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Introduction: Pancreatic ductal adenocarcinoma (PDAC) is a cancer with a meager prog
nosis due to its chemotherapy resistance. A new treatment method may be magnetic fluid 
hyperthermia (MFH). Magnetoliposomes (ML), consisting of superparamagnetic iron oxide 
nanoparticles (SPION) stabilized with a phospholipid-bilayer, are exposed to an alternating 
magnetic field (AMF) to generate heat. To optimize this therapy, we investigated the effects 
of MFH on human PDAC cell lines and 3D organoid cultures.
Material and Methods: ML cytotoxicity was tested on Mia PaCa-2 and PANC-1 cells and on 
PDAC 3D organoid cultures, generated from resected tissue of patients. The MFH was achieved 
by AMF application with an amplitude of 40–47 kA/m and a frequency of 270 kHz. The MFH 
effect on the cell viability of the cell lines and the organoid cultures was investigated at two 
different time points. Clonogenic assays evaluated the impairment of colony formation. Altering 
ML set-ups addressed differences arising from intra- vs extracellular ML locations.
Results: Mia PaCa-2 and PANC-1 cells showed no cytotoxic effects at ML concentrations up to 
300 µg(Fe)/mL and 225 µg(Fe)/mL, respectively. ML at a concentration of 225 µg(Fe)/mL were 
also non-toxic for PDAC organoid cultures. MFH treatment using exclusively extracellular ML 
presented the highest impact on cell viability. Clonogenic assays demonstrated remarkable 
impairment as long-term outcome in MFH-treated PDAC cell lines. Additionally, we success
fully treated PDAC organoids with extracellular ML-derived MFH, resulting in notably reduced 
cell viabilities 2h and 24 h post treatment. Still, PDAC organoids seem to partly recover from 
MFH after 24 h as opposed to conventional 2D-cultures.
Conclusion: Treatment with MFH strongly diminished pancreatic cancer cell viability 
in vitro, making it a promising treatment strategy. As organoids resemble the more advanced 
in vivo conditions better than conventional 2D cell lines, our organoid model holds great 
potential for further investigations.
Keywords: magnetic nanoparticles, SPION, pancreatic cancer, PDAC, organoids, magnetic 
fluid hyperthermia

Introduction
Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancer entities 
worldwide amounting to a total of 432.000 death counts annually1 and, therefore, 
accounting for the seventh leading cause of cancer deaths. In western countries, 
such as the USA or Germany, PDAC ranks even higher. It takes place four in terms 
of cancer-related death causes.2

With an overall relative 5-year survival of merely 4–8% on an average and 
a mortality rate of dramatic 98%, PDAC stands for a particularly meager 
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prognosis.2–4 This circumstance may primarily be attribu
ted to a late diagnosis as well as an extreme resistance to 
radio- and chemotherapy found in this type of cancer.5,6 

Due to the synergistic effect of increasing incidence in 
combination with a stagnation in therapy success, PDAC 
is expected to become the second leading cancer-related 
death cause by the year 2030.7 Over the past few years, the 
urge to find new treatment methods against tumor cells has 
given rise to some alternative therapy strategies. Among 
them, thermal ablation strategies, such as magnetic fluid 
hyperthermia (MFH), gained much attention.8–12 MFH is 
a thermal treatment method using the combination of 
a high-frequency (~100–500 kHz) alternating magnetic 
field (AMF) and magnetic nanoparticles (MNP)13,14 to 
generate heat through Brownian motion and Néel relaxa
tion. Therefore, it is causing potent cellular damage to 
their immediate environment.15–18 Amidst the nanoparti
cles applied in MFH, especially magnetoliposomes (ML) 
present extraordinary characteristics in terms of biocom
patibility as well as heating potential.12,19 They consist of 
superparamagnetic iron oxide nanoparticles (SPION) 
coated with a phospholipid bilayer. This coating layer not 
only serves the purpose of enhancing their biocompatibil
ity but also provides an opportunity to augment these 
particles with additional theranostic substances20 or exclu
sively therapeutic substances such as chemotherapeutics 
like gemcitabine, which has been shown to be eminently 
augmented in efficiency by intracellular delivery.21 In 
experimental settings, this beneficial synergistic effect 
has shown a particularly promising perspective in pancrea
tic cancer therapy regarding precise tumor targeting of 
chemotherapeutic agents in terms of augmented accumula
tion of the tumor site9 and, thereby, inevitably reducing 
chemotherapeutic dosage by increasing treatment 
efficiency.22 Extensive research on the applicability of 
MFH treatment on various cancer types led to the attribu
tion of MFH with promising properties in terms of effi
ciency and applicability.24–27 As such, MFH has already 
been used to treat glioblastoma in Phase II studies as well 
as in prostate or breast cancer.28–32

In most cases, the magnetic nanoparticles (MNP) are 
injected directly into the tumor to achieve high local con
centrations of MNP of up to 80 mg iron (Fe)/mL tumor.32 

This holds the risk of tumor spreading and of formation of 
metastases due to the puncture of the tumor. A different 
method is the injection of NP into a peripheral vein which 
are then targeted at the tumor site by magnetic field trap
ping. By this method, concentrations of 150–400 µg(Fe)/g 

tumor can be achieved.31,33 We have recently shown in 
a biophysical model of the tumor and its surroundings that 
targeting the MNP at the tumor site is also possible by 
endoscopically placing the magnetic field trap to reach 
tumors inside the body.34 Building on this concept, we 
designed our experimental set-up of applying ML. We 
distinguished between two different clinical settings: one, 
where the AMF is applied directly after accumulation of 
the ML at the tumor site and one, where there is some time 
for incubation of the ML in the cells.35

One of the latest advances in the field of MFH treat
ment of pancreatic cancer cell is a study demonstrating 
a high efficiency of MFH treatment on cell line–derived 
three-dimensional hetero-type pancreatic cancer tumors, 
so-called spheroids.36 Although these spheroids are more 
advanced than conventional 2D cell cultures, they are still 
derived from immortalized conventional cell lines.

A more advanced three-dimensional in vitro model are 
organoids made from resected tumor tissue of patients. 
They are capable of mirroring the specific characteristics 
of their native tumor entity, therefore, resembling the 
primary tumor as a “mini-organ”. Such organoids possess 
the ability to represent the variety of cell types constituting 
the original tumor as well as enabling the complex cellular 
cross-talk occurring in the native tumor environment.37 

Based on this, and, due to the circumstance that organoids 
are highly stable in geno- as well as phenotype,38 orga
noids derived from specific tissues appear to maintain their 
distinct response pattern to external influences such as 
therapeutic substances or treatments like 
chemotherapeutics.39 Therefore, organoids have been 
exploited for testing of therapy sensitivity37,39,40 and per
sonalized treatment approaches.41 The pancreatic tumor 
organoid model used in this study was developed in 
201542 and MFH treatment of PDAC organoids was 
employed to address the feasibility of MFH treatment of 
3D PDAC structures with respect to future clinical 
implementation.

In case of PDAC, presently, the only curative treatment 
approach is the resection. Unfortunately, only 20% of the 
tumors are resectable at the time of diagnosis, often due to 
locally advanced tumors, which infiltrate the superior 
mesenteric artery.5 In the present study, we aim at 
a neoadjuvant setting to downsize the tumor and to 
achieve secondary resectability by use of MFH focused 
around the superior mesenteric artery. For this, the mag
netic field trap for targeting of the MNP will be placed at 
the posterior wall of the stomach as the pancreas is located 
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directly behind. We have shown by clonogenic assays that 
the human PDAC cell line Mia Paca-2 can successfully be 
treated with MFH. This effect is dependent on the duration 
of treatment and the bulk temperature. Best results could 
be found at temperatures higher than 41.5 °C and 
a treatment duration of 90 minutes.12,23,43

To optimize this therapy further and to distinguish 
between short- and long-term effects, we assessed the 
effects of MFH on different pancreatic cancer cells 
in vitro. We used different conventional 2D PDAC cell 
lines to investigate the effect´s dependency on different 
cell lines. In addition, we treated 3D organoids as a more 
complex in vitro model for the first time with MFH, 
thereby resembling the actual in vivo setting more 
precisely.

Materials and Methods
Cell Culture
The human pancreatic cancer cell lines Mia PaCa-2 and 
PANC-1 were obtained from the German Collection of 
Microorganisms and Cell Cultures. Cell lines were routinely 
tested for mycoplasma contamination. Both cell lines were 
cultivated using high-glucose Dulbecco´s Modified Eagle 
Medium (DMEM) containing 10% fetal calf serum (FCS) 
and 1% Penicillin (10000 U/mL) and 1% Streptomycin 
(10000 U/mL). Cells were incubated in cell flasks at 37 °C 
and 5% CO2 and passaged every 3 to 4 days.

PDAC Organoid Culture
PDAC organoid cultures were generated from resected 
tissue according to the protocol of Boj et al.42 After ethical 
approval by the local ethics committee (Medical ethics 
review committee of the Academic Hospital Maastricht 
and Maastricht University, METC-AzM 13–04-107) and 
prior to tissue use, informed consent of the patients was 
obtained. All experiments were conducted in accordance 
with the Declaration of Helsinki. To generate organoid 
cultures from resected PDAC tissue, single cells were 
isolated from the resected specimen by digestion using 
collagenase type II. Isolated pancreatic cancer cells were 
then resuspended in ice-cold ´Geltrex™ LDEV-Free 
Reduced Growth Factor Basement Membrane Matrix´ 
(Thermo Fisher Scientific, Waltham, WA, USA) trans
ferred to a 24-well plate and supplied with Advanced 
DMEM/F-12-based Wnt3a-depleted organoid growth 
medium containing growth factors essential for organoid 
formation as described previously.44 These single cells 

formed organoids whilst incubating at 37 °C and 5% 
CO2 within 1 or 2 weeks. Organoids were passaged 
every 3–8 days with typical split ratios of 1:2 or 1:4. 
Passaging of the organoids was conducted as described 
previously.44

Magnetoliposomes and in vitro Magnetic 
Fluid Hyperthermia (MFH) Treatment
Magnetic fluid hyperthermia (MFH) was achieved by the 
combination of magnetoliposomes (ML) containing super
paramagnetic iron oxide nanoparticles (SPION) with 
a high-frequency alternating magnetic field (AMF) of 
270 kHz and varying amplitudes ranging from 40 kA/m 
to 47 kA/m. ML were created from SPION by adding 
a surrounding phospholipid bilayer as previously reported 
by Hodenius et al.45 Evaluation of core size distribution 
was performed by transmission electron microscopy 
(TEM) using a Zeiss LEO 906 microscope (Carl Zeiss 
GmbH, Oberkochen, Germany) at a magnification of 
100000x. The hydrodynamic diameter distribution was 
evaluated by dynamic light scattering (DLS) using 
Zetasizer Nano S (Malvern Instruments Ltd., 
Worcestershire, United Kingdom) at a wavelength of λ = 
633 nm (detection angle of 173°) (Supplementary Figures 
S1 and S2). Magnetization properties of the ML were 
investigated using a superconducting quantum interference 
device (SQUID) magnetometer MPMS 5S (LOT Quantum 
Design, San Diego, USA) (Supplementary Figure S3). 
Additionally, MFH measurements were performed using 
a custom build hyperthermia setup (Trumpf Hüttinger 
GmbH + Co. KG, Freiburg, Germany) by applying an 
AMF for a duration of 30 minutes starting at temperature 
T0=37 °C. (Supplementary Figure S4). The AMF was 
generated in a copper coil with internally water-cooled 
windings using an AC-resonant oscillator of a custom- 
built hyperthermia setup (Trumpf Hüttinger, Freiburg, 
Germany). During MFH treatment, the temperature was 
continuously measured at the bottom of the hyperthermia 
vial, where the cells adhered, using a fiberoptic thermo
meter (Luxtron 812 from LumaSense Technologies; Santa 
Clara, CA, USA).

Cell Viability Analysis Using the 
ATP-Based CellTiter Glo 2D/3D Cell 
Viability Assay
After MFH treatment, the effects on the cell viability were 
determined using the ATP-based CellTiter Glo 2D/3D Cell 
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Viability Assay (Promega Corporation, Madison, WI, 
USA) according to the protocol provided by the manufac
turer. Eventually, luminescence was measured by 
a Synergy HT Microplate Reader from BioTek 
Instruments Inc. (BioTek Instruments Inc., Winooski, VT, 
USA). Cell samples analyzed at 0 hours post treatment 
were handled as described above immediately after MFH 
application. For cell samples analyzed at 24 hours post 
treatment, the supernatant containing the ML was replaced 
by fresh DMEM media immediately after the treatment, 
followed by a 24-hour incubation period at 37 °C and 5% 
CO2.

Quantification of Cell Reproducibility 
Using Clonogenic Assays
Clonogenic Assays were performed according to the pro
tocol of Franken et al.46 For this, cells were seeded at 400 
cells per well in triplicates into a 6-well plate (Greiner 
Bio-One; Frickenhausen, Germany) in DMEM containing 
10% FCS and 1% Penicillin (10000 U/mL)/Streptomycin 
(10000 U/mL) upon MFH treatment. The assay was 
stopped after 8–10 days using 1 mL of a (1:10) methanol 
(70%)/Crystal Violet mix per well. After incubating for 30 
minutes, the crystal violet solution was removed and the 
wells were washed twice with 3 mL of water. After over
night drying, colonies were counted by two independent 
investigators and plating efficiency and survival fraction 
were determined.46

Cytotoxicity Testing of ML
ML were tested for cytotoxicity on human pancreatic 
cancer cell lines Mia PaCa-2 and PANC-1 at concentra
tions of (0, 150, 225, 300 and 450) µg(Fe)/mL after 24 
hours of incubation at 37 °C and 5% CO2. For each 
concentration, a triplet of samples was prepared. Thirty 
minutes prior to cell viability analysis, a DMEM/DMSO 
solution containing 38% DMSO was added to the wells of 
the negative control to induce cell death. Eventually, the 
supernatant was replaced by 100 µL of DMEM immedi
ately before cell viability was analyzed using the CellTiter 
Glo Assay as described above. The replacement was done 
as pre-experiments had shown that the ML would other
wise interfere with the luminescent signal (data not 
shown).

Cytotoxic effects on patient-derived PDAC organoids 
were examined at a concentration of 225 µg(Fe)/mL. Here, 
the organoids were seeded in Geltrex™ droplets in a 48- 

wells plate. The following day, the supernatant was 
replaced either by organoid growth medium, organoid 
growth medium/DMSO solution containing 38% DMSO, 
or organoid growth medium containing ML at 
a concentration of 225 µg(Fe)/mL. After 24-hours incuba
tion, cell viability was quantified using the CellTiter Glo 
Assay as described above.

Effects of MFH on Mia PaCa-2 and 
PANC-1
To investigate the effects of MFH regarding the location of 
the ML with respect to the cells, four different approaches 
were applied:

● No ML, ie, just the AMF
● Intracellular ML (incubation with an ML solution of 

225 µg(Fe)/mL for 24 h followed by washing with 
DPBS prior to transferring into hyperthermia vials in 
DMEM)

● Intra- and extracellular ML (incubation with an ML 
solution of 225 µg(Fe)/mL for 24 h, washing with 
DPBS, resuspending in the same solution used for 
incubation and bringing them into the hyperthermia 
vials)

● Extracellular ML (no pre-incubation with ML but 
resuspension in an ML solution of 225 µg(Fe)/mL 
immediately before transferring them into the 
hyperthermia vials)

Figure 1 depicts the experimental set-up of the approaches 
containing ML. Each approach consisted of a sample trea
ted with AMF as well as a control sample. The control 
sample was placed on a hotplate set to 37 °C for 90 
minutes, while the MFH-treated sample was exposed to 
90 minutes of AMF.

After the treatment, the effects of MFH on cell viability 
were analyzed at 0 and 24 hours using the CellTiter Glo 
Assay. Cell reproducibility was evaluated via Clonogenic 
Assay.

Geltrex™ Set-Up for Organoids 
Experiments
Two set-ups were tested: one sample comprising 
a Geltrex™ droplet of one-tenth of the overall sample 
volume, and another sample containing the same amount 
of Geltrex™ but homogenously suspended in the sample 
solution. Prior to 30-minutes AMF treatment, both 
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samples received an equal volume of medium containing 
ML (225 µg(Fe)/mL). The temperature at the bottom of 
the vial was recorded using a fiberoptic thermometer.

ML Interaction with Organoids
To gain information on the interaction of ML with orga
noids, we investigated three different approaches:

(i) One approach carrying no ML at all, therefore 
serving as a ´negative control´

(ii) One approach incubated with ML for 2 hours 
representing the actual MFH ´experimental condi
tions´

(iii) One approach where ML were applied after the 
washing steps of the embedding protocol and 
immediately before fixation of the organoids, to 
mimic an approach without an incubation time. As 
the ML were not washed away with this approach, 
visible ML were ensured, thereby serving as 
a ´positive control´

Organoid Embedding and 
(Immunohistochemistry) Staining
After individual treatment as described above, fixation of 
the organoids were employed by administration of the zinc 
formalin fixative Unifix (Klinipath, Duiven, The 
Netherlands) for 30 minutes. Next, Unifix was washed 
off and replaced with 70% ethanol before resuspension 
in heated liquid HistogelTM (Thermo Fisher Scientific, 

Waltham, WA, USA). After storage at 4°C for 1 hour, 
the HistogelTM was placed in 70% ethanol. Further FFPE 
(formalin-fixated paraffine-embedded) treatment was per
formed by the pathology department of UMC+ by dehy
dration of the organoids with subsequent paraffine 
embedding. After cutting, slides were obtained for further 
staining.

Haematoxylin and eosin (HE) staining was performed 
by staining with hemalaun followed by counterstaining 
with eosin. As ML contain iron oxides, Prussian blue 
staining was used for visualization of the ML. Prussian 
blue staining was conducted by the pathology department 
of RWTH Aachen University Hospital by staining with 
Berliner Blau (Merck KGaA, Darmstadt, Germany), coun
terstaining with Kernechtrot (Merck KGaA, Darmstadt, 
Germany; Waldeck GmbH & Co. KG, Muenster, 
Germany) and then dehydration in an ascending alcohol 
series.

For immunohistological analysis, we used the 
ZytoChem-Plus AP Polymer-Kit (Zytomed Systems 
GmbH, Bargteheide, Germany) according to the 
manufacturer’s directions. Sample slides were treated 
with the primary antibodies and then counterstained with 
hemalaun. Antibodies used for immunohistochemistry 
(IHC) staining were anti-CK (Cytokeratin) antibodies 
(Dako Denmark A/S, Glostrup, Denmark) for verification 
of cell differentiation, anti-Ki67 antibodies (Dako 
Denmark A/S, Glostrup, Denmark) for cell proliferation 
rate evaluation and anti-CC3 (Cleaved Caspase-3) antibo
dies (abcam, Cambridge, United Kingdom) for apoptosis 

Figure 1 Experimental set-up of 2D cell culture MFH trials.
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detection. The TissueFAXS PLUS system (TissueGnostics, 
Vienna, Austria) was used for imaging and qualitative 
evaluation. Quantitative analysis of Ki67-expression and 
CC3-expression was performed with StrataQuest Analysis 
Software (TissueGnostics, Vienna, Austria).

Cell Viability Testing of MFH-Treated 
Patient-Derived PDAC Organoids
Similar to the cell lines, each approach consisted of 
a sample treated with AMF as well as a control sample 
which remained on a hotplate at 37°C. Organoids derived 
from the organoid forming line PANCO-9a44 were treated 
either with an AMF in the absence of any ML (´no ML + 
AMF´) or, as a second approach, comprised of ´extracel
lular ML´ which were added in a concentration of 225 
µg(Fe)/mL before MFH treatment.

Seeding of the organoids into hyperthermia vials was 
performed by suspending them in ice-cold Advanced 
DMEM/F-12 medium and centrifuging at 4 °C and 145 
rcf for 5 minutes. After centrifugation, organoids were 
resuspended in Geltrex™. Seeding of the organoids was 
done by placing a droplet of 50 µL on the bottom of four 
pre-heated hyperthermia vials each. After each droplet, 
a ´control droplet´ of 15 µL was placed into wells of a 48- 
well plate, to evaluate and ensure equal distribution of the 
organoids in the hyperthermia vials. After adding the 
Advanced DMEM/F-12-based Wnt3a-depleted organoid 
growth medium and overnight incubation at 37 °C and 5% 
CO2, the supernatant of the ´AMF samples´ was replaced 
by DMEM while ‘extracellular ML’ samples received 
a DMEM/ML solution containing ML at a concentration 
of 225 µg(Fe)/mL. At the end of the treatment, all orga
noid cultures were washed with DBPS. Organoids under
going immediate (2 h after MFH treatment) cell viability 
analysis were supplied with fresh organoid passaging med
ium, whereas samples evaluated at 24 hours after MFH 
treatment were supplied with organoid passaging medium 
containing human organoid growth medium. The latter 
were then incubated for 24 hours at 37 °C and 5% CO2 

before cell survival analysis. Cell survival was quantified 
using the CellTiter Glo Assay (Promega Corporation, 
Madison, WI, USA). The supernatant was replaced with 
fresh DMEM medium and the CellTiter Glo Assay essence 
was added at equal amount. Once the luminescence signal 
had stabilized, luminescence was measured using 
a Synergy HT Microplate Reader from BioTek 

Instruments Inc. (BioTek Instruments Inc., Winooski, 
VT, USA).

Statistical Analysis
Statistical analysis was performed using Graphpad Prism 5 
(GraphPad Software Inc., San Diego, CA, United States) 
and Microsoft Excel 2019 (Microsoft Corporation, 
Redmond, WA, USA). Statistical significance was evalu
ated by Student two-tailed t-test; significance levels of p < 
0.05 (*), p < 0.01 (**) and p < 0.001 (***) were assumed. 
Unless otherwise stated, all data in this report represent the 
mean value as well as the corresponding standard devia
tion from at least triplicate measurements. In cytotoxicity 
testing of ML, all samples were normalized to the control: 
0 µg(Fe)/mL. Based on the non-toxicity of ML at 225 
µg(Fe)/mL and intending to exclusively evaluate the effect 
of AMF application on each ML setting, 2D cell culture 
samples undergoing viability analysis were normalized to 
their method-specific control. For all other experiments, 
samples were normalized to the control (´no ML´ and 
no AMF).

Results
ML Characterization
Table 1 summarizes the ML properties. The corresponding 
detailed data analysis is available in the Supplementary 
Figures S1, S2, and S3.

Cytotoxicity Testing of ML
Cytotoxicity testing of ML revealed different effects of 
ML on Mia PaCa-2 and PANC-1 cells. In fact, ML did 
not show any significant influence on Mia PaCa-2 cells at 

Table 1 Physico-Chemical Properties of ML Dispersed in TES 
Buffer: Hydrodynamic Diameter, Core Diameter, Saturation 
Magnetization, Magnetic Diameter, Peak Temperature in the 
ZFC Curve and Specific Absorption Rate

Method Property Value

DLS Hydrodynamic diameter/nm 100 ± 49

TEM Core diameter/nm 11.1 ± 2.5

SQUID Saturation magnetization/(Am2/kg(Fe)) 104 ± 1
Magnetic diameter/nm 10.3 ± 2.9
Peak temperature of ZFC curve/K 266 ± 1

MFH Specific absorption rate at 225 µg(Fe)/mL, 
40 kA/m, 270 kHz/W/g(Fe))

406 ± 23

Note: Values are displayed with their standard deviation.
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concentrations of up to 300 µg(Fe)/mL (Figure 2B), 
whereas PANC-1 cells treated with ML at concentrations 
of 150 µg(Fe)/mL and 225 µg(Fe)/mL even showed an 
increase in cell viability of 19% and 14% (Figure 2A), 
respectively. PANC-1 cells further displayed a decrease in 
cell viability of 16% upon 24-hour exposure with ML at 
a concentration of 300 µg(Fe)/mL. ML at a high concen
tration of 450 µg(Fe)/mL showed significant cytotoxic 
effects in both cell lines accounting for an 11% decrease 
in the cell viability of Mia PaCa-2 cells and for a 35% 
decrease in PANC-1 cell samples. Based on the non- 
toxicity of ML at 225 µg(Fe)/mL observed for both cell 
lines, 225 µg(Fe)/mL was determined to be the concentra
tion for the following MFH experiments.

Cell Survival of MFH-Treated Mia PaCa-2 
and PANC-1 Cells
To allow for precise investigation of the effects resulting 
from different ML locations, a concept of four different 
settings: ´no ML´, ´intracellular ML´, ´intra- and extracellu
lar ML ´ and ´extracellular ML´ was designed. Investigating 
the potential immediate effects of MFH, cell viability was 
analyzed directly after application of ML. Solely extracellu
lar MFH showed notable cytotoxic effects in both cell lines, 
as the cell viability of PANC-1 cells as well as the cell 
viability of Mia PaCa-2 cells decreased by (21 ± 2) % upon 
MFH treatment, respectively (Figure 3A and B). The other 
groups showed no significant change upon MFH treatment.

Subsequently, cell viability analysis at 24 hours after the 
MFH treatment was applied to identify any time-dependent 

alterations of the observed effects over the course of the first 
24 hours after the treatment. Here, exclusive AMF treatment 
showed different effects on the cell lines: AMF-treated Mia 
PaCa-2 cells depicted an increase in cell viability of 13% 
(Figure 3C) whereas identically treated PANC-1 cells showed 
no significant change (Figure 3D). Analysis of cell samples 
exposed to intracellular MFH revealed no significant decrease 
for PANC-1. Treatment of PANC-1 cells with intra- and 
extracellular MFH (´intra- and extracellular ML + AMF´) 
resulted in a marked drop in cell viability of 15% (Figure 
3D) while identically treated Mia PaCa-2 cells (Figure 3C), 
contrastingly, showed no significant change. Matching our 
findings compiled at 0 hours post treatment, cell samples 
treated with extracellular ML-derived MFH (´extracellular 
ML + AMF´) presented the most prominent cell death in 
both cell lines amounting to 27% in PANC-1 cell samples 
(Figure 3D) and 12% in Mia PaCa-2 cell samples (Figure 3C).

Clonogenic Potential of MFH-Treated Mia 
PaCa-2 and PANC-1 Cells
Clonogenic Assays as a long-term outcome provided 
information on the effects of MFH on the clonogenic 
potential of Mia PaCa-2 and PANC-1 cells which plays 
a pivotal role in tumor progression. Again, four differ
ent ML settings: ´no ML + AMF´, ´intracellular ML + 
AMF´, ´intra-and extracellular ML + AMF´ and ´extra
cellular ML + AMF´ were tested. Untreated cells with 
no ML and no AMF served as a control. Exclusive 
AMF application in the absence of any ML (´no ML 
+ AMF´) had no significant effects on the clonogenic 

Figure 2 Cytotoxicity testing of increasing ML concentrations ranging from 0 µg(Fe)/mL to 450 µg(Fe)/mL on human pancreatic ductal cancer PANC-1 (A) and Mia PaCa-2 
(B) cells revealed no cytotoxic effect at concentrations of up to 300 µg(Fe)/mL and 225 µg(Fe)/mL, respectively (*p < 0.05, **p < 0.01, ***p < 0.001). All samples were 
normalized to the control group of 0 µg (Fe)/mL. Cell viability of greater than 100% is due to the normalization with respect to the control group.
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potential of either Mia PaCa-2 or PANC-1 cells (Figure 
4A and B).

Analysis of cell samples of either cell line treated with 
intracellular MFH demonstrated a decrease in clonogenic 
potential of 23% in both cell lines (Figure 4A and B). Mia 
PaCa-2 cells exposed to intra- and extracellular MFH as 
well as extracellular MFH presented with a strong 
decrease in clonogenic potential each with nearly no resi
dual clonogenic activity (Figure 4A). Identically treated 
PANC-1 cells also showed a strong, yet markedly less 
pronounced decrease in clonogenic potential than Mia 
PaCa-2 cells of 33% and 52%, respectively (Figure 4B).

Heating Characteristics of Geltrex™
Testing of the impacts of different Geltrex™ set-ups on the 
heating characteristics of MFH was employed to deter
mine the most convenient set-up for the ensuing MFH 
experiments on human PDAC organoids. Comparison of 

a Geltrex™ droplet surrounded by a medium/ML solution 
(1:9) and Geltrex™ in a homogenous suspension with 
medium/ML solution (1:9) showed no significant differ
ence regarding heat development as in both ways tempera
tures of (43 ± 1) °C were achieved (Figure 5).

Organoid Microscopical Images
Since 3D organoid cultures are considered a more relevant 
in vitro model of PDAC, we introduced, for the first time, 
ML to organoids. Figure 6A depicts patient-derived PDAC 
organoids under regular growth conditions. After 24 h of 
incubation with ML, the PDAC organoids did not show 
significant morphological alterations (Figure 6B).

Cytotoxicity Testing of ML on 
Patient-Derived PDAC Organoids
Prior to MFH treatment of PDAC organoids, verification 
of the non-toxicity of ML for human PDAC organoids was 

Figure 3 Cell viability of Mia PaCa-2 and PANC-1 cells at 0 hours (A and B) and 24 hours (C and D) after MFH treatment. Extracellular MFH (´extracellular ML + AMF´) 
accounted for the most prominent decrease in cell viability at 0 hours (A and B) as well as at 24 hours (C and D) after the treatment. This applied to both cell lines. 
(**p < 0.01, ***p < 0.001).
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imperative. Considering our results obtained in the 2D cell 
cultures, we chose a concentration of 225 µg(Fe)/mL for 
MFH treatment of human PDAC organoids. Cell viability 
testing of human PDAC organoids treated with ML at 225 
µg(Fe)/mL for 24 hours unveiled neglectable cytotoxic 
effects (Figure 7) with DMSO as positive control. Hence, 
hereafter, subsequent MFH treatment of human PDAC 
organoids was conducted using ML at a concentration of 
225 µg(Fe)/mL.

ML Interaction with Organoids
Seeking information on the molecular interaction between 
ML and PDAC organoids, we assessed the morphological 

interaction of ML with PDAC organoids Prussian blue 
staining for iron. As visualized in Figure 8, ML appeared 
to only interact by adhesion to the cell surface of PDAC 
organoids without being internalized into the cells (Figure 
8). Further, morphologic investigations using HE staining 
and IHC staining for CK (cell differentiation) revealed no 
difference between the three groups. To investigate mole
cular changes after incubation with ML as opposed to 
untreated ones further, we analyzed the Ki67 expression 
(proliferation) and the apoptosis-indicating CC3 expres
sion. There were no significant alterations between the 
groups. Figure 8 demonstrates representative examples of 
the immunohistological findings.

Figure 5 Heating characteristics of two different Geltrex™ set-ups.

Figure 4 Survival fractions of MFH-treated Mia PaCa-2 (A) and PANC-1 (B) as quantified by Clonogenic Assay after treatment. MFH treatment resulted in marked decrease 
in clonogenic potential of both cell lines for all set-ups with ML. Yet, this effect was most pronounced for samples treated with intra- and extracellular MFH as well as 
extracellular MFH. (**p < 0.01, ***p < 0.001).
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Cell Survival of MFH-Treated PDAC 
Organoids
Owing to the previously demonstrated impairment of 
cell survival by extracellularly located ML in terms of 
impairment of cell survival, MFH effects on patient- 
derived PDAC organoids were assessed only by this 
approach. In addition, one sample underwent just AMF 
treatment without ML. Cell viability analysis at 2 hours 
post treatment demonstrated a severe decrease in cell 
viability of 48% (Figure 9A). At 24 hours after the 
treatment, the organoids treated with extracellular ML 
and AMF showed a 13% decrease of cell viability 
compared to the control (Figure 9B). Treatment with 
an AMF alone revealed no significant change in cell 

viability at 2 hours post treatment and a slight increase 
at 24 hours post treatment.

Discussion
We assessed the short- as well as long-term cytotoxicity of 
magnetic fluid hyperthermia (MFH) in 2D cell cultures for 
two different cell lines, Mia PaCa-2 and PANC-1, as 
a proof of the concept and to further improve this therapy 
in detail. MFH was found to be a highly promising tool in 
PDAC therapy. A solely extracellular accumulation of ML 
seems to be sufficient, although an additional intracellular 
uptake plays an important role regarding the long-term 
cytotoxic effects of this therapy. Nonetheless, the effi
ciency of this therapy seems to be varying among geneti
cally different PDAC subtypes. In addition, we showed, 
for the first time, that this therapy method is also suitable 
for more complex models such as human PDAC orga
noids, which resemble actual in vivo conditions such as 
histoarchitecture and microenvironment far more precisely 
than conventional cell lines.47 Given the novelty of MFH 
treatment of human PDAC organoids, we studied the 
interaction of the ML with PDAC organoids by HE stain
ing, Prussian Blue staining and immunohistochemistry. 
With extracellularly placed ML, MFH significantly 
reduced the viability, thereby proving the applicability 
for future clinical implementation of MFH in patients.

Applicability of MFH Treatment
We demonstrated that ML showed no toxicity for concen
trations of up to at least 225 µg(Fe)/mL for both investi
gated cell lines (Figure 2). Interestingly, while Mia PaCa-2 
cells did not show any significant alterations in cell viabi
lity after ML incubation at 150 and 225 µg(Fe)/mL (Figure 
2B), PANC-1 cells, however, reacted with a slight increase 

Figure 6 (A) Microscopical image of human patient-derived PDAC organoids portraying the characteristic 3D organoid structure. (B) Microscopical image of a human 
patient-derived PDAC organoid after 24 hours of incubation with nanoparticles.

Figure 7 Cell viability testing of patient-derived PDAC organoids (PANCO-9a) 
after 24-hour incubation with ML at a concentration of 225 µg(Fe)/mL showed 
neglectable cytotoxic effects. (***p < 0.001).
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in cell viability after 24 h (Figure 2A). As the viability test 
used is ATP-based, this might show increased ATP synth
esis by the cells upon ML exposure. So far, increased cell 
division upon ML incubation but not increased cell viabi
lity has been reported prior to this observation in a model 
of C17.2 mouse stem cells.48 We propose that this increase 
in cell viability in this particular cell line may be hormesis- 
related. Hormesis describes the beneficial adaptive 
response of cells exposed to a moderate dose of 
a potentially irritating agent.49 Further investigations 
regarding this aspect of PANC-1 are needed.

As the ML are envisaged to be administered intrave
nously before being accumulated at the tumor site by 
endoscopic magnetic trapping,34 only rather low concen
trations of ML at the tumor site varying between 150 
µg(Fe)/g tumor31 and 400 µg(Fe)/g tumor33 will be 
achievable. Hence, the potentially toxic effect of higher 
concentrations of ML is not relevant as such high concen
trations will most likely not be found for in vivo settings. 
As we have demonstrated before,12 ML already show 
potent heating characteristics at concentrations of 225 µg
(Fe)/mL. Therefore, we concluded ML at 225 µg(Fe)/mL 

Figure 8 Exemplary histological images of ML interacting with PDAC organoids. Prussian blue staining highlights ML in blue in the ´positive control´ sample. 
Immunohistochemistry staining for Ki67 and CC3 showed no significant alterations in cell proliferation rate and apoptosis rate in PDAC organoids upon ML treatment 
in comparison to native PDAC organoids. Exemplary organoids for each set-up are depicted.
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to be the concentration of choice for all our further MFH 
experiments.

MFH Experimental Set-Up
Although ML internalization starts within the first few 
minutes upon ML incubation,35 only a negligible amount 
is internalized when the ML are administered just before 
treatment. This relates to the clinical setting, where the 
AMF is applied shortly after the ML have been targeted 
in a sufficient amount by the magnetic field trap.31,34 In 
contrast, the ML in the ´intra-and extracellular´ group were 
administered 24 h before treatment, allowing for saturation 
internalization of ML.35,50 This, on the other hand, relates to 
the future clinical setting of waiting for a longer time after 
accumulation of the ML at the tumor site before AMF 
treatment with the advantage of possible intracellular deliv
ery of chemotherapeutic agents. Finally, the path with only 
intracellular ML (after 24 h of incubation) served to inves
tigate the effects of nanoheating without a corresponding 
clinical setting. Nanoheating describes a phenomenon 
occurring in intracellular hyperthermia, where solely the 
nanoparticles and their immediate nano-environment show 
a marked temperature increase with a plus of up to 30 °C 
above the temperatures detected on a macroscopic scale.51 

Opposingly, bulk temperature dependent cytotoxicity 
describes cytotoxic effects causally related to macroscopi
cally detectable temperature elevations. Commonly, bulk 
temperature dependent cytotoxicity is related to surpassing 
a defined temperature threshold. This threshold is thought to 
be above 43 °C in clinical settings.29,52 However, experi
mental data also state the sufficiency of even lower tem
peratures of above 41.5 °C.12,43 As healthy tissue is spared 
at this temperature, whereas cancer cells display increased 

thermosensitivity,12,43,53 we set 41.5 °C as the threshold of 
choice. Finally, cells free of ML served as a control.

Cell Survival of MFH-Treated Mia PaCa-2 
and PANC-1 Cells
Immediately after 90 minutes of MFH treatment, the via
bility was reduced significantly for both cell lines with 
solely extracellular ML´s. After 24 hours, this group still 
was the one with the largest effect of MFH treatment on 
cell viability. In addition, for PANC-1, there was also 
a significantly reduced survival in the intra- and extracel
lular group (Figure 3B and D). A reason for this may lie in 
the slightly lower temperatures reached by other groups 
due to partial internalization of ML into the cell. 
Internalized ML are incapable of undergoing Brownian 
motion, which is known to contribute to nanoparticle- 
based heat generation,54 in this way resulting in lower 
heating power.55 As all groups started with the same con
centration of ML with the assumption that a concentration 
of 225 µg(Fe)/mL is achieved by endoscopic targeting at 
the tumor site, the extracellular ML concentration in the 
medium was reduced in the ´intra-and extracellular ML´ 
by the amount of ML uptaken by the cells. The delayed 
effect of MFH on intracellularly placed ML in PANC-1 as 
seen in Figure 3D, is in line with data demonstrating 
delayed-onset kinetics for intracellular MFH-derived cyto
toxicity on DX3 human melanoma cells.56

Although the effects of exclusively intracellular ML- 
derived MFH solely amounted for minor to neglectable 
alterations in cell viability, intracellularly located ML may 
still be valued as a promising tool as certain therapeutics 
such as the chemotherapeutic drug gemcitabine may be 
significantly augmented in its efficiency by intracellular 

Figure 9 Cell survival of patient-derived PDAC organoids (PANCO-9a) upon MFH treatment. MFH-treated patient-derived PDAC organoids showed a decrease in cell 
viability of 48% at 2 hours post treatment (A) and of 13% 24 hours post treatment (B), respectively. All samples were normed to the control: ´no ML´.
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delivery.21,57 Based on this, a favorable synergistic anti- 
tumor characteristic of intracellular MFH combined with 
intracellular drug delivery can be expected as MFH has 
already demonstrated a promising perspective when com
bined with a therapeutic agent in the experimental treat
ment of triple-negative breast cancer.58 Future 
investigations exploiting this synergistic effect need to be 
employed to improve treatment efficiency. In accordance 
with data showing delayed-onset kinetics for RAW−264.7 
murine macrophage cells treated with intra- and extracel
lular MFH,59 an explanation might be apoptosis-inducing 
pathways. These are triggered by intra- and extracellular 
MFH, which then cause delayed cell death, in addition to 
the primary effect. Supporting this hypothesis, intra- and 
extracellular MFH also depicted lower cell viability over 
time, arguing in favor of the above proposed delayed-onset 
cytotoxicity. Further analysis of these apoptosis pathways 
in MFH is required.59–61 As this experiment was per
formed under the presumption that a concentration of 
225 µg(Fe)/mL is achieved by endoscopic targeting, we 
showed that the AMF may be applied directly after target
ing or a modification of the surrounding layer of the ML 
may stop fast internalization of ML in tumor cells if not 
necessary.

Clonogenic Potential of MFH-Treated Mia 
PaCa-2 and PANC-1 Cells
Tumor progression essentially relies on the self-renewal 
properties of its cells, as this ability holds the cause of 
cancer spreading, especially regarding metastasis develop
ment and disease relapse after successful treatment.62 

Investigating the long-term effects of MFH treatment, we 
quantified this so-called clonogenic potential upon MFH 
treatment using clonogenic assays which represent the 
gold standard for testing the effectiveness of therapies.46 

The results of our clonogenic assay tests (Figure 4) are in 
line with the cell viability tests as there is a late-onset 
effect and, in addition, extracellular placement of ML 
plays the most important role. For Mia PaCa-2, all groups 
resulted in a significant decrease of colonies, with hardly 
any formation of colonies for intra- and extracellular ML 
as well as extracellular ML (Figure 4A). MFH treatment of 
the PANC-1 cell line also resulted in a highly significant 
decrease in colony formation for all preparations (Figure 
4B). Nonetheless, in all three treatment methods, the cells 
of this cell line were able to build colonies after MFH 

treatment. In summary, for both cell lines, the highest 
effect was found for solely extracellular ML (Figure 4).

By this, we not only contribute to previous reports on 
long-term cytotoxic effects of intracellular MFH and intra- 
and extracellular MFH on Mia PaCa-2 cells12 but also 
complement these findings by insights into the superiority 
of extracellular MFH over intra- and extracellular MFH 
for different cell lines. Also, the results show that sensi
tivity towards MFH varies among different PDAC cell 
lines. Altering therapy responses upon thermal ablation, 
which is not MFH derived, is a known phenomenon in 
experimental hyperthermia treatment of PDAC.61,63,64 The 
superior thermotolerance of PANC-1 cells might arise 
from enhanced a priori tumorgenicity presented by this 
cell line, when compared to Mia PaCa-2 which was pre
viously demonstrated by Gradiz et al.65 Still, the decrease 
in survival fraction was significant for both cell lines and 
all MFH treatment manners, with extracellular ML provid
ing the highest effect for both cell lines. This, again, 
suggests that successful MFH may be performed by 
administration of ML immediately before the treatment 
and that pre-incubating with ML does not achieve higher 
effectiveness.

MFH Treatment of Human PDAC 
Organoids
Despite its numerous advantages and essential uses, 2D 
cell culture provides a rather artificial model of the real 
in vivo settings. Human patient-derived PDAC organoids 
are capable of partly overcoming this limitation as they 
possess the ability to mirror their primary tumor´s key 
features such as geno- and phenotype38 as well as his
toarchitecture and microenvironment in 3D structures with 
precise resemblance of actual in vivo conditions.42,47 The 
technique of organoids has been described in 2010 for the 
first time and has been improved ever since.42,66 It pro
vides the opportunity to also model cell–cell 
interactions,37 which is why it has been used more and 
more for testing of therapy sensitivity37,39,40 and persona
lized treatment approaches.41 In this study, we employed 
MFH treatment of PDAC organoids to obtain information 
on the applicability of MFH treatment on three- 
dimensional PDAC structures.

For the first time, we introduced magnetic nanoparti
cles to patient-derived organoids. Organoids, in general, 
grow in domes of a basement membrane extract, and there 
are no data on how to apply MFH on cells in this matrix. 
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As the ability of nanoparticles to undergo Brownian 
motion strongly depends on the viscosity of their sur
rounding fluid,15 we compared the two standard set-ups 
for testing organoids regarding their heat development 
(Figure 5). We observed no significant difference and, 
therefore, used the set-up of growing the organoids in 
a dome and adding the ML via the media for the MFH 
experiments on human PDAC organoids.

Regarding the cytotoxicity of ML on PDAC organoids, 
our results (Figure 7) proved that in our preferred setting 
of a concentration of 225 µg(Fe)/mL, neglectable toxicity 
occurred as opposed to the positive control of DMSO. This 
was confirmed by IHC staining for Ki67 and CC3 which 
showed no significant alterations among ML-treated orga
noids and organoids free of ML exposure (Figure 8). 
Therefore, we performed the MFH experiments on orga
noids with this ML concentration at the tumor site. 
Addressing the effects of MFH on the cell viability of 
PDAC organoids, we used the approach with solely extra
cellularly placed ML as this provided the best results in the 
2D cell culture already. As shown by Prussian blue stain
ing, after 2 hours of incubation, ML showed no signs of 
internalization into the cells and interacted solely with 
adhesion to the cell surface (Figure 8). The absence of 
ML in the ´experiment setting´ sample may be attributed 
to the multiple washing steps detaching ML from the cell 
surface. For both MFH approaches, immediate viability 
analysis and analysis after 24 hours, the AMF-treated 
samples showed significantly decreased viability (Figure 
9). This is in line with our previous experiments on 2D cell 
lines. The immediate effect seems to even exceed the 
effect in either cell line in 2D cell culture (Figure 9A). 
After 24 hours, the effect was still noticeable, but not as 
distinct (Figure 9B). Whether this may be attributed to the 
more complex system of organoids being able to partially 
compensate the detrimental effects caused by MFH or 
a temporary reduction of their ATP production needs to 
be investigated further.

Based on previously stated beneficial characteristics of 
sequential thermal ablation of PDAC cells increasing treat
ment efficiency,64 we presume that short-term cytotoxicity 
of human PDAC tumors may also be enhanced by sequen
tial treatment. This seems to be even more important in 
complex 3D structures with cell–cell interactions. 
Therefore, we will carry out further investigations on 
human PDAC organoids.

Our study holds some limitations. We used only two 
conventional 2D cell lines to evaluate the short- and long- 

term effects of MFH treatment on pancreatic cancer cells. 
Nonetheless, we chose these two lines as MiaPaCa-2 is 
a cell line very often used when investigating treatment 
response in PDAC,67–69 whereas PANC-1 is known to 
show more resistance towards treatment concepts.70,71 

The treatment of PDAC organoids has only been per
formed on one patient-derived organoid culture. 
However, this is, to our knowledge, the first description 
of successful treatment of the advanced model of orga
noids with MFH. Still, PDAC organoids neither represent 
stromal tissue nor capillary networks essential for accurate 
insight on the dynamics of ML trapping. Therefore, 
in vivo experiments in animal models need to be employed 
to overcome this limitation, especially with regard to 
administration dose in the tumor tissue.

In conclusion, our results not only give first insight into 
the short- and long-term effects of MFH treatment on 
human PDAC cell lines and organoids but also show that 
MFH efficiency depends on the localization of the ML 
and, therefore, suggests that the time between endoscopic 
targeting of the ML at the tumor site and AMF application 
should be limited to minimum. In addition, we provide 
a proof of concept for MFH treatment of human PDAC 
organoids, providing the opportunity for further research 
of MFH effects using organoids. This work, therefore, 
shows how MFH treatment could be modified in order to 
qualify for optimal future clinical implementation.
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