 to −0.7 is characteristic of the volumetric proper-
ties and the range from −0.3 to 0 is representative of surface structure
[36]. The calculated slopes are shown in Table 1.

The theoretical value of volume fractal (s1) is in the range of 1–3
corresponding to a transition from a chain-like to a space-filling
aggregate structure [36]. The calculated s1 values for our samples are
about ~2.4, which resemble a relatively close packing of MNP particles
in each sample. Only the chemically bonded cluster's value differs
slightly, which is closer to 1 so means less compact system similarly to
shown earlier regarding the TEM images.

In case of the surface fractal, the theoretical value s2 (=6-d) is in the

range of 3–4, i.e., surface fractal dimension (d) covers values from 3 to
2, where 3 indicates a rough surface and 2 represents a smooth surface.
The calculated s2 values are about ~4 for our sols, thus the surface
fractal dimension is about ~2 which proves that the magnetite
nanoparticles have smooth surface [36]. The Porod plot can be graphed
by ln (I·q^4) versus q^2 (see in Fig. 2b) and results information
corresponding to the surface fractal. After the initial increasing section,
there is a linear range with zero slope, which also confirms the smooth
surface of MNP particles [38].

3.2. The pH-dependent charging and colloidal stability of magnetic
dispersions

The changes in average hydrodynamic size (Z-Ave) and zeta
potential of the PAM@MNP nanoparticles and PEI-clusters are plotted
as a function of pH in Fig. 3a,b. A few representative samples of CB-
clusters are shown in Fig. 3a to demonstrate the aggregated (photo on
the left) and colloidally stable (last two photos) magnetic sols. Photos of
PEI-clusters after settling for 3 h at different salt concentrations are
shown in Fig. 3c.

Fig. 1. TEM pictures of a) ES-clusters and b) CB-clusters at the same magnification. The black lines indicate 50 nm.
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Fig. 2. SAXS results for PAM@MNP nanoparticles and PEI-clusters a) as double logarithmic plot (the opposite values of slope (s1, s2) inserted on the graph are characteristic for
volume fractal and the power of Porod's law (I(q)~S q−4) if interface is flat, respectively) and b) as Porod plot.

Table 1
The fitted s parameter from I=q−s equation and calculated surface fractal dimension (d)
for the PAM@MNP nanoparticles and PEI-clusters, s1 is characteristic of the volumetric
properties and s2 is representative of the surface structure (s2=6-d) of the MNPs.

s1 s2 d

PAM@MNP 2.64 3.95 2.05
ES-clusters 2.65 3.91 2.09
CB-clusters 2.26 4.15 1.85
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The naked magnetite nanoparticles in aqueous media have a pH-
dependent surface charging and aggregation state, namely the reac-
tions of surface ≡Fe−OH sites lead to the formation of positive
(≡Fe−OH2

+) and negative surface (≡Fe−O−) charges at pH values
below and above ~8, respectively. For MNPs, pH~8 is characteristic,
and is called the isoelectric point (IEP), this is where the amounts of
oppositely charged surface sites are equal to each other. At pH values
close to the IEP, the zeta potential of MNP nanoparticles is around
zero, thus the MNPs are aggregated (averaged hydrodynamic size
~1600 nm) in the absence of stabilizing electrostatic forces. The
physiological pH (e.g., in blood pH~7.2–7.4) is close to the IEP, thus
the surface of naked MNPs should be modified to prevent their
aggregation which is dangerous in the body [16,22].

The addition of an appropriate amount of biocompatible polyelec-
trolyte can electrosterically stabilize the MNP particles at the bio
relevant pH-range. Here we used PAM to prepare PAM@MNP core-
shell nanoparticles as it has been detailed in the Section 2.1.
(Materials). The PAM adsorbs onto the MNP-surface via –COOH/–
COO– groups and its unbounded negatively charged functional groups
(−COO−) can cause reversal of the zeta potential value (circa −40 mV).
The MNPs adsorbed approximately 0.9 mmol/g PAM corresponding to
the full coverage of MNPs [23,30], and they are colloidally stable (Z-
average hydrodynamic size ~110 nm) at pH above ~4 as it is seen in
Fig. 3a.

The electrokinetic potentials of the PAM@MNP nanoparticles and
PEI-clusters are the same at pH above ~6, nevertheless the zeta
potential values of clusters are shifted in a positive direction compared
to the PAM@MNP particles at pH below ~6 (see in Fig. 3b). This
confirms the interaction between PEI and PAM@MNP particles via the
primary amine and carboxylate groups. The slightly higher zeta
potential values at pH < 6 are likely due to the protonation of free

secondary amine groups (R1R2NH2
+) of PEI. Because of the decrease in

the absolute value of the zeta potential, the electrosteric stabilization of
the PEI-clusters is less effective, which causes the increase of the Z-
average hydrodynamic size at the same pH values. The PEI-clusters are
colloidally stable at pH above ~5.5 as it is seen in Fig. 3a which still
meet the requirement to be stable in the biological medium.

The ES- and CB-clusters at different salt concentrations have
different settling properties as it seen in Fig. 3c. After 3-h-sedimenta-
tion, the ES-cluster is settled and the CB-clusters remains stable even
at 150 mM NaCl. The salt tolerance of CB-cluster is better and
obviously exceeds the physiological value at pH~6.3.

3.3. FTIR-ATR analysis of the clustering process

Attenuated total reflection Fourier transform infrared spectroscopy
analysis was used to characterize the formed bonds after the clustering
process. Fig. 4a shows the IR absorption spectra of PEI, PAM@MNP
nanoparticles and PEI-clusters. Fig. 4b shows the subtracted spectra of
the PEI-clusters compared to PEI and the positions of characteristic
bands are collected in Table 2.

In the spectra of PAM@MNP nanoparticles and PEI-clusters (see
Fig. 4a) two characteristic bands of magnetite are present, i.e., the
Fe−O band at ~550 cm−1 and the H-bonded OH-stretching at
~1630 cm−1 [39,40] close to a band of PEI at ~1620 cm−1. PAM@
MNP nanoparticles have characteristic bands at ~1720 cm−1,
~1580 cm−1 and ~1410 cm−1 [23] belonging to the –COOH/–COO–

moieties. In Fig. 4a the spectra of PAM@MNP nanoparticles and PEI-
clusters seem to be similar, thus for the accurate evaluation of the
bonds in clusters, the subtraction of spectra is essential. The spectra of
PEI-cluster – PAM@MNP and the spectrum of PEI are compared in
Fig. 4b.

Fig. 3. pH-dependence of a) average hydrodynamic size (Z-Ave) and b) zeta potential of PAM@MNP nanoparticles and PEI-clusters at ionic strength of 10 mM. c) Stable and
sedimented PEI-clusters in different salt solutions at pH ~6.3 (photos were taken after standstill for 3 h). The photos inserted into the figure a) demonstrate the aggregated and stable
sols of CB-clusters. The results of naked MNPs [22] are recalled here for comparison.
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The bands of PEI at ~1620 cm−1 and ~1460 cm−1 belong to –NH2

bending and C–N stretching [41,42], respectively. In the subtracted
spectrum of ES-cluster, these bands can be found at ~1650 cm−1 and
~1470 cm−1, i.e., both peaks were shifted to the higher wavenumber
region. Based on this, the –NH2 moieties are involved in the clustering
process and according to the adjusted pH the –NH3

+ functional groups
of PEI are electrostatically bonded to the free –COO– groups of PAM on
PAM@MNP surface.

In the subtracted spectrum of CB-cluster, shoulders can also be
seen at ~1650 cm−1 and ~1470 cm−1, which means, analogously to the
previous, that small amount of electrostatically bonded PEI is present
even in these clusters. Nevertheless, there are three new intense bands
in this subtracted spectrum at ~1695 cm−1, ~1580 cm−1 and
~1420 cm−1, assigned to C˭O, CNH bending and C–N stretching
[42–44], respectively. All these bands are characteristic of the amide
bonds, which clearly prove that the –NH2/–NH3

+ groups of PEI are
chemically bonded to the free –COOH/–COO– groups of PAM on the
MNP nanoparticles after the clustering process. In case of ES-cluster
these bands are weaker, thus only a small amount of PEI is chemically
bonded in these clusters.

The FTIR-ATR analysis allowed us to obviously distinguish the
electrostatically and chemically bonded PEI, and although both types of
bond formation are present in both clusters, their ratios are character-
istic for the two different synthesis processes.

3.4. Magnetic hyperthermia efficiency of PEI-clusters

The heating effect of electrostatically and chemically bonded PEI–

clusters was tested in concentrated magnetic fluids. The effect of AC
magnetic field can be seen as the increase in the temperature of the
aqueous dispersions as a function of time in Fig. 5. First the magnetic
field was kept constant at B =9.146 mT while the resonant frequency
varied, then the resonant frequency was set constant (f =109.5 kHz)
and the magnetic field was different. The initial slope of the heating
curves (ΔT/Δt) were calculated in the range of 20–200 s and the
calculated SAR values related to unit mass of magnetite (see in Section
2.7. (Magnetic hyperthermia)) are represented in Fig. 6a, b as a
function of resonant frequency and magnetic field, respectively.

The SAR values increase with the increasing resonant frequency as
well as with the increasing magnetic field. The obtained SAR values are
fully consistent with others found in the literature [30,45–50]. The
better magnetic heating efficiency of the CB-cluster is likely to be
explained by their larger size and looser structure as determined by
TEM, due to better accessibility of water molecules to magnetic cores of
clusters. The heating efficiency characteristic for our clusters should be
adequate to heat up the treated area with ~5 °C above the body
temperature, thus an effective magnetic hyperthermia treatment is
probably feasible.

Under an alternating magnetic field, local heating can be induced
even in the non-magnetic living tissues which is an undesired dama-
ging effect [51,52]. To eliminate this phenomenon, Brezovich found
that the product of field strength and frequency should be limited to
4.85×108 Am−1s−1 [53], at the same time Hergt and Dutz suggest
another criterion at 5×109 Am−1 s−1 [54]. In case of our experiments,
the maximum value of the product mentioned above is
4.5×109 Am−1 s−1 (at 621.7 kHz and 9.146 mT) which is seems to be
acceptable.

3.5. MRI contrasting properties of PEI-clusters

The contrast enhancement efficiency of PAM@MNP nanoparticles
and PEI-clusters prepared by electrostatic or chemical way was tested
in MRI measurements. In general, the longitudinal relaxivity values
(r1) are very small, characteristic of superparamagnetic iron oxide
nanoparticles (SPION) [18] thus the r1 values were not worth
determining for our samples. The transverse relaxivity values (r2)
were calculated by plotting the relaxation rates (R2=1/T2) against the
Fe concentration as described in our previous papers [18,19].
Enhancement of T2 contrast was recorded for the PEI-clusters
compared to the PAM@MNP nanoparticles, shown in Fig. 7 as the
concentration dependence of the R2 relaxation rate.

The calculated values of transverse relaxivity were extremely high
(r2 ∼390–690 mM−1 s−1) related to the majority of data published for

Fig. 4. a) FTIR-ATR spectra of PEI, PAM@MNP nanoparticles and PEI-clusters, b) subtracted spectra of PEI-clusters compared to the IR spectrum of PEI. Samples were dried on the
diamond crystal from solution/dispersion at pH ~6.3. Absorbance is given in arbitrary units. Solid lines mark the position of bands related to amide bond and dashed lines indicate the
bands of primary amine groups (–NH3

+).

Table 2
Characteristic peaks of PEI, ES-cluster – PAM@MNP and CB-cluster – PAM@MNP
spectra. The wavenumbers are given in cm−1. (The sign 's' means shoulder on the
spectrum.).

Measured samples Explanation

PEI ES-cluster–
PAM@MNP

CB-cluster–
PAM@MNP

Typical band Type of
bond

– – 1695 C˭O [42–44] Amide bond
1616 1652 1652 (s) –NH2 bending

[41,42]
–NH3

+ in
bond

– 1581 (s) 1581 CNH bending
[42–44]

Amide bond

1458 1471 1467 (s) C-N stretching
[41,42]

–NH3
+ in

bond
– 1431 1419 C-N stretching

[42–44]
Amide bond
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MNPs (r2 ~50–310 mM−1 s−1) [19,55–59]. For example Resovist has
r2=306 mM−1s−1, this material is generally used as reference super-
paramagnetic iron oxide MRI contrast agent although its FDA approval

has not yet been completed [20].
The transverse relaxivity of PAM@MNP is 389 mM−1 s−1 and this is

almost equal to the value characteristic for polygallate coated MNPs

Fig. 5. The temperature change as a function of time in magnetic hyperthermia measurements of (a,c) electrostatically and (b,d) chemically bonded PEI-clusters (a,b) at a constant
magnetic field (B=9.146 mT) with varied resonant frequencies and (c,d) at constant resonant frequency (f=109.5 kHz) with different magnetic fields, respectively. The initial slope of ΔT/
Δt was calculated in the range of 20–200 s.

Fig. 6. The heating efficiency of electrostatically and chemically bonded PEI-clusters as a function of a) resonant frequency in B=9.146 mT and b) magnetic field at f=109.5 kHz. The
SAR values are related to 1 g magnetite. The symbols represent the measured data and the lines are the results of fitting.
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(PGA@MNP, r2=387 mM−1 s−1) [45]. PAM is a negatively charged
polyelectrolyte even like PGA, and the high transverse relaxivity is due
the strong hydration of the densely charged negative shell near the
MNP core. The enhanced relaxation of large amount of protons near
the magnetite surface leads to an increase in the contrast. The r2
relaxivity of the PAM@MNP dispersion is somewhat lower than that of
naked MNPs (measured at pH ∼4 as 430 mM−1 s−1 [19]) but at the
same time the PAM@MNP is biocompatible under physiological
conditions [23].

The magnetic nanoparticles with a potential feasibility in MRI
applications are typically in the so called “motional averaging regime”
(MAR). In this regime the transverse relaxivity of magnetic agglomer-
ates first increases with their size [18,25], and after reaching a
maximum the r2 value begins to decrease [25]. The r2 relaxivities of
ES- and CB-clusters are 457 mM−1 s−1 and 691 mM−1 s−1, respectively.
These values are significantly higher than the r2=389 mM−1 s−1 typical
for PAM@MNP nanoparticles which can be explained by the increased
size of clusters. The chemically bonded cluster has about one and a half
times better contrast enhancement effect compared with the electro-
statically bonded PEI-cluster. The structure of ES-clusters is more
compact as determined by TEM and SAXS as well. Thus the water
accessibility to MNPs is lower in this sample, which reduces its
efficiency in MRI [60]. The extreme high contrast enhancement effect
for CB-cluster is very promising in terms of biomedical application in
future.

4. Conclusion

PEI-clusters were prepared via electrostatic and chemical route and
they were characterized comprehensively. The clusters were character-
ized by TEM, showing that the average area occupied by the chemically
bonded clusters on grid was about twice as large as that of ES-cluster
samples moreover the CB-clusters were more opened so less compact
than ES-clusters. Based on the SAXS results, the formation of PEI-
cluster has no significant effect on the scattering behavior of the
systems, the surface of nanoparticles was smooth and the MNP
particles were relatively close packed. The PEI-clusters show pH-
dependent aggregation state and zeta potential, the chemically bonded
clusters were colloidally stable at pH > 5 and even in 150 mM NaCl
solution at pH~6.3, which is still relevant to the biological medium.
The analysis of ATR-FTIR spectra proves that different bonds (electro-
static adhesion between –NH3

+ and –COO– or amide bond, respec-
tively) form between PAM@MNP and PEI in the electrostatic and
chemical synthesis routes. Magnetic hyperthermia studies showed that
the values of specific absorption rate (SAR) are about two times larger
in case of the CB-cluster than that of ES-cluster. Besides that the MRI

experiments proved exceptionally high transversional relaxivities for
both types of MNP clusters, it was shown that the r2 value of CB-
cluster is definitely greater than that characteristic of PAM@MNP and
ES-cluster. Based on these results, the chemically clustered product
shows greater potential for feasible theranostic applications.
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