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Highlights

- SPION clusters of controlled size were prepared by means of electrostatic adhesion.
- Nanocluster formation optimum was at 0.17 charge ratio of PEl to PAM@MNP.

- Huge aggregates form at higher PEI to PAM@MNP charge ratio.

- Higher ionic strength promotes the formation of clusters at lower PEI concentrations.

Abstract

Clusters of magnetite nanoparticles (MNPs) were synthesized using poly(acrylic acid-co-maleic
acid) coated MNPs (PAM@MNP) and branched polyethylenimine (PEI). Materials were characterized
by potentiometric titration, zeta potential and dynamic light scattering (DLS) measurements. PEI and
PAM@MNP are oppositely charged as characterized by zeta potential measurements (+8, -34 mV
respectively) and titration (10.30 mmol -NHs*/g PEI; 0.175 mmol -COO/g PAM@MNP) at pH 6.5+0.2;
therefore magnetic clusters are formed by electrostatic adhesion. Two different preparation methods and
the effect of PEI and electrolyte (NaCl) concentration on the cluster formation was studied. Choosing
an optimal concentration of PEI (charge ratio of PEI to PAM@MNP: 0.17) and electrolyte (10 mM), a
concentrated (10 g MNP/L) product containing PEI-PAM@MNP nanoclusters with size of 165+10 nm
was prepared. Its specific absorption rate (SAR) measured in AC magnetic field (110 kHz, 25 mT) is 12
W/g Fe. The clustered product is expected to have enhanced contrast efficiency in MRI.

Keywords: superparamagnetic iron oxide nanoparticle, magnetic fluid, carboxylated SPION, magnetic
cluster, hyperthermia, specific absorption rate.

1. Introduction

The application of nanoparticles in medicine has been in the focus over the past few decades.
Including magnetic nanoparticles which are promising materials for use in magnetic resonance imaging
(MRI) diagnostics, magnetic fluid hyperthermia, drug delivery or controlled drug release [1-5]. The
most advanced approach is to combine diagnostics and therapy (theranostics) making clinical
applications more efficient. The surface of magnetite nanoparticles (MNPs) has to be coated to prevent
aggregation at physiological conditions (neutral pH, high electrolyte concentration) [6-9]. Metal-oxide
surfaces are believed to form complexes with molecules having carboxylic moieties such as
carboxylated polyelectrolytes (PE) that are a good choice for covering the surface [10-13]. The adsorbed
polyelectrolyte layer stabilizes the particles both in an electrostatic and steric manner (electrosteric) [14].

The growing interest in the use of superparamagnetic iron oxide nanoparticles (SPIONs) for
biomedical purposes indicates the need for products with enhanced properties which may possess greater
potential in theranostics. Recent studies indicate that there is little to no cytotoxicity of SPIONs which
makes them a promising candidate for biomedical applications [4, 7, 8, 15-18].

Magnetic fluid hyperthermia is also one of the key areas where such products may be utilized.
During a hyperthermia treatment magnetic fluid is dispersed in the target tissue and the particular area
is subjected to an alternating magnetic field to damage malignant cells through heat generation. The
power absorbed and in turn dissipated by the different magnetic fluids is compared using the SAR value
(specific absorption rate), that is the power absorbed per gram of magnetic material in the sample (W/g).
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where C, s = ¥.; Cpym; is the specific heat capacity of the sample (J/Kg), p is the density of the sample
(g/cm?®), ¢ is the concentration of iron in the sample (g/cm?®) and AT /At is the rate of temperature
change (K/s) measured experimentally. Various forms of the formula for calculating SAR are
presented in the literature [19-22], some sources calculate SAR per gram of iron-oxide (e.g. magnetite)
or approximate the specific heat capacity of the sample with that of water.

Recently Illés et al. published that clustered PEG-OA coated magnetite nanoparticles showed
superior MRI contrast to the non-clustered product [9]. The magnetic behavior of the particles in such
clusters can be altered by particle-particle interactions [23-25]. It is crucial to understand the relation
between nano-sized domains, and control particle-particle interactions to develop methods of particle
fabrication and self-assembly. Direct manipulation of the interparticle spacing, thus the interaction,
could help structure new materials with tailored properties. The non-covalent interaction between
particles can be used to induce self-assembly formation and create nanostructures via the "bottom-up"
fabrication [26]. Several methods have been presented to synthesize nanoclusters [27-28], but the
electrostatics, i.e. the charge state of the individual building blocks is often neglected. Frankamp et al
used polyamidoamine (PAMAM) dendrimers to assemble particles using electrostatic interactions and
based on the dendrimer generation an increase of interparticle spacing was observed [29]. We aimed to
control the self-assembly of particles not only by considering electrostatics, but by precisely determining
the charge state of the interacting entities, thus controlling the prompt and irreversible interaction
between oppositely charged particles. Our goal was to prepare magnetic clusters by electrostatic
adhesion of negatively charged carboxylated MNPs and positively charged branched polyelectrolyte.
We aimed to adjust the properties of the products to be colloidally stable at physiological pH and salt
concentrations and also resist dilution. We wished to test the products in MF hyperthermia and later in
MRI diagnostics, too.

2. Materials and methods
2.1. Materials
Magnetite nanoparticles (MNPs) were synthesized by the co-precipitation of iron salts of
FeCls-6H20 and FeCl,-4H,0 (Molar, Hungary) with concentrated NaOH solution. Detailed description
can be found in our previous paper [7]. The purified stable magnetic sol was stored at pH 3%0.2 and
temperature 4+1°C. Transmission electron microscopy images revealed that the nanoparticles are
spherical with the average size of 10+0.8 nm and the system shows low degree of polydispersity.
Poly(acrylic acid-co-maleic acid) (PAM) ( Mw~1.8 kDa, mmol COOH/g) and branched
polyethylenimine (PEI) (Mw~25 kDa) were acquired from Sigma-Aldrich. NaCl, NaOH and HCI
solutions prepared from analytical grade chemicals (Molar, Hungary) were used to set ionic strength
and the pH, respectively. Ultra pure (UP) water (18 MQ) was provided by a Zeneer (HumanCorp, Korea)
water purification system. All experiments were conducted at 25+1 °C.

2.2. Preparation of PAM coated magnetite nanoparticles

The core shell nanoparticles were prepared by adding PAM (1.1 mmol —COO7/g MNP) to a
portion of the magnetic fluid we synthesized earlier. The amount of PAM is given regarding the amount
of carboxylic groups (mmol COO/COOH) because the molecular weight of PAM is an average value
of the polydisperse sample. The sample contained 0.6 g of MNPs and the adsorption of PAM
commenced at pH 6.5+£0.2 and at an ionic strength of 10 mM (NaCl). The mixture was rested for 24
hours for the adsorption to complete The excess of PAM (adsorption maximum: 0.9 mmol/g MNP [7])
was removed by a washing process that was repeated 3 times: the stabilizing PAM layer was compacted
by lowering the pH to 3 and the aggregated SPIONs were settled by using a strong magnet that was
placed under the vial; the supernatant was removed and the nanoparticles were re-dispersed in UP water.
The pH was set to 6.5 and the resulting stable PAM@MNP sol (42.85 g MNP/L) was stored in a
refrigerator (4+1 °C).

2.3. Preparation of PEI-PAM@MNP nanoclusters

The nanoclusters were prepared by adding PEI to the PAM@MNP sol in different amounts,
hypothesizing an electrostatic structural self-assembly due to attraction between oppositely charged
partners (Fig. 1). The effect of PEI to PAM@MNP ratio and NaCl concentration on the cluster formation
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was investigated. By increasing the concentration of PEI the negative charge of the PAM@MNP
particles is gradually compensated then overcompensated. The clusters were prepared pursuing two
different methods: the fast flow and the synchronous flow method. In both of the methods identical
portions (5-5 mL) of PEI solution and PAM@MNP (300 mg/L) sol were mixed. In the fast flow method
a tilted (45°) vial containing 5 mL. of PAM@MNP sol was held in ultrasonic bath and after 2 minutes
of sonication 5 mL of PEI was promptly injected to the bottom edge of the vial using a syringe and the
mix was sonicated to an additional time of 1 minute. During the preparation of clusters through the
synchronous flow method the two precursors were simultaneously and promptly injected into a vial and
sonicated for 1 minute immediately after mixing (Fig. 2).
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Fig. 1. Electrostatic adhesion of negatively charged poly(acrylic acid-co-maleic acid) coated magnetite
nanoparticles and positively charged polyethylenimine at pH 6.5+0.2
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Fig. 2. Preparation of clusters: the fast flow (left) and the synchronous flow method (right)

2.4. Potentiometric acid-base titration measurements

Potentiometric acid-base titration of PEl and PAM@MNP samples (50 mL of 2.60 g PEI/L and
2.80 g MNP/L respectively) was performed to determine their charge state. The procedure was described
previously [30]. The background electrolyte, NaCl (was indifferent with no specific interactions of its
ions with either of the materials. Samples were titrated at 3 different ionic strengths: 5, 50 and, 500 mM.
The data points of the titration results express equilibrium states. The equilibrium criterion of ApH/min
< 0.01 was used.

2.5. Dynamic light scattering and electrophoretic mobility measurements

Dynamic light scattering (DLS) and electrophoretic mobility measurements of the samples were
carried out in a NanoZS instrument (Malvern, UK) with a 4 mW He—Ne laser source (A = 633 nm),
using disposable zeta cells (DTS 1060). The concentration of the dispersions was set to give an optimal
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intensity of ~10° counts per second. Prior to the measurements, the samples were agitated with
ultrasound for 10 s and allowed to relax for 2 min. The effect of PEl to PAM@MNP charge ratio on the
electrophoretic mobility and particle size of the MNPs was measured at pH 6.5+0.2 and 10 mM ionic
strength. The Smoluchowski equation was applied to convert the electrophoretic mobilities to
electrokinetic potential values.

2.6. Magnetic fluid hyperthermia measurements

The heating efficiency of concentrated magnetic fluid samples was tested in the magneTherm™
(Nanotherics, UK) system for hyperthermia. Preceding the measurement of the nanocluster sample the
effect of the applied alternating magnetic field was tested on naked MNP samples, by employing
different pairs of coils and capacitors resulting in unique resonant frequencies optimal settings were
determined. The effect of the concentration of magnetic sols containing naked MNPs was also studied.
Heating efficiency of the concentrated nanocluster sample was measured at a resonant frequency of
110.7 kHz with magnetic field of B = 25 mT (H = 19.9 kA/m, 17 turn coil and 200 nF capacitor) and
concentration range of 10-15 g MNP /L. SAR values were calculated according to Eq.1 with the sample
specific heat capacity.

3. Results
3.1. Characterization of the interacting partners

Polyethylenimine is a branched and dendrimer like polyelectrolyte having amine groups (-NHz/-
NH;*) that can be protonated at neutral pH. The monomer of PEI (Mw~474 g/mol) has 4 primary, 3
secondary and 4 tertiary amine groups. On the other hand PAM@MNP has carboxyl groups (-COOH)
that undergo deprotonation (-COO") at higher pH values. This results in the macromolecule to be
negatively charged. The adsorbed polyanion binds to the surface of magnetite nanoparticles with high
affinity and provides both steric and electrostatic stabilization. In our previous work, the mechanism of
MNP coating via adsorption of PAM has been studied in detail [7]. The pH-dependent protonation-
deprotonation processes can be characterized quantitatively by potentiometric acid-base titration [30].
The net proton surface excess amounts calculated from the titration data of PEI solution and
PAM@MNP sol are shown as a function of pH in (Fig. 3). It is obvious that the measured samples are
oppositely charged above pH~6. At pH 6.5, the primary amino groups of PEI are protonated (10.30
mmol -NHs* per gram of PEI at 50 mM NaCl) and the carboxyl groups of PAM@MNP are deprotonated
(0.175 mmol -COO" per gram of PAM@MNP at 50 mM). The net proton surface excess of PAM@MNP
is positive at lower pH values which can be explained by the diffusion of protons through the PAM shell
to the surface, resulting in the protonation of the free surface sites of magnetite (=Fe-OH + H*— =Fe-
OH"). The neutralization of PAM@MNP surface charge by PEI was calculated (PEI to PAM@MNP
charge ratio) at each PEI addition during the nanocluster preparation.

The charge state of the two interacting partners was also investigated by electrophoretic mobility
measurements and the resulting data of zeta potential at different pHs also proved that electrostatic
adhesion of PElI and PAM@MNP is possible. The zeta potential of PEI changed from 15 to 5 mV in
between pH of 3 and 10, while the hydrodynamic size remained the same (14-15 nm) (Fig. 4). The zeta
potential of PAM@MNP decreased from 0 to -35 mV in between pH of 3 and 10. The hydrodynamic
size also decreased from ~1500 to ~120 nm in this range, showing that aggregation of the particles
occurs at pH values lower than 4 (Fig. 4). This means that the positively charged PEI is able to interact
with the negatively charged PAM@MNP particles and form clusters spontaneously through multipoint
electrostatic adhesion. The amount of PEI needed to induce the formation of clusters was calculated by
using the concentration of charged carboxylate (-COO-) groups on PAM@MNP at pH 6.5+0.2.
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Fig. 3. pH- and ionic strength-dependent charging of poly(acrylic acid-co-maleic acid) coated magnetite
nanoparticles (left) and polyethylenimine (right). The net proton surface excess amount is proportional to and
can be converted directly to surface charge density data.
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Fig. 4. pH-dependence of average hydrodynamic size (diamond symbols) and zeta potential (circle symbols) of
poly(acrylic acid-co-maleic acid) coated magnetite nanoparticles (left) and polyethylenimine (right) at ionic
strength of 10 mM

3.2. Effect of PElI to PAM@MNP ratio on the formation of clusters

The concentration of PEI added to the constant amount of PAM@MNP sols and NaCl content
of the mixture were changed. The charge ratio of PEI to PAM@MNP was varied up to 1.5 and the
obtained products were characterized by DLS and zeta potential measurements. We have found that at
very low PEI concentrations there is no significant change in hydrodynamic size (125 nm) even though
the zeta potential increases slightly compared to PAM@MNP particles (-35 to -30 mV) (Fig. 5). The
increase in zeta potential could be attributed to the charge neutralization that occurs on individual
particles of PAM@MNP just before there is enough PEI to adhere these individual particles forming
clusters. At slightly higher PEI concentrations there is an increase in the size (125 to 300 nm) and
decrease in the zeta-potential of particles (-30 to -35 mV), which indicate the formation of clusters that
now exhibit an overall negative charge. From this point on with increasing PEI concentrations the zeta
potential increases (-35 to -25 mV) and the increase in the size of the particles (from 300 to 1800 nm)
shows that aggregates are formed (Fig. 5). At about 0.6 PEI to PAM@MNP charge ratio the aggregate
size reaches a plateau. With even higher concentrations of polyethylenimine the zeta potential changes
from negative to positive (-25 to +5 mV) which is consistent with the overcompensating charge ratio
(1.5) caused by PEI (Fig. 5).
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Fig. 5. Average hydrodynamic size (diamond symbols) and particle charge (circle symbols) of PEI-PAM@MNP
clusters formed with increasing charge compensation (concentration) of 5 mL PEI solution added to 5 mL of 300
mg/L PAM@MNP sols. Dynamic light scattering (DLS) and zeta potential of prepared clusters were measured at
ionic strength of 10 mM and pH ~6.5

3.3. Influence of preparation methods on cluster formation

We hypothesized that the methods of nanocluster preparation (fast flow and synchronous flow)
and the rate of flow from the syringes would have an impact on the formation of nanoclusters due to the
prompt and irreversible interaction between particles of opposite charge. Thus the effect of volumetric
flow rate of the PEI solution was investigated using the fast flow method in such a manner that the
syringes used for the preparation were equipped with two different needle sizes: 18G and 25G with
0.838 mm and 0.260 mm inner diameters, respectively. The nanoclusters prepared by employing the
two different needles did not differ substantially in size and zeta potential (presented in supplementary
material, Fig. S2.). This showed that there is no effect with increasing the flow rate, but for the
convenience of prompt injection from the syringes the 18G needles were used for further tests.
Comparison of the two methods used to prepare nanoclusters indicated that the the fast flow method
caused the formation of slightly larger clusters at a PEI to PAM@MNP charge ratio compared to the
synchronous flow method but practically resulting in the same zeta potential (Fig. 6). Although this
difference did not seem significant, the more moderate and controllable growth of the particle size with
increasing PEI concentrations led us to choose the synchronous flow method of preparation for further
tests. A possible explanation to why neither the methods nor the needle size had substantial effect would
be that the applied sonication provided a uniform continuous dispersing throughout the mixture leading
to very similar kinetics of nanocluster formation.
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Fig. 6. Influence of preparation methods (Fast flow — filled symbols and synchronous flow — half-filled symbols)
on cluster formation: dynamic light scattering and zeta potential measurements at pH 6.5+0.2

3.4. Effect of ionic strength on the formation of clusters

The ionic strength (NaCl salt concentration) was 10 mM throughout the synthesis of
PAM@MNP and also when investigating the effect of PEI concentrations, needle size and method of
preparation used. We expected the ionic strength to be a key aspect when preparing the clusters, so we
examined the effect choosing 30 mM and 100 mM of NaCl salt concentrations with the already
determined optimal PEI concentrations. The effect we observed was significant, the formation of the
clusters and aggregates began at markedly lower concentrations of PEI also, leading to a steeper rise
and faster plateauing of the particle size (150, 500 and 1500 nm at 0.15 PEI to PAM@MNP charge ratio
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at a concentration of NaCl of 10, 30 and 100 mM respectively) (Fig. 7). This result is consistent with
the charge screening effect of the ionic strength around particles leading to an easier formation of
aggregates. The tenfold dilution of samples prepared at 100 mM ionic strength showed a much more
moderate increase in particle size compared to the samples prepared at 10 mM meaning that the dilution
of the formed aggregates resulted in nanoclusters of smaller size (Fig. 8).
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Fig. 7. Effect of ionic strength: dynamic light scattering measurements of prepared clusters at pH 6.5+0.2 using
the synchronous flow method

0 1 PEI-PAM@MNPcluster - 1800
z >
S ¢ ®SF 10 mM z
—-10 A ®
© © OSF 100 mM - 1200 &
= tenfold dilution «Q
@ -20 @
5 2
o F 600 &
@ -30 2
N 3
-40 ‘ \ 0
0 0.2 0.4 0.6

PElIto PAM@MNP charge ratio
Fig. 8. Comparison of nanoclusters prepared with the synchronous flow method at 10 mM and at the tenfold
dilution of 100 mM: dynamic light scattering and zeta potential measurements at pH 6.5+0.2

3.5. Preparation of concentrated PEI-PAM@MNP sol

The investigation of several effects resulted in optimal parameters that were chosen to prepare
a concentrated PEI-PAM@MNP nanocluster sol. We chose a salt concentration of 10 mM and a PEI
concentration corresponding to 0.17 PEI to PAM@MNP charge ratio. The concentrated magnetic fluid
containing nanoclusters was prepared employing the synchronous flow method with the 18 G needle.
The size and zeta potential of the prepared product was measured after diluting the concentrated sol and
setting the ionic strength to 10 mM. The results indicate that nanoclusters with a hydrodynamic diameter
of 165+10 nm were formed that show good stability over the period of days (presented in supplementary
material, Fig. S1).

3.6. Hyperthermia results

The heating effect of PEI-PAM@MNP nanoclusters was tested in the concentrated sol as
prepared and was compared to the result obtained for the MFs containing naked MNPs, the calculated
SAR values related to unit mass of iron were very similar. Although there is a slight increase in SAR in
favor of the nanoclusters it is within statistical error of the measurement (Fig. 9). The SAR values are
small but in the order of magnitude found in the literature, since the reported values are in a wide range
of 1.6-2055 W/g [22].This indicates either a poor choice of the optimal parameters of the hyperthermia
test concerning the nanoclusters or that there is no additional effect of heating when compared to the
naked MNPs. Further tests are necessary to conclude whether the nanocluster product is superior to
naked MNPs.
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Fig. 9. Hyperthermia test of magnetic fluids containing naked magnetite nanoparticles and
PEI-PAM@MNP clusters in a magnetic field of B= 25 mT and resonant frequency of f=111 kHz

4. Conclusions

Nanoclusters were prepared using the electrostatic adhesion between negatively charged PAM
coated magnetite particles and the positively charged branched PEI. It was shown that with increasing
the PEI to PAM@MNP ratio the hydrodynamic size of the clusters can be controlled to the extent where
obvious aggregation of the particles occurs. The ionic strength has a great impact on the formation of
clusters by providing an electrostatic screening effect that promotes the formation of nanoclusters and
aggregates at significantly lower PEI concentrations. The two methods of preparation (fast flow and
synchronous flow) as well as changing the rate of flow through employing needles of different diameter
showed no significant effect on the measured size and zeta potential of the particles , probably because
of continuous sonication during the mixing the oppositely charged interacting partners.

A concentrated sol of magnetic clusters was prepared under the optimal conditions of
nanocluster formation for testing its hyperthermia efficiency. The results show that there is only a slight
increase in the SAR value in favor of the nanoclusters indicating that further tests to optimize the
conditions of field exposure are necessary or clusters made up of larger size individual MNPs need to
be prepared. The product has not been tested in MRI diagnostics, nevertheless enhanced contrast
efficiency (through increased r2 relaxivity) of the clustered MNPs is expected [9].
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Supplementary material
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Figure S1. Effect of needle diameter on PEI-PAM@MNP cluster formation using the fast flow method: dynamic
light scattering measurements of prepared clusters at pH 6.5+0.2
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Figure S2. Time-stability of the PEI-PAM@MNP sample diluted from the concentrated product: dynamic light
scattering and zeta potential measurements at 10 mM and pH 6.5+0.2



