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A B S T R A C T   

Magnetic nanoparticles have several promising biomedical applications. One example is the magnetic 
nanoparticle-based hyperthermia, where the magnetic nanoparticles absorbed by the tumor cells are subjected to 
alternating magnetic field to generate local heating. Other applications rely on the effect of static magnetic fields 
to collect or rearrange cells, which are covered with magnetic nanoparticle containing substrates. In both cases, 
the effect of clustering largely modifies the magnetic properties of these materials. In the present study, we have 
examined the commercially available multicomponent material, NanoShuttle™-PL (Greiner Bio-One) particles 
composed of gold, iron oxide and poly-L-lysine, which are used for the creation of levitated 3D cell cultures. 
While this material is often used for cell culture studies, there is no available data on its magnetic and structural 
properties. The aim of the study was to understand the magnetic properties of this composite material based on 
the characterisation of the size distribution and clustering of the magnetic nanoparticles. We have performed 
RAMAN, AFM/MFM measurements and SEM/STEM investigation of the composite material. Magnetic properties 
were investigated with a vibrating sample magnetometer (VSM) both in the liquid state and in the surface 
extracted form.   

1. Introduction 

Magnetic nanoparticles (MNP) have a large number of applications, 
including hyperthermia and magnetic levitation of 3D cell cultures. 

In the case of hyperthermia these nanoparticle systems are capable of 
transferring energy to their environment from an alternating magnetic 
field, which is suitable for the treatment of cancer [1]. Relatively small 
tumors (3–6 cm) are treated with local hyperthermia procedures [2]. 
Heat loss can result from three processes: Resistance heating due to the 
eddy currents, magnetic heating due to the hysteresis loss of multido
main nanoparticles and magnetic heating due to the Brownian and Néel 
relaxation processes. Its advantage over other methods is that the heat 
generation is local so that it destroys the tumor cells directly. The aim of 
the hyperthermia research is the maximization of the dissipated energy. 
The frequency range used for tumor therapy treatments is between 0.05 
and 1.2 MHz, and the applied field strength is 0–5 kA/m. 

In the case of magnetic levitation, 3D tissue growth occurs by placing 
cells containing magnetic nanoparticles in a spatially varying external 
magnetic field. The growth will be in the formed clusters [3]. This 

application is suitable for example for the modelling of 3D cancer 
growth [4]. In this case the magnetic particles can be moved with the 
external magnetic field to different positions within the body or can be 
easily collected from a solution. One can also combine the two cases for 
more localized hyperthermia treatment [5]. 

The most commonly used MNP materials are the iron oxide nano
particles [6–8]. One of the most popular and simplest method of prep
aration is the continuous precipitation of iron nanoparticles in the 
aqueous phase in the presence of surfactants. It is often necessary to 
modify the surface of nanoparticles without changing the bulk proper
ties. Reasons for this include, for example, changing the surface 
composition, blood and biocompatibility and protection. Several 
methods are known for surface modification, such as surface adsorption 
of surfactants and polymers, high-energy radiation and covalent binding 
of desired ligand onto surface functional groups via different activation 
methods [9]. 

Development of biocompatible nanoparticles is a long process, so we 
have studied the commercially available NanoShuttle™-PL liquid in this 
study, which will be used in cell culture studies later on. This is a 
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nanoparticle assembly consisting of gold, iron oxide, and poly-L-lysine. 
The poly-L-lysine will non-specifically bind to cell membranes via 
electrostatic interactions. 

The NanoShuttle™-PL material is often used for the creation of free- 
floating cell cultures. To our knowledge the structure and the magnetic 
properties were not presented in the literature for this material. This can 
be important in relation to the cell culture studies which we are planning 
to perform. On the other hand, this material would be appropriate for 
our hyperthermic experimental research. As mentioned above, the 
NanoShuttle™-PL contains gold nanoparticles which are able to absorb 
near-infrared light [10]. This can also be used to warm tumors. In 
addition, they are able to absorb a large amount of X-rays. Concentrated 
radiation absorption is then seen in the tumor. In addition, the clustering 
behavior of ferromagnetic particles can have a positive effect on energy 
loss [11–13]. Higher heat generation is observed in chain-shaped 
structures [14]. Thus, the use of these nanoparticles results a better 
combination of radiotherapy and hyperthermia. From the point of view 
of material science, the magnetic behavior of the clusters of magnetic 
particle systems is also very active research field both in their theoretical 
and experimental aspects, and thus the NanoShuttle™-PL liquid can be a 
good reference material for such studies. 

In the present article, we determined the material composition and 
the particle size distribution of the NanoShuttle™-PL sample, and 
examined its magnetic properties. These are essential for the physical 
characterisation of the sample and the latter experimental applications. 

2. Experimental 

For SEM/STEM and Raman measurements, the sample was prepared 
as follows. The nanoparticles in the sample were in an oily medium. The 
carrier was dissolved in alcohol. Mixing was performed by ultrasound 
equipment. In the process, a magnet held the nanoparticles together. 
After mixing, the oil precipitated on top of the liquid. This has been 
removed from the liquid. This process was repeated four times. 

The VSM measurements were performed first with the original liquid 
dispersed sample. For the measurements, the liquid had to be removed 
to examine the sample in the solid state. This was achieved by localizing 
the nanoparticles deposited in the sample holder with a permanent 
magnet and pouring out the liquid. After drying in air for 24 h, the 

remaining liquid was evaporated. 
The Raman spectroscopy and the AFM/MFM measurements were 

performed with a Horiba LabRam nano instrument. For the MFM mea
surements “two pass scanning” [15] method was used. Firstly, the tip 
scans the sample topology in the tapping mode. Secondly the magnetic 
structure is determined. 

Raman spectroscopy has been used to identify chemical and bio
logical molecules by their Raman spectra [16]. With this equipment, the 
exact material composition can be determined. The alcohol dissolved 
particles were put a microscope slide and the Raman measurements 
were performed on different clusters located under the optical micro
scope. During the work, 633 nm laser was used as excitation source and 
the measurement time was 30 s. The excitation beam was focused onto 
the sample surface with a 50x lens. The beam intensity was 0.21 mW 
which is 3.2% of the maximum intensity. 

The microstructure and composition of the sample was studied by a 
Thermo Fisher Scientific-scios 2 instrument SEM and STEM microscope. 
This instrument was supplemented with energy-dispersive x-ray spec
troscopy (EDX) to provide information on the spatial distribution in an 
area of the material. 

The magnetization curves were recorded with a home-built vibrating 
sample magnetometer (VSM) [17]. With this instrument, the magneti
zation curves of the sample can be recorded. An electromagnetic vi
bration system provides sinusoidal motion to the sample. The sample 
performs this motion in the magnetic field produced by the excitation 
coils. As a result, a voltage is induced in a measuring coil, from which the 
magnetic moment of the sample can be determined. 

3. Results and discussions 

3.1. Raman spectroscopy 

The Raman spectrum (Fig.1) shows that the sample contains poly-L- 
lysine and iron-oxide as reported by the manufacturer. The iron-oxide is 
in maghemite form, there are many peaks. Surprisingly, also nickel- 
oxide was identified. The gold has no Raman activity because of crys
tal symmetry. The peaks at 2018 1/cm and 2225 1/ cm are not true 
peaks but indicate background. The 2923 1/cm is the solvent peak and 
belongs to the C–H stretching region (2800–3100 1/cm) [18]. 

Fig.1. Raman spectrum of the sample. Three ingredients have been identified: nickel-oxide, maghemite and poly-L-lysine. The 2923 1/cm is the solvent peak and 
belongs to the C–H stretching region. 
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The following peaks (Table 1) were identified based on the literature. 
The numbers in parenthesis are the literature data. 

The nickel-oxide (red) peaks are the follows [19–21]: one phonon 
excitation: 586 1/cm (560) (1 longitudinal phonon mode); two phonon 
excitations: 724 1/cm (740) (2 transversal optical phonon modes), 922 
1/cm (925) (1 transversal optical and 1 longitudinal optical phonon 
modes), 1069 1/cm (1100) (2 longitudinal optical phonon modes); two 
magnon band: 1482 1/cm (1500). 

Based on [22–24] our sample contains maghemite (blue). The 
maghemite peaks: 341 1/cm (365, 350, 350), 509 1/cm (511, 512, 500), 

672 1/cm (700, 665, 700) (longitudinal optical mode). There are many 
peaks in this part of the spectrum, there is a lot of overlap. As particle 
size decreases, these lines become broader, shifting towards lower 
wavenumbers. The wide size distribution is the reason of the difference 
between the bulk material and our sample. 

The poly-L-lysine (green) peaks are the follows [25–27]: the AmIII 
region (C − N strechting coupled with N − H bending): 1211 1/cm (1218) 
(β-turn), 1267 1/cm (1253/1267, 1245) (α-helix and π-bulge/helix), 
1301 1/cm (1296, 1296), 1340 1/cm (1332, 1316), the Cα − H (bending) 
peak: 1403 1/cm (1395, 1396), the AmII peak (C − N strechting coupled 
with N − H bending): 1560 1/cm (1560, 1564) and the AmI peak (C = O 
strechting vibration): 1688 1/cm (1665, 1670). 

3.2. SEM, STEM, EDX measurements 

During the EDX measurement, the sample was scanned at 1100 nm 
while providing information on the material composition. Fig. 2 shows 
that there are 3 metallic materials in the sample. The larger ellipsoidal 
shape particles are the gold particles. The other two materials are iron 
and nickel. 

Table 1 
Observed Raman shifts and peak intensities of the different materials.  

Material Raman shift (1/cm) Peak intensity (a.u.) 

nickel-oxide 586, 724, 922, 1069, 1482 195, 177, 159, 104, 538 
maghemite 341, 509, 672 418, 250, 236 
poly-L- 

lysine 
1211, 1267, 1301, 1340, 1403, 
1560, 1688 

211, 500, 272, 418, 222, 
1200, 113 

solvent 2923 220  

Fig.2. It can be seen above a STEM image of an area of the sample and the scanned line. The magnification of the STEM image is 131000×. The spatial material 
distribution from the EDX measurement is shown below. 

V. Vékony et al.                                                                                                                                                                                                                                 



Journal of Magnetism and Magnetic Materials 545 (2022) 168772

4

Typical TEM and STEM micrographs of the nanoparticles are pre
sented in Fig. 3. Particle size distribution in NanoShuttle™-PL was 
estimated from the TEM and STEM image analysis by using the ImageJ 
and Origin software. The analysis was performed on each image. A large 
number of particles of different sizes were selected and measured in the 
ImageJ. The resulting data set was processed in the Origin. Particles 
were classified in 5 nm increments in the recorded histogram. A curve 
corresponding to a lognormal distribution was fitted to this. 

The histograms of the particle size distribution are presented in 

Fig. 4. The fitting function was the lognormal distribution: 

f (d, μ, σ) = A
dσ

̅̅̅̅̅
2π

√ e−
(lnd− lnμ)2

2σ2  

where A is a fitting parameter, d is the diameter, σ and lnμ are the 
standard deviation and the mean of the variable’s natural logarithm. We 
have obtained the following values for these based on the fitting: A =

6042 ± 90, σ = 0.55 ± 0.01, lnμ = 3.40 ± 0.05. The corresponding 
average nanoparticle size is μ = 30 nm. 

Fig. 3. TEM (top) and STEM (bottom) images of the iron-oxide nanoparticles and gold particles embed in a polymer matrix. The clustering tendency of the magnetic 
nanoparticles can be clearly seen. 

Fig.4. The size distribution of the nanoparticles in the four images (the “box 
size” is 5 nm). The fitted curve corresponds to the lognormal distribution. 

Fig.5. The microstructure of the polymer particles aggregated on the surface of 
Si under the effect of external magnetic field. 
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Based on the electron microscopy observations we can conclude, that 
the magnetic particles and the gold particles are dispersed in the poly
mer matrix “flakes”. These polymer matrix particles are aggregated in a 
magnetic field or on the substrate into larger clusters with an open 
structure (Fig. 5). 

3.3. AFM and MFM measurements 

The AFM and MFM images are shown in the Fig. 6. There is a clear 
correspondence for some particles on the topographic image and the 
magnetic information of the lift-mode phase shift image. Dark contrast 
means attraction, white contrast close to a dark contrast means repul
sion. The AFM topography has a lower resolution than the STEM images, 
so it is difficult to identify the different components. On the MFM image 
one can see the presence of the magnetic particles and clusters. The 
image analysis was also performed on the MFM image, which showed 
that the size of magnetizable (dark) regions are around 100–200 nm. 

3.4. VSM measurements 

Static magnetization curves were recorded in a vibrating sample 
magnetometer for two different states of the nanoparticles: liquid 
dispersed state and surface extracted. The VSM measurements of clus
tered MNPs were carried out at 300 K in the applied magnetic field 

sweeping from − 0,8 to 0,8 T. Due to the small amount of sample, it was 
not possible to measure masses with sufficient accuracy. Therefore, 
instead of magnetization, the magnetic moment was measured (the 
sample holder signal was removed from the sample signal). The sample 
have smaller magnetic moment in the surface extracted state, than the 
liquid dispersed state, because less nanoparticles are in the surface 
extracted state. 

The nearly linear magnetization shows high coercivity resulting from 
particle clustering of the nanoparticles as shown on Fig. 7. a. The clus
tering effects was studied in detail in the literature [28] in FeraSpin TM 
-R, which contains dense clusters of iron oxide magnetic nanoparticles 
by P Bender at al. Our magnetization curves show similar tendencies. At 
low external fields there is a short horizontal part which is followed by a 
continuous rise of the magnetization curve. The saturation level was not 
reached in our case because of the lower maximal field value. This 
behavior is thus in accordance with the effect of clustering. 

We have also observed an additional contribution with hysteresis at 
low excitation field especially in the liquid state shown on Fig. 7. b. A 
large part of the maghemite particles are above the limit of super
paramagnetic range 30 nm [29], thus the presence of a small hysteresis 
is expected. As the nanoparticles are embedded in the polymer matrix, 
they cannot reorient themselves individually. In the liquid dissolved 
phase, the whole polymer flakes can rotate, which can have an addi
tional component in the magnetization curve. In liquid dispersed state it 

Fig.6. AFM (a) and MFM (b) images of the sample. The clusters and magnetizable regions (100–200 nm) can be seen in the images.  

Fig.7. Magnetization curves of the sample in liquid dispersed (blue) and surface extracted (red) state. On the right side the curves are magnified at low 
external fields. 
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is possible to reorient the large clusters in the presence of external 
magnetic field, while in surface extracted state this cannot occur. This 
requires further microscopic investigation in situ. If present, this can be 
used for the manipulation of cell cultures in contact with the magnetic 
clusters with low external fields. The apparent susceptibility, which is 
the slope of the magnetization curve is nearly the same for the surface 
extracted and the free-floating states. This can be related to the gradual 
reorientation of the magnetic moments of the magnetic particles with 
different sizes and thus different shape anisotropy factors and magnetic 
moments under the influence of the external field and the neighboring 
particles magnetic fields. 

4. Conclusions 

We analyzed the magnetic properties and microstructure of a com
mercial sample NanoShuttle™-PL. From the Raman measurements we 
identified the main chemical components. The STEM/SEM measure
ments was used to determine the size distribution of the nanoparticles. 
The clustering tendencies could be observed on the STEM/SEM images, 
that the nanoparticles were forming chains and clusters of chains which 
are embedded in a matrix together with gold nanoparticles. The VSM 
measurements have shown that there is an additional contribution when 
the clusters can be reoriented in the fluid phase. The AFM/MFM ex
amination also revealed the presence and distribution of magnetizable 
components on the microscale. The measured macroscopic magnetic 
properties and the microscopic observation of the cluster structure and 
local magnetization properties can be used to develop more complex cell 
manipulation techniques in the future. 
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