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Abstract: So far, the therapeutic outcome of hyperthermia has shown heterogeneous responses 

depending on how thermal stress is applied. We studied whether extrinsic heating (EH, hot air) 

and intrinsic heating (magnetic heating [MH] mediated by nanoparticles) induce distinct effects 

on pancreatic cancer cells (PANC-1 and BxPC-3 cells). The impact of MH (100 µg magnetic 

nanoparticles [MNP]/mL; H=23.9 kA/m; f=410 kHz) was always superior to that of EH. The 

thermal effects were confirmed by the following observations: 1) decreased number of vital 

cells, 2) altered expression of pro-caspases, and 3) production of reactive oxygen species, and 4) 

altered mRNA expression of Ki-67, TOP2A, and TPX2. The MH treatment of tumor xenografts 

significantly (P#0.05) reduced tumor volumes. This means that different therapeutic outcomes 

of hyperthermia are related to the different responses cells exert to thermal stress. In particular, 

intratumoral MH is a valuable tool for the treatment of pancreatic cancers.

Keywords: iron oxide nanoparticles, magnetic hyperthermia, heat dose, nanomedicine, 

proliferation marker

Introduction
With the aim to circumvent the harmful side effects related to most conventional 

oncologic therapeutic modalities and increase the survival rate after cancer diagnosis, 

intensive research is being performed to assess the therapeutic potential of raising the 

tumor temperature (ie, hyperthermia) in order to kill proliferating cancer cells.1–3 In this 

context, different means to induce hyperthermia have been suggested. Thus, water bath, 

infrared radiation, focused ultrasound, and micro- or radiowaves are some examples 

of heat sources placed outside the body (external heating sources).4,5 Additionally, the 

progress of nanotechnology has brought a minimally-invasive approach based on the 

use of biocompatible6 iron oxide magnetic nanoparticles (MNPs) as heating mediators 

when subjected to alternating magnetic fields (AMFs). Under these conditions, heat dis-

sipation occurs due to magnetization reversal processes of MNP magnetic moments.7–10 

Being easily internalized into cells by endocytotic mechanisms,11 MNPs become effi-

cient local heaters distributed along the cytoplasm.12 The thermal stress induced by 

MNPs tightly depends on the nanoparticle load and their heating efficiency.13

The heat dose applied to cancer cells is known to exhibit a distinct impact on cellular 

functions, in particular in relation to DNA stability,14 protein conformation,15 and/or 

expression.16 All these molecular alterations manifest themselves in the cell viability.17 
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Furthermore, the formation of reactive oxygen species (ROS) 

is known to be induced via hyperthermia.18 ROS can induce 

apoptosis.19–21 Moreover, the cytotoxic effects of hyper-

thermia might differ among different tumor cells.22,23

Besides the promising prospective of hyperthermia, in 

clinical studies, the therapeutic outcome was revealed to 

be rather heterogeneous.5,24 Whereas the extrinsic heating 

(EH) of organs or tissues benefits tumor regression when 

their temperature is maintained between 40°C and 42°C for 

short times,17 magnetic heating (MH) reveals that their heat 

dissipation may efficiently reduce cell viability.25

Therefore, in the present study, we sought to compare the 

cellular responses caused by distinct heat generation modali-

ties such as by an internal heat source represented by MNPs 

deposited in the target region (ie, tumor) and exposure to 

an AMF (magnetic hyperthermia, MH) or via an external 

heat source (EH) applied from outside the body (such as 

hot air). Both modalities are expected to exert different 

effects,26 which are still poorly understood. We analyzed 

the “anti-cancer” effects of both hyperthermia modalities 

in terms of cell viability, apoptosis induction, the formation 

of ROS, and the expression of proliferation markers, which 

are expressed in different cell cycle phases, for example, 

Ki-67 is present in all phases of the cell cycle but not in the 

resting one (G
0
); topoisomerase 2-α (TOP2A) controls the 

topologic states during DNA transcription and its gene was 

shown to be amplified in cancer cells;27 and the expression 

of TPX2 (a microtubule-associated protein) in cancer cells is 

associated with vessel invasion and metastasis.28 Addition-

ally, we examined the transferability of the cellular effects 

of MH observed in vitro to the in vivo conditions.

Material and methods
cell culture
PANC-1 and BxPC3-cells (human pancreatic adenocarci-

noma) were cultivated at 37°C and 5% CO
2
 using DMEM 

and RPMI 1640 media (Thermo Fisher Scientific, Waltham, 

MA, USA). 

Magnetic nanoparticles
Superparamagnetic iron oxide nanoparticles (MF66) were 

obtained from Liquids Research Limited (Bangor, Gwynedd, 

UK). MNP synthesis was performed by co-precipitation 

technique as described elsewhere.29 The average core size 

of the MNPs was 12±3 nm, hydrodynamic diameter 85 nm, 

and specific absorption rate value 900 W/g Fe (correspond-

ing to intrinsic loss power values of 8.7 nHm2*kg−1). The 

ζ-potential was −41 mV.29

In vitro extrinsic hyperthermia (eh)
PANC-1 and BxPC-3 cells were incubated for 60 minutes at 

different temperatures (41°C, 43°C, and 47°C). Temperatures 

were monitored using fiber optic temperature probe and 

thermometer (TS5 & FOTEMPMK-19; Optocon AG, 

Dresden, Germany). MNP untreated cells at 37°C were used 

as controls. The recorded temperature data were used to 

calculate the thermal dose as cumulative equivalent minutes 

above 43°C (CEM43) as described elsewhere.30

In vitro (intrinsic) magnetic hyperthermia
PANC-1 and BxPC-3 cells were incubated with MNP 

(100 µg/mL) for 24 hours at 37°C. Afterwards, cells were 

exposed to AMF (H=23.9 kA/m, f=410 kHz) for 60 minutes 

so as to induce temperatures of 41°C, 43°C, or 47°C. Tem-

peratures were monitored and cells were processed for further 

analysis as described earlier. Uptake of cellular MNP at 

24 hours after incubation was quantified by atomic absorption 

spectroscopy (AAS 5 FL; Analytik Jena AG, Jena, Germany) 

as described elsewhere and was found to be of 22±6 pg Fe/cell 

(PANC-1) and 67±17 pg Fe/cell (BxPC-3), respectively, in 

a prototype experiment.29

Determination of cell viability
To determine the amount of vital, apoptotic, and necrotic 

PANC-1 and BxPC-3 cells after hyperthermia treatments 

(ie, 24 or 48 hours after MH or EH), cells were washed with 

HBSS and incubated with CellEvent® Caspase-3/7 Green 

Flow Cytometry Assay Kit (Molecular Probes®) in accor-

dance with the manufacturer’s protocol. Cell viability was 

analyzed using a FACSCalibur (BD Bioscience, San Jose, 

CA, USA; λ
exc

=488 nm, λ
em

=533 nm/647 nm). Cells declared 

as vital were not stained by either dye (Cell Event Caspase 

3/7 Green nor SYTOX AADvanced dead cell stain), early 

apoptotic cells were positively stained only with Cell Event® 

Caspase 3/7 Green, late apoptotic cells were positively 

stained with Cell Event® Caspase 3/7 Green and SYTOX® 

AADvanced™ dead cell stain, and necrotic cells were posi-

tively stained only with SYTOX® AADvanced™.

Western blot analysis
PANC-1 cells were harvested after treatment, washed, and 

lysed with RIPA lysis buffer containing protease inhibitors 

(Hoffman-La Roche Ltd., Basel, Switzerland). Protein 

concentration was determined using the Bradford protein 

assay. Protein extracts were separated using sodium dodecyl 

sulfate polyacrylamide gel electrophoresis. Membranes were 

blocked and incubated with primary Bax (mouse monoclonal, 
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clone 2D2, 1:500; Santa Cruz Biotechnology Inc., Santa Cruz, 

CA, USA), Bcl-xL (rabbit polyclonal, 1:500; Cell Signaling 

Technology Inc., Danvers, MA, USA), caspase-3 (mouse 

monoclonal, clone 3G2, 1:500; Cell Signaling Technology 

Inc.), caspase-8 (mouse monoclonal, clone 1C12, 1:500; 

Cell Signaling Technology Inc.), cPARP (rabbit anti cPARP, 

1:700; Cell Signaling) heat shock protein 70 (HSP70) 

(mouse anti-HSP70, 1: 1,200; StressMarq Biosciences 

Inc.), or β-actin-HRP antibody (mouse monoclonal, clone 

8226, 1:25,000; Abcam, Cambridge, UK) before incuba-

tion with secondary anti-mouse IgG-HRP antibody or anti-

rabbit IgG-HRP antibody (1:25,000; both from Santa Cruz 

Biotechnology Inc., Dallas, TX, USA). Immunosignals were 

detected using chemoluminescence HRP substrate (EMD 

Millipore, Billerica, MA, USA).

Determination of rOs production
ROS formation was assessed by incubating harvested 

and washed cells with 100 µM DCFH-DA (OxiSelect™ 

Intracellular ROS Assay Kit, Cell Biolabs Inc., USA). ROS 

formation was analyzed by flow cytometry (λ
exc

=488 nm, 

λ
em

=530 nm). The fluorescence levels obtained were further 

normalized to the amount of vital cells.

Proliferation marker expression after 
hyperthermia
Total RNA was extracted and reverse RNA transcription 

was performed. For quantitative real-time reverse tran-

scription polymerase chain reaction analysis of Ki-67, 

TOP2A, TPX2, and β-2-microglobulin (B2M; reference 

gene) transcript expression, splice junction crossing prim-

ers were designed.31 The relative expression of genes of 

interest was calculated by normalization of the mRNA 

expression after treatment to that of the reference gene 

B2M and by subtraction of the relative mRNA expression 

of non-treated cells.

In vivo magnetic hyperthermia 
of xenograft models
All experiments were conducted according to the 

national and EU norms guidelines on the ethical use of ani-

mals and were approved by the regional animal care commit-

tee (Freistaat Thüringen, Landesamt für Verbraucherschutz). 

Animals were anesthetized with isoflurane. PANC-1 cells 

were implanted subcutaneously into female athymic nude mice 

(Hsd:Athymic Nude-Foxn1nu; Harlan Laboratories, Venray, the 

Netherlands). Experiments were started when tumors reached 

volumes between 60 and 470 mm3. Animals were divided into 

four independent treatment groups: group 1 animals (animals 

that underwent treatment) were treated with MH (intratumoral 

injection of 0.2 mg Fe in 100 mm3 volume of colloidal MNP 

dispersion and application of AMF for 60 minutes twice with 

a time interval of 6 days; parameters of the magnetic field: 

H=15.4 kA/m, f=435 kHz); group 2 (MNP control group) 

received intratumoral injection of 0.2 mg Fe in 100 mm3 vol-

ume of colloidal MNP dispersion (control of MNP influence); 

group 3 (AMF control group; exposure to AMF two times for 

60 minutes each and a time interval of 6 days) and group 4 

(tumor control group) received intratumoral injection of ddH
2
O 

in a volume of 100 mm3. Group 3 (AMF control group) was 

additionally exposed to AMF to assess the impact of AMF on 

tumor growth. Treatment of PANC-1 xenografts with MH, 

monitoring of temperature, and calculation of the thermal dose 

CEM43T90 covering at least 90% (T90) of tumor surface were 

performed as described elsewhere.29 High temperatures were 

applied during MH so that even the outermost tumor regions 

were exposed to temperatures of 43°C. To determine treat-

ment outcome, tumor volume (caliper) and body weight were 

analyzed every 3–4 days. Blood count of MH-treated animals 

and controls was analyzed as described elsewhere.29

statistics
In order to assess the heating effects (i.e. temperature, time, 

therapeutic modality etc. see Figure 1), the corresponding 

groups (cell samples or animals) were compared via the 

utilization of the Mann–Whitney U-test as indicated in the 

figures. P-values #0.05–0.001 were considered to be sig-

nificantly different.

Results
Impact of hyperthermia on cell viability 
and apoptosis induction
cell viability
As shown for BxPC-3 cells, the heat dose supplied by MH 

distinctly decreased cell viability at temperatures of 43°C 

or higher (Figure 1, upper and lower left). The induction 

of necrotic cells was particularly prominent. BxPC-3 cells 

responded to EH only at a temperature of 47°C (late apoptosis 

and sparse amount of necrotic cells, Figure 1, upper and 

lower right). For the corresponding reference temperature, 

the exposure to MH or EH led to comparable heat doses as 

revealed by calculations of CEM43 (Table 1).

Protein expression
Western blot analysis revealed the potential of MH to induce 

cell death in investigated pancreatic cells.
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Mh in PaNc-1 cells
After exposure to MH, no distinct impact on the expression of 

the pro-apoptotic and anti-apoptotic proteins Bax and Bcl-xL, 

respectively, was detected in PANC-1 cells (Figure 2A, 

left). The expression of pro-caspases 3 and 8 decreased. No 

effects on the expression of cPARP (marker for irreversible 

apoptosis) were found.

eh in PaNc-1 cells
In contrast, the heat dose supplied by EH to PANC-1 cells 

distinctly increased Bax and Bcl-xL expression, reduced pro-

caspases 3 and 8 expression, and increased HSP70 expression 

(Figure 2A, 48 hours, right). Again, no distinct effects on 

cPARP were found.

Mh in BxPc-3 cells
BxPC-3 cells treated with MH showed almost no changes 

in the expression of Bax and Bcl-xL (24 hours of post-

treatment). Only at a later time point (48 hours), temperatures 

of 41°C and 43°C led to an increased expression of these 

proteins (Figure S1A, upper left). The expression of 

pro-caspases 3 and 8 was decreased on increasing the 

temperature to 47°C (Figure S2A, lower left). No effects 

on c-PARP, but a tendency for an increased expression of 

HSP70, were detected.

eh in BxPc-3 cells
In contrast, EH treatment of BxPC-3 cells exhibited an impact 

on the expression of pro- and anti-apoptotic proteins only 

Table 1 Parameters of Mh and eh treatment using BxPc-3 cells

Magnetic hyperthermia External hyperthermia

Treatment Duration
(min)

CEM43
(min)

Duration
(min)

CEM43 Temperature

41°c MNP/aMF 61.9±1.6 4.8±0.4 70.6±4.1 5.8±0.8 41°c
43°c MNP/aMF 62.0±0.2 66.8±2.4 72.2±3.0 69.4±1.8 43°c
47°c MNP/aMF 63.4±1.1 1,085.6±56.1 73.6±3.3 1,122.7±50.7 47°c
Notes: applied temperatures and duration of treatment and thermal dose ceM43 of PaNc-1 cells treated either with Mh or eh are shown. results are presented as 
mean ± standard deviation (n$3).
Abbreviations: MH, magnetic heating; EH, extrinsic heating; MNP, magnetic nanoparticles; AMF, alternating magnetic field; CEM43, cumulative equivalent minutes at 43°c.

Figure 1 Mh markedly reduces BxPc-3 cell viability compared to eh using comparable temperatures.
Notes: Analysis of cell populations (vital, apoptotic, necrotic) via flow cytometry at 24 hours (upper panel) and 48 hours (lower panel) post-treatment with MH (left) or 
eh (right) at different temperatures. controls: native cells (37°c) cells treated with MNP without heating (37°c MNP). Mean values and standard deviations (n$3) given as 
percentage of investigated populations (10,000–20,000 cells). MNP concentration: 100 µg/ml. Mann–Whitney U-test: comparison of temperature effects (41°c vs 43°c and 
43°c vs 47°c groups). *P#0.05, **P#0.01, or ***P#0.001. comparison of time effects: “a” indicates 43°c or 47°c (24 vs 48 hours) with P#0.01. “b” Vital cells, 47°c, eh 
(24 vs 48 h) (no significant differences). Comparison of therapy modality effects (MH vs EH groups): numbers “1–11” indicate P#0.01.
Abbreviations: MH, magnetic heating; EH, extrinsic heating; MNP, magnetic nanoparticles; AMF, alternating magnetic field.

° ° ° ° °
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after these cells were exposed to the highest temperature. The 

expression of the protein cPARP was prominent (highest tem-

perature, 48 hours post-treatment, HSP70 not (Figure S1A).

Impact of hyperthermia on the 
formation of rOs
MH exhibited a marked impact on the cellular ROS content 

of PANC-1 cells. ROS formation increased with increasing 

temperatures compared to the non-treated cells (Figure 2B). 

Exposure of PANC-1 cells to MNP alone (100 µg/mL) 

slightly increased the formation of ROS. However, EH 

treatment of PANC-1 had almost no effect on the production 

of ROS (Figure 2B).

Regarding BxPC-3 cells, MH led to a similar response in the 

formation of ROS as observed for PANC-1 cells (Figure S3B). 

In contrast, the exposure of these cells to EH led to ROS pro-

duction only at a temperature of 47°C (Figure S2B).

Impact of hyperthermia on the 
expression of proliferation markers
Analysis of the mRNA expression of the proliferation mark-

ers Ki-67, TOP2A, and TPX2 revealed a marked reduction 

Figure 2 Mh exhibits greater impact on apoptosis induction, rOs formation, and proliferation markers expression compared to eh.
Notes: (A) representative protein bands after immunoblotting of protein cell lysates (PaNc-1 cells). β-actin: protein loading control. (B) Flow cytometry analysis of cells 
to detect rOs induction after staining with DcFh-Da (n$3). (C) qRT-PCR analysis of proliferation markers. Data are depicted in relation to an expression level of 0. 
The expression level of 0 represents the relative mrNa expression of a gene based on B2M (reference mrNa expression in the cell) minus the mrNa expression of the 
respective gene in native, non-treated cells (37°c) (n$6). MNP concentration: 100 µg/ml. (*P#0.05 [Mann–Whitney U-test: treated vs native cells]; non-treated controls at 
37°c). results are expressed as mean values and standard errors.
Abbreviations: MNP, magnetic nanoparticles; ROS, reactive oxygen species; qRT-PCR, quantitative real-time reverse transcription polymerase chain reaction; EH, extrinsic 
heating; MH, magnetic heating; HSP, heat shock protein; AMF, alternating magnetic field; n.d., not determined; DCFH, 2′,7′-Dichlorofluorescin diacetate.
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in their expression after PANC-1 cells were treated with 

MH compared to the non-treated cells (Figure 2C, upper 

left). MNP incubation (100 µg/mL) exerted a comparably 

lower impact. The highest impact on mRNA expression was 

observed for MH treated cells at a temperature of 43°C.

In contrast, PANC-1 cells exposed to EH showed 

an increased mRNA expression of Ki-67, TOP2A, and 

TPX2 (Figure 2C).

Similar to PANC-1 cells, MH treatment of BxPC-3 

cells or MNP controls (100 µg/mL) revealed a significant 

(P#0.05) reduction in the mRNA expression of proliferation 

markers Ki-67, TOP2A, and TPX2 (Figure S1C, 24 hours of 

post-treatment). MH at a temperature of 43°C showed the 

highest impact. At later post exposure times to MH (or MF66 

MNP alone) mRNA expression was almost comparable to 

the non-treated cells (Figure S2C, lower left). In contrast 

to MH exposure, EH treatment of BxPC-3 cells resulted in 

an increased mRNA expression of all the three markers at 

24 hours of post-treatment (Figure S1C, upper right). After 

48 hours, the expression levels were almost comparable to 

the non-treated cells (Figure S1C, lower right); however, 

EH at a temperature of 43°C still distinctly affected the 

TOP2A expression.

In vivo potential of magnetic 
hyperthermia in pancreatic cancer 
therapy using PaNc-1 xenografts
MH treatment of PANC-1 tumor-bearing animals (thermal 

dose CEM43T90: 137±118 min) significantly reduced 

(P#0.05) tumor volumes from day 8 to day 28 (Figure 3A). 

At the end of the observation period, animals displayed dis-

tinctly lower relative tumor volume compared to non-treated 

animals. Intratumoral injection of MNP in combination 

with AMF led to the application of comparable heat doses 

achieving similar hyperthermic temperatures. In most cases, 

a smaller tumor area got affected when subjected to MH 

treatment for the second time compared to the first time. 

The first MH treatment often led to variation of the MNP 

location inside the tumor tissue and/or the loss of MNP with 

respect to the initial intratumoral injection of MNP. Figure 3B 

°

Figure 3 Mh treatment at a temperature .43°C in PANC-1 xenografts resulted in a significant reduction of tumor volume compared to untreated tumors.
Notes: (A) relative tumor volumes of tumors of PaNc-1 xenografts after treatment (ceM43T90: 137±118 min) compared to untreated tumors over a period of 28 days. 
(B) Efficiency of different treatment modalities observed by macroscopic tumor images. Arrow, area of intratumoral iron oxide deposition; arrowhead, distinctly shrunk 
tumor after treatment. (C) Tumor surface temperatures during the two consecutive treatments of representative PaNc-1 xenografts. The amount of MF66 MNP applied: 
0.2 mg Fe/100 mm3 of tumor volume. MNP/aMF: n=5; MNP: n=5; aMF: n=3; untreated: n=3. (*P#0.05; Mann–Whitney U-test: Mh treated vs untreated).
Abbreviations: MNP, magnetic nanoparticles; AMF, alternating magnetic fields; d, day; min, minutes.
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shows the local changes on the surface of tumor xenografts 

that underwent treatment, such as the formation of eschars, 

followed by the development of emarginations, the loss of 

tumor tissue, and the formation of scar tissue. Furthermore, 

intratumoral MNP injection resulted in an inhomogeneous 

MNP distribution within the tumor, thus resulting in the 

formation of local heat spots and temperature gradients 

within the AMF (Figure 3C). Contrary to the MH treatment, 

the presence of MNP or the application of AMF (controls) 

did not result in any detectable temperature increase at the 

tumor surface of the xenograft models (Figure 3C). Thus, MH 

treatment progressively and continuously decreased tumor 

volumes as seen in Figure 3A, whereas the tumor volumes of 

control animal groups increased as expected. Interestingly, 

the presence of MNP attenuated the increase in tumor vol-

umes compared to AMF and tumor control groups.

Hematological parameters such as the number of white 

and red blood cells and the hemoglobin concentration of 

animals exposed to MH displayed no differences compared to 

control groups (Figure S2A). White blood cell count exhibited 

a high variability between different animal groups. However, 

the overall hematological parameters of the animal groups 

were not far from the blood counts reported by the supplier of 

the animal models (black line in Figure S1A). Furthermore, 

the body weight of mice remained stable and was, therefore, 

not affected by either treatment (Figure S2B). Finally, it is 

worth to mention that intratumoral injection of MNP and 

subsequent MH treatment did not lead to the accumulation 

of MNP in other organs and/or tissues of group 1 animals 

28 days after the first application of AMF (Figure S3).

Discussion
In general, our in vitro data revealed the superiority of MH 

over EH in killing cancer cells and inhibiting tumor cell pro-

liferation. Intracellular MH mainly increased the number of 

cells in necrosis. MH triggered ROS formation and reduced 

the expression of the proliferation markers Ki-67, TOP2A, 

and TPX2 at mRNA level. EH prominently increased the 

number of cells in apoptosis; ROS formation was less pro-

nounced and the expression of the proliferation markers 

and cell protective proteins (HSP70) increased in some 

cases. Despite the differences between both hyperthermia 

modalities (MH and EH), we also detected distinct responses 

depending on the cell line. The MH treatment of tumor-

bearing xenografts inhibited tumor growth compared to 

untreated animals.

In particular, the strong effect of MH treatment on 

the induction of cell necrosis and ROS formation may be 

related to the large heat doses in the intracellular MNP 

surroundings.32 The fact that a decreased cell viability for 

different cell lines after MH was reported, though no rise in 

temperature of the surrounding medium could be detected 

in other studies,25 further reinforces our observations. The 

by-passing of thermotolerance induction due to the inhibi-

tion of HSP expression as well as increased cellular stress 

due to MNP rotation within the AMF could be two further 

explanations for the higher impact of MH exposure with 

respect to EH.

The fact that no distinct signs of apoptosis (eg, cell frac-

tion analysis, expression of increased Bax and decreased 

Bcl-xL and pro-caspases 3 and 8, no cPARP and HSP70) 

were observed on protein expression after MH in both cell 

lines is an indication that the impact of the produced intra-

cellular temperatures resulted in an immediate destruction 

of cells (cell necrosis). This is in agreement with our data 

from cell population analysis. The effect of EH is compara-

tively lower since cells do die in a retarded manner via the 

induction of metabolically programmed process of apop-

tosis, in particular at higher temperatures. Consequently, 

this means that MH is superior to EH in inactivating tumor 

cells. The in vivo situation, particularly the MH treatment, 

shows that the induction of necrosis or apoptosis depends 

on the degree of internalization of the nanoparticles after 

their application to the tumor area and the formation of 

intracellular heating spots capable of triggering cellular 

death as our in vitro results show. The fact that magnetic 

hyperthermia of tumors decreases cell viability (in terms of 

proliferation) has been emphasized by a decreased presence 

of cells expressing Ki67.29 Hence, these complex relation-

ships indicate that the hyperthermia treatment modality, 

the heat dose, and the phenotype of the cancer cell line 

determine the regulation of molecular processes associated 

with cell death.

Interestingly, there was a tendency detectable for a higher 

sensitivity of PANC-1 compared to BxPC-3 to MH, but not 

for EH. This means that MH might well have a higher impact 

on cell-specific differences in metabolism compared to EH. 

In particular, the pattern of protein expression involved in 

apoptosis (Bax, Bcl-xL, pro-caspases 3 and 8, PARP; see 

below) was very different in both cell lines and depended 

upon whether MH or EH was applied. The same holds true 

for the expression of Ki-67, TOP2A, and TPX2. Different 

thermosensitivity could also be due to alterations in the 

expression of p53 and pRb as well as differential expression 

of HSP70 and HSP90.33–35 This means that the response of 

tumor cells to thermal stress is cell-line dependent as well 
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as from the therapeutic strategy. From a clinical translation 

perspective, there will be a need to characterize the tumor 

entities for their therapeutic ability of MH. Our data show 

that the concept of precision medicine seems to be valid for 

nanotherapies too.

Exposure to MH treatment dramatically increased the 

formation of cellular ROS in both cell lines, whereas EH 

treatment showed almost no impact (up to a temperature 

of 43°C). Therefore, we can assume that the ROS-based 

response to hyperthermic temperatures does not depend on 

the cell line. ROS can severely damage cellular structures 

like DNA, proteins, lipids, and cofactors of enzymes due to 

oxidation and, therefore, induce apoptosis. Moreover, it is 

known that high levels of oxidative stress can destroy tumor 

cells or at least arrest tumor growth.36 In this context, the 

increased amount of ROS with increasing temperatures cor-

related well with the induction of apoptosis and the viability 

of the cells after either treatment.

Interestingly, the exposure of cells to bare MNP also 

led to an increased formation of ROS. One reason could be 

that the partial degradation of internalized MNP is known 

to take place in endolysosomes. Iron in its elemental state 

will then be exposed to the cell, which can participate in 

the Fenton reaction leading to the generation of ROS.37 

Accordingly, ROS formation after MH is a consequence, at 

least in parts, of the presence and degradation of the MNP 

within the cells. It is conceivable that the MNP-associated 

ROS production acts as secondary stress factor during and 

after MH treatment.

Furthermore, MH led to a reduction in the mRNA expres-

sion of the proliferation markers Ki-67, TOP2A, and TPX2 

compared to the non-treated cells. This indicates that a higher 

percentage of cells from the population corresponds to the 

resting (Go) phase of the cell cycle (Ki-67); moreover, DNA-

transcription activity (TOP2A) and vessel invasion potential 

and metastasis (TPX2) are reduced. This observation under-

lines the effects of MH on the tumor cells. In contrast, EH 

mainly increased marker expression. This finding might be 

associated to hormesis, that is, the adaptive response of cells 

to the comparatively “moderate” heat stress induced by EH. 

It was shown that the molecular mechanisms involved in 

hormesis include the increased production of cytoprotective 

and restorative proteins and protein chaperones.38 In this 

view, one could also explain the expression of the antago-

nistic proteins regulating apoptosis (Bax and Bcl-xL) in 

response to EH (ie, at higher temperatures). In consequence, 

the impact of EH on the expression of the tested proliferation 

markers is less prominent than of MH.

The differential expression pattern of Ki-67, TOP2A, and 

TPX2 in both cell lines (considering MH vs EH) indicates 

that their short-term response pattern on the expression of the 

investigated proliferation markers seems not to be cell line 

specific, whereas the period of time after which the impact 

of hyperthermia is still detectable is a rather cell-specific 

response. Hence, in the view of a clinical translation, hyper-

thermia treatment of tumors derived of the same organ could 

result in a slightly increased or reduced effectiveness of the 

respective treatment due to the metabolic heterogeneity of the 

tumor cells. As a result, tumor cells of a same entity exhibit 

a different response in terms of proliferation marker expres-

sion with consideration of the heating modality, sensitivity 

against heat, and time after therapy.

The in vivo treatment of tumors via MH using a heat-

ing dose of 137±118 min CEM43T90 led to a significant 

(P#0.05) reduction in tumor volume and inhibition in tumor 

growth compared to animals treated with AMF, MNP, or 

untreated ones. Earlier studies reported a significant inhibition 

of tumor growth and a prolonged survival of xenografts bear-

ing murine pancreatic cancer cells (MPC-83) after treatment 

with MH using temperatures between 47°C and 51°C for up 

to 30 minutes.39 Despite the comparably much lower magnetic 

material dosing (0.2 mg Fe vs 49.6 mg Fe) used in the present 

study, the treatment of tumors with physiological amounts of 

MNP still leads to a marked impact on tumor growth.39

The reason as to why the presence of MNP per se led to 

a reduction in tumor volumes in comparison to the untreated 

controls is speculative. Our in vitro data showed that the 

MNPs were not cytotoxic to tumor cells. On the other hand, 

it may well be conceivable that the presence of MNP in 

the extracellular tumor compartments led to some impair-

ment of nutrient supply that resulted in a retarded tumor 

cell proliferation.

MH treatment of PANC-1 xenografts led to a reduction in 

tumor volume. BxPC-3 xenografts treated in the same manner 

showed a regrowth in tumor volume starting at day 14 after 

the first MH treatment.29 These differences in tumor regrowth 

were due to a lower magnetic material dosing (0.1 mg Fe 

in a volume of 100 mm3) in BxPC-3 xenografts with a high 

interstitial fluid pressure within the tumors compared to 

PANC-1 xenografts (0.2 mg Fe in a volume of 100 mm3) 

as well as a higher proliferating potential of BxPC-3 cells 

as indicated by a tumor growth rate of 8.3%±3.4%/day of 

untreated animals compared to untreated PANC-1 xenografts 

(4.9%±4.0%/day). Furthermore, a lower thermal dose was 

applied to BxPC-3 xenografts (CEM43T90: 1±1) compared 

to PANC-1 xenografts (CEM43T90: 137±118). A clear 
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tendency toward the inhibition of tumor growth caused by 

MH was visible. Treating BxPC-3 xenografts with a magnetic 

material dosing and heat dosages as high as those applied 

for PANC-1 xenografts very likely would have resulted in 

a complete inhibition of tumor relapse, at least during the 

observation period of 28 days. Nevertheless, as observed in 

the in vitro experiments, various metabolisms of cancer cells 

and individual tumors could slightly influence the outcome of 

hyperthermia treatment when using MH. With consideration 

of the aforementioned results, we also expect that the in vivo 

treatment of tumors by EH exposure would lead to a lower 

therapeutic outcome than MH. In addition, neither MNP nor 

AMF exposure led to significant anticancer effects on the 

tumor volume growth.

No damage to organs or interference with their functions 

was observed after in vivo treatment of tumors via MH. 

The fact that MH, MNP, or AMF exposure did not influ-

ence the blood count or the body weight of the xenograft 

models further proves the high biocompatibility of MH and 

the employed MNP. In consequence, our in vivo results rise 

up the evidence that the MH therapeutic modality is highly 

biocompatible.

Potential limitations of this study are that the observed 

effects of MH and EH are not based on in situ studies of 

isolated tumors but on pancreatic tumor cells in culture. 

Moreover, our data on proliferation markers are based on the 

mRNA expression levels. Due to post-translational regula-

tions, the expression on the protein level could be different.

Conclusion
In conclusion, our data showed that MH treatment was 

superior in inducing thermal stress in comparison to EH. MH 

exposure triggers cell death more aggressively (increased 

cell necrosis) and is more efficient in producing ROS and 

in reducing the expression of the proliferation markers 

Ki-67, TOP2A, and TPX2 on mRNA level compared to 

EH. Additionally, the presence of MNP in tumor cells might 

secondarily promote the efficiency of MH due to their core 

degradation process that favors oxidative stress reactions 

(Fenton reactions). In most cases, there was an increased 

degree of complexity in the variability hyperthermia thera-

peutic outcome when considering the applied temperature, 

thermal sensitivity of the tumor cells, and temporal response 

after treatment. With consideration of the clinical situation, 

these findings outline the preference for the induction of 

intracellular temperatures via MH together with the necessity 

to identify those pancreatic tumor entities with high ability 

to respond to MH at defined temperatures, as demonstrated 

by the different sensitivity of the used cell lines. In this 

context, MH may also be subjected to the concept of precision 

medicine in order to optimize its therapeutic efficacy.
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