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A B S T R A C T

The aim of this study was to test the suitability of poly-L-lysine coated magnetic nanoparticles for combined
magnetic hyperthermia and magnetic resonance imaging (MRI) to unify the therapeutic and diagnostic ap-
proach. For this purpose, we have synthetized magnetic iron oxide (Fe3O4) nanoparticles of core diameter
∼10 nm and modified with Poly-L-lysine (PLL) to stabilize the particles and improve their biocompatibility.
These modified nanoparticles (MFPLL) were tested for magnetic hyperthermia suitability by calorimetric mea-
surements. Based on the estimated heating rates the specific absorption rates (SAR) for MFPLL particles were
calculated. The SAR values of MFPLL particles were about 14–15Wg−1 at frequency 190 kHz and applied field
∼8 kAm−1. In the MRI parametric mapping measurements we demonstrated the significant effect of MFPLL on
transversal relaxation time T2 with the relaxivity r2 equal to 487.94mM−1 s−1. The combination of the heating
properties with the cytotoxic activities of MFPLL and MRI parameters holds great promise for the future de-
velopment of targeted synergistic cancer treatment. Furthermore, as our previous results confirmed the cytotoxic
activities of MFPLL in a cell type-dependent manner and the binding to cells expressing carbonic anhydrase (CA
IX) when conjugated with the CA IX-specific antibody we have studied the antibody conjugated MFPLL nano-
particles in 3D spheroidal culture.

1. Introduction

Magnetic nanoparticles (MNPs) appear to be a very promising ma-
terial for use in biomedicine. A great advantage of MNPs is their size,
which is less or comparable to cells (10–100 μm), viruses (20–450 nm),
proteins (5–50 nm) or genes (width 2 nm, length 10–100 nm). Such
small dimensions allow good tissue diffusion and they are an advantage
for the distribution of nanoparticles as close as possible to the site of
biological interest. Their magnetic properties make MNPs manipulation
possible by applying an external magnetic field, which opens up a large
scale of their use. MNPs thus find utilization in many medical branches
such as cell labelling, drug delivery, magnetic resonance imaging
(MRI), magnetic hyperthermia for cancer therapy and many others.

Hyperthermic cancer treatment kills cancer cells by increasing their
temperature to a therapeutic temperature range of 42–46 °C [1]. This
approach can destroy tumors with minimal damage to healthy tissues,
and thus reduces or eliminates negative side effects of drugs. As far as
the scale of its use goes, it is one of the most important thermo-ther-
apeutic methods where MNPs are injected directly into tumor and the
next step is the application of a high frequency alternating magnetic
field with a frequency of 50 kHz–1.2MHz. Losses at reversal magne-
tizing of MNPs cause local heating and subsequent thermal destruction
of the tumor. One of many areas of possible use of nanoparticles is
diagnostic medicine as well. MNPs are widely used in MRI. The prin-
ciple of MRI is the nuclear magnetic resonance of hydrogen atoms. In
order to get images of sufficient quality, it is usually necessary to
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increase their contrast. For this purpose contrast agents are utilized. To
be used as contrast agent, MNPs should exhibit high saturation mag-
netization and be functionalized with ligands ensuring optimal diffu-
sion of water molecules around the magnetic core [2]. Sufficiently high
saturation magnetization and relaxivity r are important parameters for
the successful use of a contrast agent.

Numerous in vitro experiments were conducted with promising re-
sults. The issue that makes the in vivo applications of MNPs a difficult
task is biocompatibility and stability under physiological conditions.
Therefore, a considerable effort in MNPs development is put into pre-
paring nanoparticles with added functionalities that could be used for
therapy and for imaging. In addition, the functionalization is a neces-
sary prevention of aggregation, and at the same time a means of en-
suring the biocompatibility and nontoxicity of nanoparticles used in
medicine. Another reason for the surface functionalization of MNPs is to
monitor the effect of the functionalized shell of MNPs on protein in-
teractions, i.e. a process making MNPs get into a biological fluid (e.g.,
blood, plasma) or into a culture medium where they are surrounded by
the proteins. Last but not least, functionalized MNPs are also useful in
conjugating antibodies with specific affinity to tumor cells [3].

The discovery of antigens overexpressed on the surface of cancer
cells suggests that certain monoclonal antibodies (MAbs) could distin-
guish malignant tumors from normal tissues and could be used for se-
lective targeting of tumor cells [4]. The first step in developing a tar-
geted cancer therapy is a generation of an antibody that binds to a
receptor which is either tumor-specific or sufficiently overexpressed in
tumors to provide targeting selectivity. Carbonic anhydrase IX (CA IX),
one of the best markers of tumor hypoxia and a prognostic indicator of
cancer, is suitable as a target for cancer therapy due to its cell surface
localization and functional involvement in cancer [5]. Interest in the
development of MAbs conjugated with radionuclides, drugs, toxins and
magnetic nanoparticles has recently been revitalized. Recent clinical
studies show that monoclonal antibodies that are specific for tumor-
associated antigens and capable to induce a receptor-mediated inter-
nalization can represent efficient tools for immunotherapy of tumors.
Out of the set of monoclonal antibodies against the extracellular do-
mains of CA IX [6], only the VII/20 MAb was capable of internalization
[7].

Detection of tumor cells mediated by antibodies in combination
with MRI and hyperthermia represents a significant advance in cancer
diseases treatment and a substantial improvement in survival of onco-
logical patients.

The presented work builds up on the results achieved and described
in the work [3]. Our aim is the study of the suitability of Poly-L-lysine
modified magnetic nanoparticles (MFPLL) in MRI and magnetic hy-
perthermia. The next fundamental goal is the conjugation of a selected
specific antibody VII/20, capable of internalization, to pre-modified
magnetic nanoparticles. Finally, 3D model of MNPs accumulation in
tumor spheroids for better prediction of selectivity and toxicity in vivo is
investigated.

2. Materials and methods

2.1. Materials

Poly-L-lysine (PLL) hydrobromide ((C6H12N2O)n. HBr;
Mw=150,000–300,000 g/moL), ferric chloride hexahydrate
(FeCl3·6H2O), ferrous sulphate heptahydrate (FeSO4·7H2O), and am-
monium hydroxide (NH4OH) were purchased from Sigma-Aldrich. All
solutions were prepared using ultrapure water.

2.2. Preparation of magnetic nanoparticles

PLL modified magnetic nanoparticles were prepared in 3 steps ac-
cording to the procedure described in [3]. Briefly, at the first stage
magnetite nanoparticles were precipitated from an aqueous solution of

Fe(2+) and Fe(3+) ions while ammonium hydroxide was dropwise
added. The precipitate was washed with ultrapure water and agitated
with the immersed probe of a sonicator (BRANSON – Model 450) for
5min at 70% of maximum power (280W) in the water bath. In the next
step, a modification of magnetite nanoparticles with PLL was done. The
suspension of nanoparticles was mixed with PLL solution (0.1%) at the
theoretical PLL/Fe3O4 weight ratio 1 (corresponding to PLL loading
0.25mg/mL). The mixture was sonicated for 5min at 70% power in the
ice bath. Afterwards, the samples were subjected to ultracentrifugation
at 44,000 g for 2 h at 4 °C. The supernatants were removed and the
sediments were thoroughly dispersed in ultrapure water and collected
to prepare final MFPLL sample with the magnetite and PLL con-
centrations of 18.5 and 3.6mg/mL, respectively.

2.3. Characterization of magnetic nanoparticles

The prepared samples were characterized in terms of size distribu-
tion, stability and magnetic properties. Zetasizer Nano ZS (Malvern,
UK) was used to obtain particle size distribution based on the Brownian
motion and zeta potential values. Transmission electron microscope
JEOL-TEM 2100F (TEM) operated at 200 kV and scanning electron
microscope JEOL 7000F (SEM) were used to acquire electron micro-
graphs for size and shape description. MPMS 5XL magnetometer
(Quantum Design, Inc.) was used to carry out magnetic characterization
including magnetization loop and AC magnetic susceptibility mea-
surements.

2.4. Magnetic hyperthermia measurements

Magnetic hyperthermia (calorimetric) measurements were con-
ducted to find out the response of magnetic nanoparticles to an applied
alternating magnetic field (AMF). An AMF was generated by a home-
made setup. A high-frequency sinusoidal signal (190 kHz) was ampli-
fied by an AL-600-HF-A power amplifier (Amp-Line; West Nyack, NY,
USA) connected to the LC circuit. The AMF (up to 7874 A/m) was
generated in the middle of the coil cavity, where a glass vial with a
magnetic colloid (1mL) was placed. An FPIHR module equipped with
the fiber optic temperature sensor (immersed in the glass vial), model
FOTL-SD-C1-F2-M2-R5-SCAI (FISO Technologies; Québec, Canada) was
used for temperature recording in time at a given frequency and applied
magnetic field. The accuracy of temperature measurements
was± 0.1 K. The used setup and AMF generation was previously de-
scribed in [8,9].

2.5. MRI parametric mapping

MRI relaxivity measurements were performed at 7 T BioSpec Bruker
system. Three different protocols were used for T1, T2, and T2* para-
metric mapping: (1) T1 mapping – Rapid Acquisition with Refocused
Echoes (RARE) pulse sequence, with repetition time TR=5500, 3000,
1500, 800, 400, 200ms, echo time TE=7ms, (2) T2 mapping – Multi-
Slice Multi-Echo (MSME) pulse sequence, with repetition time
TR=2000ms, starting echo time TE=8ms, spacing= 8ms, 25
images, and (3) T2* mapping - Multi Gradient Echo (MGE) pulse se-
quence, with repetition time TR=800ms, starting echo time
TE=5ms, spacing= 10ms, 10 images.

Prior to relaxivity measurement, the MFPLL sample was diluted
with a concentration gradient of magnetite as follows: 2.5, 5, 7.5, 10,
12.5, 15, 17.5 and 20 μg/mL. The PLL without magnetite was used as
the reference sample. The signal intensity of the PLL without magnetite
(I0), and with magnetite concentration gradient (I1-8) were acquired and
evaluated. Subsequently the longitudinal and transversal relaxation
times (T1, T2, T2*) were determined by fitting with the following
functions:

= + ∗ −M t A M exp t T( ) (1 ( / ))0 1 (1)
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= + ∗ −y A C exp t T( / )2 (2)

where M0 is the equilibrium magnetization, A is the absolute bias, T1 is
the longitudinal recovery time, C is the signal intensity, and T2 is the
transversal relaxation time.

The value of T2 relaxation time is only influenced by atomic/mo-
lecular interactions, while T2* value reflects atomic/molecular inter-
actions as well as the main magnetic field (B0) inhomogeneities.
Afterwards, the relative contrast (RC), transversal and longitudinal re-
laxation rate (R1, R2, R2

*), and relaxivity (r1, r2, r2*) were calculated
and evaluated. The relative contrast of magnetite nanoparticles as a
negative contrast agent (I0 > I) is defined as follows:

= −RC I I I( )/0 0 (3)

where I0 is the signal intensity without magnetite particles, and I re-
presents the signal intensity with magnetite nanoparticles. The trans-
versal relaxation rate (R) is inverse to the relaxation time (T):

= =R T n1/ ( 1, 2)n n (4)

The change in transverse relation rate Rn is defined as the relaxivity
of the magnetic nanoparticles (contrast agent):

= − =r R R C n( )/ ( 1, 2)n n n
0 (5)

where Rn
0 is the relaxation rate in the absence of magnetic particles, Rn

represents the relaxation rate in the presence of magnetic particles, and
C is the particle's concentration. For data processing the following
software tools were employed: Paravision “Image Sequence Analysis”
tool (Bruker, Germany), and Matlab R2011b (Mathworks Inc., Natic
USA).

2.6. Colloidal stability under different condition

Polydispersity, hydrodynamic diameter and zeta potential mea-
surements were performed in order to evaluate the colloidal stability of
both MFPLL and Ab-conjugated nanoparticles (Ab-MFPLL) in phosphate
buffered saline (PBS) in the pH range from 2 to 12. Moreover, a long-
term stability of amino modified MNPs without and with conjugated
antibody in cell culture medium (10% FBS in DMEM) was studied. For
that purpose, the size distributions were measured at specific intervals
after initial time t=0. Measurements were made at t≈ 0.5, 1.2 up to
74 h at 25 and 37 °C using dynamic light scattering apparatus. The
values of hydrodynamic diameter and the polydispersity index were
recorded and processed.

2.7. Antibody conjugation to MFPLL

Conjugation of monoclonal antibody VII/20 (Ab) to MFPLL was
carried out at room temperature in PBS. A 30 μL of MFPLL suspension
(18.5 mg Fe3O4/mL in PBS) and 1mL of antibody solution (0.146mg
Ab/mL) were mixed together to a final volume of 3mL in PBS, and
shaken overnight at 25 °C. The antibody-conjugated particles (Ab-

MFPLL) were washed with PBS buffer by magnetic decantation.
Washings containing unconjugated antibody were analyzed using a UV/
VIS spectrophotometer at λMAX=591 nm by Bradford dye method. The
amount of antibody conjugated to the particles was calculated from the
difference between the antibody used for conjugation and the antibody
present in the washings. Different reaction parameters like magnetite/
antibody weight ratio, magnetite concentration and antibody con-
centration were optimized to prepare stable Ab-conjugated sample with
maximum amount of antibody conjugation.

2.8. Cellular uptake study in 3D multicellular spheroidal cell culture

2.8.1. Spheroids formation and treatment with MFPLL
Spheroids formation was induced in hanging drops. 2000 of HT29

colorectal cancer cells were cultivated in 20 µL drop of high glucose
DMEM medium (supplemented with 10% fetal calf serum,
BioWhitttaker, Verviers, Belgium) hanging from the lid of culture dish
for 5 days to allow to form cell aggregates. The aggregates were then
transferred to a non-adherent Petri dish. The spheroids were cultivated
in suspension for 5 days in a humidified atmosphere with 5% CO2 at
37 °C. Before fixation, the spheroids were treated with the antibody
conjugated to MFPLL or with non-conjugated MFPLL for 24 h at 37 °C
and 5% CO2.

2.8.2. Fixation of spheroids and immunohistochemistry
Serial sections (4 µm) of Carnoýs fluid fixed and paraffin embedded

HT29 spheroids were stained for binding of Ab-MFPLL and for CA IX
protein using EnVision+ System HRP DAB (DAKO). Briefly, en-
dogenous peroxidase activity was quenched by incubating the speci-
mens for 5min with Peroxidase block (part of the kit). Then sections
were incubated with primary anti-CA IX monoclonal antibody diluted
1:100 for 1 h in humidity chamber, washed and followed by incubation
with the labelled polymer anti-mouse HRP (part of the kit) for 30min in
humidity chamber. Staining was completed by incubation with 3,3′-
diaminobenzidine (DAB)+ substrate-chromogen resulting in a brown-
colored precipitate at the antigen site. For detection of specific binding
of Ab-MFPLL conjugate the polymer anti-mouse HRP antibody only,
without incubation with primary antibody, was used. After the im-
munostaining, the sections were counterstained with hematoxylin and
mounted with Entellan Neu mounting medium (Merck, Darmstadt,
Germany). The sections were finally examined and imaged with a Zeiss
Axioskop 40 microscope (Carl Zeiss, Gottingen, Germany).

3. Results and discussion

3.1. Samples characterization

The synthetized amino modified MNPs were characterized in detail
in our previous studies by various techniques [3,10]. In this paper, we
added additional results of microscopy evaluation, as microscopy

Fig. 1. General view of the PLL modified iron oxide MNPs by TEM (a); HRTEM picture of a particle displaying lattice (b), and size distribution histogram (c).
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allows us to “really” see the particles and evaluate their range of size
and shape. TEM gives us not only a general view of the PLL modified
MNPs but also this technique is suitable to determine the average
particle size (Fig. 1a, c). As shown in the TEM images, PLL modified
MNPs exhibited diameters ranging from 2 to 23 nm with the mean size
of approximately 11 nm (Fig. 1c). To evaluate the MNPs size distribu-
tion from TEM images, the software Image J was used. Fig. 1b displays
high resolution electron microscopy (HRTEM) image of a single nano-
particle.

The high resolution TEM image allowed obtaining a direct resolu-
tion of the atomic columns of the nanoparticle. Shape and morphology
of the nanoparticles observed by SEM revealed nearly spherical shape
of prepared samples with mean diameter DSEM= 85 and 128 nm for
MFPLL and Ab-MFPLL (Fig. 2a,b). These results were close to results
from DLS measurements. The hydrodynamic diameter of MFPLL after
Ab-conjugation increased from 119.2 nm to 170.1 nm (Fig. 2e). The
difference in size agrees with the DHYDR of pure Ab and gives us in-
formation about the adsorbed Ab layer thickness.

The zeta potential value of ∼+50mV is a sign of good colloidal

stability of prepared samples. For quantification of magnetic nano-
particles coating, TGA measurement was used as well. The TGA scans of
bare MNPs, pure PLL and MFPLL are depicted in Fig. 2d. The data
demonstrate that the coating on the nanoparticle was measured to be
19.4% of the total mass (red curve). This represents only 0.129mg PLL
per 1mg of magnetite. Field dependent magnetization measurements
performed at 290 K (data not shown) indicated superparamagnetic
behavior of the samples. Frequency dependence of the AC susceptibility
imaginary part measured at different temperatures was used for hy-
drodynamic diameter calculation of MFPLL (Fig. 2c). The corre-
sponding hydrodynamic diameter value of 99 nm was in good agree-
ment with the values obtained by other methods.

3.2. Magnetic hyperthermia

With the aim to verify the Fe3O4 concentration effect on heating
characteristics of our samples the set of five MFPLL samples with con-
centrations in the range from 2.5 to 11.3 mg/mL was tested. Time
evolution of temperature rise for MFPLL sample with the concentration

Fig. 2. SEM images of MFPLL (a) and Ab-MFPLL (b). AC susceptibility measurements of MFPLL (c), TGA curves of MFPLL (d) and DLS size distributions (e).
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11.3 mg/mL as a function of the applied AMF with field strength am-
plitude H at frequency f=190 kHz is shown in Fig. 3. The initial part of
temperature dependence (up to 30 s) at T=30 °C indicates a tem-
perature stability of the sample at H=0A/m. Once the AMF H had
been applied (in t=30 s, for a period 40 s) the temperature rise was
apparent instantly. With increasing AMF H the dynamics of the tem-
perature increase (slope∼ dT/dt) became much more significant as
well. The dT/dt for all MFPLL concentrations at each of the applied AMF
intensity H was estimated as a linear fit of the temperature vs. time
dependences in the range from 40 to 60 s. The obtained heating rates
ΔT/Δt were subsequently plotted as a function of the AMF intensity
(Fig. 4). The curves represent experimental data fitted by function dT/dt
= (H/a)n, where a and n are fitting parameters [9,11]. The observed
dependences are associated with the energy losses contribution from
relaxation processes described by Brownian or Néel mechanisms
[12,13]. From dT/dt dependencies the specific absorption rate (SAR)
values were estimated as the amount of heat released by a unit weight
of the material per unit of time during exposure to an oscillating
magnetic field of a given frequency and field strength [9,14]. The ob-
tained values (W/g) were normalized to an effective amount of mag-
netite in the colloid and calculated according the following equation:

= ⎛
⎝

⎞
⎠

⎡
⎣⎢

⎤
⎦⎥

SAR
C ρ

m
dT
dt g

Wp S

where Cp (4.18 J/K.g) and ρS (1016 kg/m3) are the specific heat and
density of the sample, respectively, and m is the mass of magnetite per
unit volume of the colloid. The SAR values of the MFPLL samples at H
up to∼8 kA/m and f=190 kHz are presented in Fig. 5. Calculated SAR
values at the highest applied magnetic field (7.8 kA/m) reached ap-
prox.∼ 14–15W/g. The values resulting from the conditions men-
tioned above are relatively low but still acceptable for a follow-up study
with the aim to maximize them and test the sample in applications
where the threat of patient’s overheating exists. Comparable SAR values
were obtained by Illés et al. [15], where 17.44W/g at 329 kHz,
13.13 kA/m was measured for magnetite nanoparticles coated by P
(PEGMA-AA) copolymer. Kolenko et al. [16] measured for magnetite
nanoparticles functionalized by polyacrylic acid at 300 kHz and 12 kA/
m SAR values ∼46W/g. For example Rodrigues et al. [17] measured
SAR just 6.4W/g at 70 kHz, 1.6 kA/m for Pluronic® coated magnetite
nanoparticles. In general, according to Hergt et al. [18] commonly
available iron oxide ferrofluids show the power losses below about
100W/g, only in a few special cases (for instance, in case of magne-
tosomes) SAR experimental values exceeding 500W/g up to about
1000W/g were found. These results were also compared with a non-
modified sample that was partially stabilized by sonication before the
experiment. In this case, the SAR value was decreased to approx. 10W/
g. The lower SAR value can be attributed to the absence of PLL coating
component that provides long-term stability of the particles in the
colloid. This is the reason why the heating rate is lower, which is ul-
timately reflected in lower SAR value. To demonstrate obvious tem-
perature increase in time the sample with a concentration of magnetite
21.3 mg/mL at two selected field intensities was tested (Fig. 6).

The starting temperature before the measurement was 30 °C. The
lower field intensities were chosen to avoid the parasitic heat con-
tribution from winding for a longer measurement time. Anyway the
increase in temperature at 4.5 kA/m and t= 135 s was almost 20 °C.

3.3. MRI parametric mapping

The MFPLL were also examined in order to investigate the MRI
contrast properties. The aim was to find the longitudinal (r1) and
transversal relaxivity (r2) of nanoparticles and to verify their contrast
properties. In general, the magnetite nanoparticles themselves exhibit
the properties referred as a “negative contrast agent”, producing such

Fig. 3. Time evolution of temperature rises in MFPLL sample with the con-
centration of 11.3 mg/mL as a function of the applied alternating magnetic field
strength amplitude H at frequency f=190 kHz.

Fig. 4. Dependence of (dT/dt)t=0 on the applied alternating magnetic field
strength amplitude H at a frequency f=190 kHz for MFPLL sample.

Fig. 5. SAR dependence of non-covered Fe3O4 and MFPLL particles measured
for various sample concentrations and recalculated per 1 g of Fe3O4 at the
frequency f=190 kHz and applied field H up to ∼8 kA/m.
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the MRI signal decrease (so called a hypointensive artifact) [19].
However, the size change of magnetic nanoparticles due to surface
modification affects also relaxation time, and relaxivity [19,20]. For
relaxivity measurements, the MFPLL were diluted to form the con-
centration gradient of magnetite. The prepared samples were measured
with relaxation time-mapping pulse sequences (RARE, MSME, MGE) to
obtain the signal intensity (I0, I), and the relaxation time (T1, T2, T2*)
values.

The contrast of samples and the relaxation time T1 acquired with T1-
mapping RARE pulse sequence are shown in Fig. 7. The signal intensity
(Fig. 7a,b) and the relaxation time T1 (Fig. 7c) decrease, with the in-
creasing concentration of magnetite, is clearly visible. The only ex-
ception is the lowest concentration of magnetite (2.5 μg/mL) (Fig. 7c),
where the increase in relaxation time T1 is observed. It is a typical
feature of positive contrast agents that is, however, observed under
specific conditions also in negative contrast agents. The specific con-
ditions include size and concentration of magnetite nanoparticles [19].
The longitudinal relaxivity r1 was obtained by linear fitting of the
longitudinal relaxation rate R1 and is equal to 1.81mM−1 s−1 (Fig. 7d).

In Fig. 8a,b is shown the contrast decrease caused by the T2-map-
ping MSME pulse sequence. It is accompanied by the sharp shortening
of the transversal relaxation time T2 (Fig. 8c) in comparison with
longitudinal relaxation time T1 (Fig. 7c). Along with the curve patterns
of the relative contrast in Fig. 7b and 8b, it indicates the prevailing
effect of the MFPLL on the transversal relaxation time T2. Fig. 8d shows
the linear fit of the transversal relaxation rate R2, with determined

Fig. 6. Time evolution of temperature rises in MFPLL sample with the high
concentration of 21.3 mg/mL as a function of the applied AMF with strength
amplitude H at frequency f=190 kHz. Blue line represents H2O in AMF
(4583 A/m), where temperature increase was not observed. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. Longitudinal relaxation time mapping of the MFPLL with T1-mapping RARE pulse sequence. (a) The signal intensity. (b) The relative contrast depending on
the magnetite concentration. (c) The relaxation time T1 depending on the magnetite concentration. (d) The relaxation rate R1 depending on the magnetite con-
centration. Calculated relaxivity r1=1.81mM−1 s−1.
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relaxivity value r2 equal to 487.94mM−1 s−1. It is a quite high value
and together with ratio r2/r1 equal to 270 proves the significantly
prevailing effect of the MFPLL nanoparticles on the transversal re-
laxation time T2. These findings demonstrate the potential usefulness of
the MFPLL as a negative contrast agent for MRI biomedical applica-
tions. Moreover, their transversal relaxivity r2 significantly exceeds the
transversal relaxivity of clinically used iron-based contrast agents:
Feridex r2=120mM−1 s−1, Resovist r2=186mM−1 s−1, Combidex
r2=65mM−1 s−1 [14]. The T2-mapping MSME protocol is not sensi-
tive to magnetic field inhomogeneities produced by magnetite nano-
particles. It shows only the pure molecular interactions that affect the
relaxation time. On the other hand, the T2*-mapping MGE pulse se-
quence reveals also image distortions caused by main field in-
homogeneities produced by magnetic nanoparticles. This is visible in
Fig. 9 that shows the relative contrast, relaxation time T2*, and re-
laxation rate R2

* of the MFPLL. The T2*-map data are characteristic for
their narrower signal decrease (Fig. 9b) and lower (or equal) value of
relaxation time T2

* (Fig. 9c) compared to the relaxation time T2. The
relaxivity value r2* is equal to 604.65mM−1 s−1 (Fig. 9d). This defi-
nitely confirms the potential of the PLL modified magnetic nano-
particles as a negative contrast agent in biomedical applications.

3.4. Antibody conjugation to MFPLL

In order to conjugate a specific monoclonal antibody that could be
used for cancer cell detection and targeting, the amino modified MNPs

were conjugated with VII/20 antibody. Several samples with various
Ab/Fe3O4 weight ratio were prepared and quantified in terms of finding
out the optimal weight ratio of Ab/Fe3O4 at maximum extend of Ab
immobilization. The maximum extent of the coating was achieved at
the input Ab/Fe3O4 weight ratio= 1/3. The spectrophotometric de-
termination of the iron concentration of the Ab-MFPLL showed a con-
centration of 5.5 mg/mL. The amount of conjugated VII/20 antibody
was determined with a Bradford dye method and it was found to be
200 μg of antibody per mg of magnetite. Both non-conjugated and Ab-
conjugated MFPLL were characterized by DLS to make sure that the
monodispersed and stable conjugated NPs were formed. An increase in
the hydrodynamic diameters (see Fig. 2e) without major changes in the
polydispersity index (PDI) for conjugated sample indicates the forma-
tion of Ab-conjugated MFPLL.

3.5. Stability evaluation of MFPLL and Ab-MFPLL

Samples’ stability is a crucial factor affecting their further use. As
the zeta potential is recognized as a good colloidal stability indicator,
we measured the dependences of zeta potential on the pH for the
MFPLL and Ab-MFPLL samples in PBS. As can be seen (Fig. 10) func-
tionalized nanoparticles are stable in acidic medium up to pH=6.

Additionally, taking into account the complexity of biological
media, colloidal stability of both non-conjugated and Ab conjugated
MFPLL were tested in 10% FBS DMEM cell culture media, at a mag-
netite concentration of 100 μg/mL. Briefly, 0.1mL of the tested sample

Fig. 8. Transversal relaxation time mapping of the poly-L-lysine modified magnetic nanoparticles with T2-mapping MSME pulse sequence. (a) The signal intensity.
(b) The relative contrast depending on the magnetite concentration. (c) The relaxation time T2 depending on the magnetite concentration. (d) The relaxation rate R2

depending on the magnetite concentration. Calculated relaxivity r2=487.94mM−1 s−1.
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was mixed with 0.9mL 10% FBS DMEM cell culture media and in-
cubated at 25 and 37 °C under mild shaking while time evolution of
hydrodynamic size was recorded. While MFPLL showed an increase in
size after 44 h at room temperature, the Ab-MFPLL sample remained
stable, as DHYDR showed no changes throughout the 74-hour measuring
time. This is consistent with the polydispersity index measurements
results (Fig. 11a–c). Similar behavior was observed at 37 °C. While non-
conjugated samples were in a well-dispersed state all the way through

the investigation time (Fig. 11b), Ab-conjugated samples showed a
slight decrease in diameter (Fig. 11d). The behavior suggests that FBS
could protect the nanoparticles from aggregating.

3.6. Cellular uptake study in 3D multicellular spheroidal cell culture

In vitro analyses of modified nanoparticles (MFPLL) conjugated to
specific anti-CA IX VII/20 MAb were performed in 3D spheroids. Classic

Fig. 9. Transversal relaxation time mapping of the poly-L-lysine modified magnetic nanoparticles with T2*-mapping MGE pulse sequence. (a) The signal intensity. (b)
The relative contrast depending on the magnetite concentration. (c) The relaxation time T2* depending on the magnetite concentration. (d) The relaxation rate R2

*

depending on the magnetite concentration. Calculated relaxivity r2*=604.65mM−1 s−1.

Fig. 10. pH dependence of Zeta potential (left) and Z-average diameter (right) of pure MFPLL and Ab-MFPLL in PBS.
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Fig. 11. Diameter and polydispersity index time dependences of the MFPLL (a,b) and Ab-MFPLL (c,d) as an indicator of samples’ stability.

Fig. 12. Immunohistochemical staining of HT29
spheroid sections. Detection of CA IX protein using
primary anti-CA IX monoclonal antibody M75 and
secondary anti-mouse-HRP antibody in spheroids
treated with non-conjugated MFPLL (a) and Ab-con-
jugated MFPLL (c). Binding of Ab-conjugated MFPLL
(b) and non-conjugated MFPLL (d) respectively was
detected using secondary anti-mouse-HRP antibody.
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cell cultivation in monolayer strongly differs from real tumor, therefore,
we used a model of multicellular spheroids that mimic tumor micro-
environment more accurately. The spheroids were formed in hanging
drops and cultivated in a Petri dish with the non-adherent surface for
another 5 days. HT29 cancer cells are characterized by strong expres-
sion of CA IX and so they represent a suitable model for the analysis of
specific binding of MFPLL-Ab conjugate. CA IX protein is localized on
cell membranes and is recognized by specific monoclonal antibody VII/
20.

Results of immunohistochemical analysis of paraffin-embedded
sections of HT29 spheroids showed specific interaction of Ab-MFPLL
conjugate and CA IX protein on cell membranes (Fig. 12d). This inter-
action was confirmed using secondary anti–mouse HRP conjugated
antibody, which recognizes complex of Ab-MFPLL. In the spheroids
treated with unconjugated MFPLL, the specific signal was missing
(Fig. 12b). The presence of CA IX antigen for binding of Ab-MFPLL
conjugate was confirmed using another specific anti-CA IX antibody
M75, which recognizes a different domain of CA IX protein (Fig. 12a,c).
Our results confirmed the interaction between Ab-MFPLL conjugate and
CA IX protein. However, Ab-conjugated MNPs bound only to cells at the
surface of the spheres. This is understandable since MNPs are much
larger and more complex than the free antibody, penetration of which
across several cellular layers requires time periods longer than 24 h.
Moreover, penetration of molecules through 3D structures depends on
the strength of cell-cell adhesions between HT29 cells that form very
compact, tightly packed spheroids and are therefore poorly permeable
via intercellular spaces. Also, internalization is compromised in tightly
packed cells as demonstrated earlier [7]. We assume that binding of Ab-
conjugated MNPs to directly accessible cells expressing CA IX is im-
portant and sufficient for targeting magnetic hyperthermia and poten-
tial destruction of CA IX-positive cells and consequently their by-
standers. Nevertheless, this assumption requires further extensive
experimentation using diverse cellular models and employing diverse
magnetic hyperthermia treatment regimens.

4. Conclusion

In this study we aimed to verify the suitability of PLL-modified
magnetic nanoparticles for magnetic hyperthermia and magnetic re-
sonance imaging application. For this purpose, biocompatible amino
modified magnetic nanoparticles were prepared and subsequently
conjugated to specific antibody. The samples were subjected to a series
of calorimetric measurements. Calculated SAR values (∼14–15W/g) at
used conditions are comparable with results found in literature and
suitable for the future study focusing on detection of tumor cells
mediated by antibodies and on therapy in combination with MRI and
hyperthermia. The combination represents a significant advance in
cancer diseases treatment and a substantial improvement in survival of
oncological patients. Of course, heating characteristics (ΔT, dT/dt, SAR)
can be tailored by variation of experimental conditions such as fre-
quency, field intensity or particles concentration and particles’ para-
meters. The MRI parametric mapping showed the significantly pre-
vailing effect of the PLL modified magnetic nanoparticles on the
transversal relaxation time T2 compared to longitudinal relaxation time
T1. Such stabilized nanoparticles have definitely potential as the MRI
contrast agent in the proclaimed combination of biomedical applica-
tions. Moreover, their relaxivity value r2 exceeds the transversal re-
laxivity of clinically used iron-based contrast agents. Our results con-
firmed specific binding of Ab-conjugated MFPLL to CA IX protein in 3D
model of colorectal cancer cells. Previous results have shown antibody-
induced receptor internalization properties of VII/20 MAb [7] which
can be important for delivery of conjugates into tumor cells and for
possible use of this conjugate in combined anticancer therapy.
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