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Abstract

In this paper we show that conjugation of magnetic nanoparticles (MNPs) with Gemcitabine and/or NucAnt (N6L) fostered their
internalization into pancreatic tumor cells and that the coupling procedure did not alter the cytotoxic potential of the drugs. By treating tumor
cells (BxPC3 and PANC-1) with the conjugated MNPs and magnetic hyperthermia (43 °C, 60 min), cell death was observed. The two
pancreatic tumor cell lines showed different reactions against the combined therapy according to their intrinsic sensitivity against
Gemcitabine (cell death, ROS production, ability to activate ERK 1/2 and JNK). Finally, tumors (e.g. 3 mL) could be effectively treated by
using almost 4.2 × 105 times lower Gemcitabine doses compared to conventional therapies. Our data show that this combinatorial therapy
might well play an important role in certain cell phenotypes with low readiness of ROS production. This would be of great significance in
distinctly optimizing local pancreatic tumor treatments.
© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Pancreatic carcinoma is among the most harmful cancers,
which are associated with poor prognosis. Despite very
aggressive surgical and chemotherapeutical interventions, this
cancer entity still causes one of the highest cancer associated
deaths in Europe and in North America.1,2

Owing to the high mortalities, intensive research is being
undertaken to find more effective therapy options.3 One of them
is magnetic hyperthermia, which is sought to be a promising tool
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and in vitro studies reported the efficiency of magnetic
hyperthermia in triggering the release of the chemotherapeutics
form the MNP drug carrier10,11 as well as its synergistic effect
when combined with different types of chemotherapeutics.5,12

A standard care strategy for patients with pancreatic tumors is
the chemotherapeutic agent gemcitabine (Gem). It is a cytidine
analog that is incorporated into DNA during replication causing
cell cycle arrest and ultimately leading to apoptosis.13,14 It has
been approved as first line treatment of non-small lung, bladder,
breast and pancreatic cancers.15 Although Gem-based chemo-
therapy provides clinical advantages for patients, important
amount of studies reported the emergence of resistances.16–18

Commonly known side effects of Gem after systemic application
include, fever, nausea, low blood counts etc.

In contrast a high tolerability and effectivity in pancreatic
cancer treatment can be achieved by coupling the drug to
magnetic nanoparticles in order to exploit the synergistic effects
of magnetic hyperthermia and chemotherapy. However, there are
still some challenges facing the use of chemotherapeutic loaded
MNPs, such as the reduced accumulation of these nanoparticles
in the tumor tissues after systemic injection.19 Therefore, the
intratumoral injection of the magnetic material is the method of
choice for clinical translation. In order to foster the intracellular
accumulation of MNPs deposited in the tumors and the
anticancer activity during therapy, the consideration of the
pseudo-peptide N6L is favorable20 It recognizes specifically
nucleolin,21 which is a protein overexpressed on the surface of
cancer cells, as well as nucleophosmin. This permits its entry into
the nucleus, which mediates the induction of apoptosis.20,22,23

In the present work, using in vitro investigations and an in vivo
pancreatic mouse model, we sought to investigate to which extent
magnetic nanoparticles conjugated with Gem and N6L do exert a
synergistic effect on tumor phenotype when subjected to an
alternating magnetic field to deliver magnetically induced heating.
In this context we asked the following questions: 1) What is the
specific absorption rate of the nanoparticles with consideration of
their immobilization in tumor structures? 2) Is there a combined effect
between the conjugated MNPs and magnetic hyperthermia on
the phenotype of pancreatic tumor cells? 3) If yes, to which extent is
the combined effect able to inhibit tumor cell growth by inducing an
S-phase cell cycle arrest and cell death (apoptosis and non-apoptotic
cell death)? 4)Towhat degree can the combined effect be attributed to
the onset of cellular stress mechanisms (e.g. ROS production,
activation of JNK kinase pathways)? 5) Is the multifactorial (Gem
and/or N6L and hyperthermia) therapymodality compatible to living
animals?
Methods

Magnetic nanoparticle synthesis

Magnetic nanoparticles (MNPs) were made up of an iron
oxide core and a dimercapto-succnic acid (DMSA) coating.24

For experimental sakes, these nanoparticles were called MF66.
The hydrodynamic diameter of MF66 was assessed using
dynamic light scattering (DLS) and Nanoparticle Tracking
Analysis (NTA).
Conjugation of DMSA-MNP

MF66 were covalently bi-conjugated with both gemcitabine
(Gem)13 or the pseudo-peptide NucAnt (N6L) as described
previously.25 Finally, the final concentration of drugs conjugated
to MNPs was 5 μmol N6L/g Fe and 12 μmol GEM/g Fe.

Specific absorption rate of MNP

The specific absorption rate (SAR) of the different MNP
formulations was assessed as described before.24,26

Cells, culture, and MNP exposure conditions

The BxPC-3 and PANC-1 cell lines were selected because of
their different sensitivity against Gem (BxPC-3: high, PANC-1:
low27) and different ROS responsiveness after magnetic
hyperthermia (BxPC-3: high, PANC-1: low28). Both cell lines
(ATCC) were cultured in RPMI 1640 medium complemented
with 10% fetal bovine serum (Gibco ®). Cells were kept at 37 °C
and a humidified atmosphere containing 5% CO2. For
experimentation, cells were incubated with the nanoparticles
for 24 h and subjected or not (controls, MNP groups) to
magnetic hyperthermia (43 °C, 60 min, alternating magnetic
field (AMF); denoted as MNP + AMF groups).

Quantification of MNP cellular uptake using atomic absorption
spectrometry (AAS)

Cells were incubated with the different MNP formulations for
24 h. Quantification of intracellular iron content was performed
as described previously.24

Cell growth assay

Cells were grown on cell culture flasks and either incubated
with the different MNP formulations (concentration of 100 μg Fe
/ ml, group 1) or additionally subjected to an alternating
magnetic (60 min, 24 h after MNPs incubation, group 2). At 24
or 48 h later, the cell growth was determined.29 Fluorescence
(λexc = 530-560 nm, λem = 590 nm) was normalized to the one of
the untreated cells. The experiment was carried out at least 3 times.

Cytotoxicity evaluation of conjugated MNP by High Content
Screening and Analysis (HCSA)

HCSA was carried out on incubated cells to evaluate cell
count reduction, membrane permeability, lysosomal mass /pH
variation as previously described.30–32 Cytotoxicity exposure
and analysis followed the same protocol as previously
published.30 Bioinformatics was carried out to identify cytotox-
icity behavior for dose-dependent exposures, as previously
described.31,32

2D colony formation assay

Evaluation of 2D survival after treatment of the cells was
performed as described in a previous publication.33
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Analysis of cell cycle distribution and apoptosis using flow
cytometry

Cells were seeded and incubated with MNPs (see above). 24
and 48 h post hyperthermia, cells were collected, washed and
prepared as described elsewhere.34 The data were analyzed with
the CELLQUEST Pro software (BD Biosciences, Heidelberg,
Germany).

Analysis of cell death by Annexin V/ 7-Amino-Actinomycin (7-
AAD) binding by flow cytometry

Cells were harvested, washed with cold PBS, and stained with
Annexin V-FITC / 7AAD according to manufacturer's
protocol.35

Measurement of intracellular reactive oxygen species (ROS) level

The generation of cellular ROS was monitored by measuring
the oxidation of dichloro-dihydro-fluorescein diacetate (DCFH-
DA) to 2′,7′-dichlorofluorescein (DCF). Upon MNPs + AMF
and MNP treatments, cells were washed with PBS followed by
addition of 10 μM working solution of DCFH-DA (Sigma,
Darmstadt, Germany) at 37 °C for 1 h. Lastly, cells were washed
with PBS and the fluorescence was assessed spectroscopically
(at λexc = 485 nm, λem = 535 nm).

Western blot analysis, active caspase 3/7, and active caspase 8
measurements

Cell lysis was performed with RIPA buffer and protease
inhibitor cocktail complete (Roche). Western blot analysis was
performed as previously described.36 Mouse antibodies against
p53, Bcl-2, Bax, rabbit antibodies against, Cyclin A, were
purchased from Santa Cruz biotechnology. Mouse antibodies
against cleaved-PARP, δ-H2AX, rabbit antibodies against JNK,
p-JNK, Erk, p-Erk, p-C-Jun, cleaved Caspase 3, p21 were
obtained from Cell Signaling. Measurement of the activities of
caspase 3/7 and caspase 8 was performed using Caspase-Glo® 3/
7 and Caspase-Glo® 8 Assays (Promega, Mannheim, Germany)
according to manufacturer's instructions.

In vivo hyperthermia experiments in BxPC-3 mouse models

The experiments were carried out in accordance with
international guidelines on the ethical use of animals and were
approved by the regional animal care committee (Thüringer
Landesamt für Verbraucherschutz, Bad Langensalza, Germany).
Animals were humanely cared for during the whole experimen-
tation period. Animals were maintained under artificial day–
night cycles (12 h light–dark cycles; 23 °C room temperature,
30%-60% environment humidity) and received food and water
ad libitum. Athymic nude mice were subcutaneously injected
with 2 × 106 BxPC-3 cells. Tumors of a volume between 100
and 250 mm3, were injected with 0.25 mg Fe, 3 nmol Gem, and/
or 1.25 nmol N6L per 100 mm3 of the different MNP
formulations (12 μmol Gem and 5 μmol N6L per g Fe). Two
in vivo hyperthermia treatments, at day 0 and day 7 were
performed. Mice were subjected to an alternating magnetic field
for 60 min to temperatures around 43 °C. Fiber optic temper-
ature sensors (Optocon, Dresden, Germany) monitored the
temperature at the tumor surface and the rectal temperatures of
the mice during the whole experimental procedure. The tumor
volumes of the different treatment groups were compared to
those of the control group that only received ddH2O since the
MNP formulations were suspended in water. All animal handling
was performed under anesthesia.

Histology of Ki67 in BxPC-3 tumors after treatment with MNP-
N6LGem

Tumors were fixed in formaldehyde and embedded in paraffin.
Tissue sliceswere blockedwith avidin and biotin, incubatedwith the
primary antibody for Ki67 (Abcam, Berlin, Germany) secondary
one (goat anti-rabbit IgG (H + L)-biotin (Dianova, Hamburg,
Germany). Antigen detection of Ki67 was achieved using
streptavidin AP (Biozol, Eching, Germany) and a chromogen
(Dako, Glostrup, Germany). Slices were counterstained with
hematoxylin (Sigma-Aldrich, Karlsruhe). Semi-quantitative analysis
of Ki67-staining was performed with the software “cellSens
Dimension” from Olympus (Düsseldorf, Germany). Hereto, 400
cells were counted per hotspot at 20-fold magnification and were
assigned to either to the Ki67-positive or Ki67-negative group.

Statistical analysis and calculations

Student's t test (two tailed and paired) was used to evaluate
the significance of differences between the treatment groups
within the experiments. Difference was considered as statisti-
cally significant when P b 0.05. For comparison of Gemcitabine
doses in oncological therapies vs. intratumorally applied ones
see supplemental text.
Results

MF66 MNP formulations show a high heating potential and a
good cellular uptake

The MF66 MNPs were successfully conjugated either with
the chemotherapeutic gemcitabine (Gem) or the pseudo-peptide
NucAnt (N6L), as well as with both. The conjugation of MF66
DMSA-MNPs increased their hydrodynamic diameter (Figure 1,
A). Due to the positive charges of N6L, we obtained a positive
zeta potential for MF66-N6L and the bi-conjugated MF66-
N6LGem (Figure 1, C). The investigated MNPs showed very
high SAR value as suspension in water. Under different
immobilization conditions (in 1% agarose or 10% PVA), we
observed a SAR reduction in all MNP formulations. The
strongest reduction was observed in 10% PVA, where the SAR
values were found to be reduced by 50% in all MNP
formulations compared to the situation before MNPs immobi-
lization (Figure 1, D). All MNP formulations were internalized
by BxPC-3 cells but at different extents. Interestingly,
conjugated MNPs showed the best uptake compared to the
non-conjugated MF66 (Figure 1, E).

Cytotoxicity of conjugated MNPs

Multi-parametric analysis showed that MNP-concentrations
up to 100 μg Fe/mL did not trigger MNP-induced cytotoxicity,
as from previously reported work for breast cancer cell lines.30



Figure 1. Characterization of the magnetic nanoparticles (MNP) and their uptake in vitro. (A) The hydrodynamic diameter (z-average); (B) the ζ-potential.
(C) SAR values of MNP. (D) Intracellular iron content measured in BxPC-3 24 h following exposure to 100 μg/ml MNP. (E)MNP uptake in cells at 24 h after
MNP exposure. Scale bar: 100 μm.
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Maximal response from Gemcitabine was achieved at 800 μM in
either free formulation or conjugated form. The maximal effect
was achieved for the conjugated nanoparticle, in the absence of
hyperthermia, after 72 h exposure. Nonetheless, cell count
reduction and cell permeability are showing cell growth
inhibition after 24 h exposure, as reported in Table 1.

Image of Figure 1


Table 1
Comparative cytotoxicity of BxPC-3 cells after exposure with Gemcitabine (Gem), MF-66 conjugated with Gem, MF66 nanoparticles, MF66 conjugated with
N6L and Gem and CdSe Quantum dots (Positive control) to pancreatic cells.

Cell Count reductiona

[%]
Lysosomal Mass / pHa

[%]
Cell Permeabilitya [%]

24 h 72 h 24 h 72 h 24 h 72 h

Gem (800 μM) −51 −91 +10 +53 +30 N200
MF66-Gem (100 μg/ml + 800 μM) −29 −72 +17 +63 N250 170
MF66 MNP (100 μg/ml) −13 −37 +24 +26 +29 +19
MF66 N6L-Gem (100 μg/ml + 800 μM) −30 −39 +28 +27 +25 +19
CdSe quantum dots (1 μM) N−75 N−90 +57 N+80 +95 +135

Data are reported as percentage variation compared to untreated control. (nexpt = 3).
a Data normalized to untreated control.
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The combination of conjugated MNPs and magnetic hyperthermia
inhibits cellular growth

Hyperthermia and conjugated MNP exposure (multimodal
approach) revealed a prominent inhibition of BxPC-3 and
PANC-1 cell growth in comparison to the mono-modal treatment
(Figure 2, and Suppl. Figure S1). This holds true for the short-
term post incubation times (BxPC-3: 24 to 48 h, Figure 2, A-C)
as well as for the long term incubation times (15 days, Figure 2,
D-E and Suppl. Figure S1).

MF66-Gem and MF66-N6LGem induce S-phase cell cycle arrest
and increase the sub-G1 fraction irrespectively of magnetic
hyperthermia

A prominent increase in S-phase cell fraction was transiently
observed for the conjugated MNP formulations (24 h, Figure 3,
A). Among them, the Gem loaded MNPs displayed a strongest
increase in the S-phase cell fraction (BxPC-3, Figure 3, A, C).
Upon subjecting cells to magnetic hyperthermia, this arrest was
still detected in cells treated with MF66-Gem and with MF66-
N6LGem (Figure 3, B, D). Native or conjugated MNPs were
able to induce apoptosis at short post treatment times (24 h, sub-
G1 cell fraction as marker for cell fraction in apoptosis, Figure 3,
E, and Suppl. Figure S2 for PANC-1cells). At longer post-
treatment times (BxPC-3: 48 h), apoptosis was particularly
observed for the combination MF66-Gem and MF66-N6LGem
and magnetic hyperthermia relative to controls (native cells,
MNPs only, Figure 3, F). Cell death was also observed in
PANC-1 (Suppl. Figure S3) in relation to this therapeutic
modality and in certain cases a distinct extent of necrotic cells
(Suppl. Figure S3).

Magnetic hyperthermia sensitizes pancreatic tumor cells to
gemcitabine therapy and fosters cell death

In both cell lines (PANC-1 and BxPC-3), the highest
induction of cell death was registered after treating cells with
MNPs conjugated with Gem (compared to non-treated control
cells, Figure 4, A and B, Suppl. Figure S3). This was concomitant
to a strong decrease of living cells (Figure 4, A-D). Interestingly,
subjecting cells to magnetic hyperthermia mostly intensified the
effect of Gem on MNPs (either in the mono- or the bi-
conjugation mode) in inducing cell death (i.e. apoptosis in
BxPC-3, Figure 4, F-H, but also cell death in PANC-1 cells,
Suppl. Figure S3). Conjugation with N6L led to increased cell
death and apoptosis compared to the bare MNPs in BxPC-3 and
PANC-1 cells. Interestingly, the combinatorial effect of N6L and
GEM was not additive (in presence or absence of magnetic
hyperthermia, Figure 4, Suppl. Figure S3).

The combination therapy gemcitabine conjugated MNP and
magnetic hyperthermia increases intracellular ROS in BxPC-3 cells

The incubation of cells with native or conjugated MNP
formulations basically stimulated the production of cellular ROS
compared to untreated controls (Figure 5, A-C). But after
subjecting cells to magnetic hyperthermia, ROS levels distinctly
increased in all treatment groups (Figure 5, A-D). Cells that have
undergone the multi-modal treatment involving Gem conjugated
MNP and hyperthermia showed the strongest rise of ROS level
compared to the mono-modal treatment with MNPs.

Hyperthermia and the presence of multifunctional MNPs induces
cell death by involving apoptotic signaling in the BxPC-3 cells
sensitive to gemcitabine

The presence of Gem in the MNP formulations (MF66-Gem,
MF66-N6LGem, without hyperthermia) induced an S-phase arrest in
cells (Cyclin A, Figure 6,A andD, lanes 3, 5, 7, 9). DNAdamagewas
confirmed by the increase in protein levels of H2AX (pSer 139)
(Figure 6, A and D lanes 3 and 5). Interestingly, subjecting cells to
hyperthermia showed an even stronger increase of H2AX (pSer 139;
Figure 6, A and D, lanes 7-9). Treating cells with the conjugated
MNPs and hyperthermia triggered an up-regulation of p53, as well as
its downstream target cyclin dependent kinase inhibitor 1A (p21)
(Figure 6, A, 48 h post treatment). Only the gemcitabine conjugated
MNPs and independently form hyperthermia, displayed an increase in
p53 and p21 relative to controls, which suggests a persistent stress
(Figure 6, D, 48 h). The multi-modal treatment (MNPs and
hyperthermia) led to an important accumulation of the pro-apoptotic
Bax and to a strong reduction of the anti-apoptotic Bcl2 in relation to
control group or to MNP treatment. (Figure 6,D, lanes 7-9). Besides,
we observed a strong activation of caspase-3, caspase-8 (extrinsic
apoptotic signaling), and an increase of the cleaved product of PARP
(Figure 6, A-F). Measurements of caspase-8 activation showed a
general increase after incubationwith the conjugatedMNP in presence
of magnetic hyperthermia, particularly with Gem compared to
untreated BxPC-3 control cells (Figure 6, C and F).



Figure 2. Magnetic hyperthermia enhances the cytotoxic effect of the conjugated MNP and leads to a strong growth inhibition in BxPC-3 cells in vitro.
(A)Working schedule for in vitro assays. (B,C) Cell growth after treatments (AMF: alternating magnetic field). (D)Number of 2D colonies after treatments. (E)
15 days post hyperthermia treatment, mean colonies number ± SD. ** P ≤ 0.01, * P ≤ 0.05 (n = 3 independent experiments).
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Hyperthermia and the presence of multifunctional MNPs
induces cell death by a non-apoptosis pathway in the more
resistant PANC-1 cells against gemcitabine

In the PANC-1cells, the increase of the pro-apoptotic markers
p53, p21, and PARP was less pronounced compared to the
gemcitabine sensitive BxPC-3 cells in presence of MF66-Gem or
MF66-N6L-Gem, whereas the pro-apoptotic protein Bax remained
almost constant (Suppl. Figure S4). Interestingly, the activity of
caspase 3/7 was steadily increasing in the presence ofMF66-Gem or
MF66-N6L-Gem, but in combination with magnetic hyperthermia
only prominent at 48 h post treatment (Figure S4).

Hyperthermia in combination with the conjugated MNPs
activates the c-Jun N-terminal kinase (JNK) in the sensitive
BxPC-3 cells but not in the more resistant PANC-1 cells

In BxPC-3 cells, we could see a decrease of phosphorylated
ERK 1/2 (Figure 6, A, D) in presence of hyperthermia in
combination with the conjugated MNPs compared to non-treated

Image of Figure 2


Figure 3. Treatment of BxPC-3 cells with MF66-Gem and MF66-N6LGem causes an S-phase arrest and sensitize cell killing by the following magnetic
hyperthermia. Cell cycle phase distribution. Mean ± SD (n = 3 independent experiments).
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Image of Figure 3


Figure 4. Magnetic hyperthermia increases apoptosis in BxPC-3 cells pre-treated with MF66-Gem and MF66-N6LGem. Percentages of apoptotic and
death cells; (D, H) living cells in % (derived from A or E). Mean ± SD (n = 3 experiments). *** P ≤ 0.001.
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Image of Figure 4


Figure 5. The combined exposure of BxPC-3 cells to MNPs and magnetic hyperthermia enhances the production of intracellular ROS. (A) Intracellular
ROS. (B-D) Light (BF: bright field) and fluorescence images of intracellular ROS generation. Mean ± SD (n = 3 experiments). * P ≤ 0.05,** P ≤ 0.01. Scale
bar: 400 μm.
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controls. On the other hand, combining Gem conjugated MNP
with hyperthermia markedly increased the phosphorylated levels
of JNK (Figure 6, A, D). The overall expression of both kinases,
ERK and JNK, remained unchanged (Figure 6, A, D). In PANC-
1 cells, phosphorylated ERK 1/2 was rather increased in presence
of hyperthermia in combination with the conjugated MNPs,
suggesting resistance. Additionally, phosphorylated levels of
JNK were also increased (Suppl. Figure S4).

Image of Figure 5


Figure 6. The treatment with chemotherapeutics coupled to MNP and magnetic hyperthermia activates JNK kinase and triggers more apoptosis in
BxPC-3 cells. (A, D) Western Blot analysis of isolated cells. (B, E) Activities of caspase 3/7, mean ± SD (n = 3 independent experiments). * P ≤ 0.05 MNP
group versus MNP + AMF group, ** P ≤ 0.01 MNP group versus MNP + AMF group. (C, F) Activity of caspase 8, mean ± SD (n = 3 independent
experiments). * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001.
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Image of Figure 6


Figure 7. Combining MNP and magnetic hyperthermia significantly reduces tumor volumes in vivo. (A) Working schedule for magnetic hyperthermia in
vivo. (B, D) Relative tumor volumes to day 0, in %, mean ± SD (n = 8 mice per group). (C, E)Macroscopic images (28 days post therapy).(B, C)With and (D,
E) without hyperthermia. *** P ≤ 0.001 control BxPC-3 versus Gem and N6L conjugated MNP and hyperthermia groups. ** P ≤ 0.01 bare MF66 and
hyperthermia versus Gem and N6L conjugated MNP and hyperthermia groups.
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Image of Figure 7


Figure 8. Combining MF66-N6LGem-MNPs and magnetic hyperthermia distinctly reduces expression of the proliferation marker Ki67 in vivo. (A)
Number of Ki67 positive and negative tumor cells in tumor tissue slices. n.d., not determined. (B) Exemplary microscopic images, red: Ki67, brown: iron oxide
nanoparticles. Bars: 200 μm. +/+: with MNP and AMF; +/−: with MNP and without AMF; −/−: without MNP and without AMF, ** P ≤ 0.01.
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Combining chemotherapeutics conjugated MNP with hyperther-
mia causes tumor regression in BxPC-3 xenograft model

In absence of hyperthermia all MNP formulations showed a
rapid and continuous tumor growth (Figure 7, A). The different
MNP formulations were not able to reduce tumor volumes
compared to control mice (ddH2O) (Figure 7, B and C). By
contrast, magnetic hyperthermia combined to chemotherapeutics
conjugated MNPs showed an impressive tumor regression
compared to the initial volume measured at beginning of the
experiments (Figure 7, D and E). This regression was already
observed 3 days post hyperthermia treatment and was significant
compared to control tumors (ddH2O + AMF) (P ≤ 0.001) or
those treated with bare MNPs and hyperthermia (P ≤ 0.01)
(Figure 7,D). At day 28, tumor volumes reduced for mice treated
with MF66-Gem, MF66-N6L or MF66-N6LGem and hyper-
thermia (Figure 7, D and E). Interestingly, the mice group
treated only with hyperthermia (bare MF66 + AMF) showed a

Image of Figure 8
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reduced effect on tumor volumes and 10 days after treatment the
tumors restarted to grow (Figure 7, D). The combined tumor
therapy did not induce any changes of the blood parameters of
treated animals (Figure S5).

The combination of AMF treatment and MF66-N6LGem MNP
showed a reduced proliferation in the BxPC-3 tumors

At both points in time (1 and 28 days post therapy, Figure 8) a
reduction of the number of Ki67-positive and an increase of
Ki67- negative cells were observed when tumors were treated
with MF66-N6LGem in presence of absence of AMF. The
combination of MNP and AMF had a higher impact on the
reduced Ki67-expression in tumors than the MNPs alone.
Discussion

Our data show that 1) conjugation of MNPs with Gem and/or
N6L fosters their internalization into tumor cells, 2) the coupling
procedure does not alter the cytotoxic potential of the drugs, in
particular of Gem, 3) the exposure of cancer cells to MNP
conjugated with Gem and N6L together with magnetic
hyperthermia further strengthens the cytotoxic effect in gemci-
tabine sensitive and less sensitive cells in vitro, 4) the observed
anti-tumor effects were also visible in the in vivo situation.

In terms of the heating potential, all investigated MNP
formulations displayed high SAR values, even after immobilization
of the MNPs, in comparison to those reported in the literature.26,37

Almost all conjugatedMNP formulations displayed an important
cellular internalization. In this regard, especially the higher uptake of
MNPs can be associated with an increased hydrodynamic diameter
after conjugation,38 or either a direct effect of N6L as a targeting
agent nucleophosmin and nucleolin,20,22 or – at least to a lesser
extent – to physicochemical features of the nanoparticles.39

Interestingly, the exposure of cells with MNPs conjugation with
N6L had only a minor effect on cell proliferation and led to higher
temperatures upon exposure to the magnetic field compared to the
bare MNP due to increased intracellular accumulation.

The conjugated MNP alone exhibited a low cytotoxicity but
the different MNP formulations a comparatively higher one as a
result of the slow and progressive release of the chemothera-
peutics Gem and N6L in absence of hyperthermia. The strong
inhibition of cell growth resulting from the multi-modal therapy
is related to the locally generated heat induced by magnetic
hyperthermia, which might accelerate the drug release from the
MNPs.40

In the gemcitabine sensitive BxPC-3 cells with IC50Gem of
128 mM27), the observed S-phase arrest is an initial response to
MF66-Gem or MF66-N6L-Gem, which elicits DNA replication
damage during S-phase.41,42 It is already reported in several
studies that free Gem induces an S-phase arrest and triggers
apoptosis in cancer cells.42–45 This means that in particular Gem
conjugated to MNPs behaves in the same manner as the free
compound. The presence of DNA damage has been corroborated
by an enhanced expression of cyclin A, as a key regulatory factor
critical for the S-phase, the accumulation of H2AX (pS139), and
the rise in the sub-G1 fraction. The data suggest that the S-phase
arrest observed after treating cells with Gem conjugated MNPs
might be the upstream event leading to apoptosis and the
subsequent application of hyperthermia inhibits the DNA repair
activity and boosts the cytotoxic effect of Gem on cells by
enhancing the sensitivity towards this drug. In consequence, the
Gem-based S-phase arrest and inhibition of DNA repair activity
might well be one reason for the observed synergistic effect.

Furthermore, we could demonstrate that caspase-8 activation
is involved in cell death after treatment with MNPs (MF66-Gem
or MF66-N6L-Gem) and hyperthermia. The apoptotic signaling
mostly underlies the control of the caspase family. These
caspases undergo a sequence of activation steps, which
ultimately lead to the induction of apoptosis through cleavage
of several substrates.46 In the gemcitabine sensitive BxPC-3
cells, the combination of hyperthermia and the exposure with
conjugated MNPs was able to induce cell death via apoptosis (as
seen by the modified expression of p53, p21, BcL-2, PARP, Bax,
H2AX, S-phase arrest, number of apoptotic cells, etc.), either by
utilization of the intrinsic or the extrinsic (caspase-8 activation)
way. Gem conjugated MNPs in a concentration of 12 μmol
GEM/g Fe were still able to activate caspases and induce cell
death in absence of hyperthermia. Therefore, Gem-conjugated
MNPs and hyperthermia induce apoptosis in Gem sensitive
pancreatic BxPC-3 cells mediated by either the intrinsic and
extrinsic signaling pathways.

With regard to PANC-1 cells, which are comparatively resistant to
Gem (IC50Gem = 300 mM27), the increased expression of pro-
apoptotic proteins (p53, p21, PARP etc.) was less prominent after
exposure tomagnetic hyperthermia and the conjugatedMNPs (MF66-
Gem or MF66-N6L-Gem). Nevertheless, this combinatorial therapy
still induced a distinct S-phase arrest, an increase of subG1 fraction, a
higher number of death cells compared to non-treated controls, etc.
Interestingly, caspase-3 and caspase-8 were also shown to be involved
in PANC-1cell death. Interestingly, caspase-3 and caspase-8 have been
shown to mediate cross-talks between programmed cell death
(apoptosis) and other cell death mechanisms.47 Therefore, cells more
resistant to the combined therapymay start an interplay amongdifferent
mechanisms of cell death (e.g. autophagy, necroptosis, etc.48). These
findings imply that thehigher resistanceof these cellsmightwell trigger
the induction delayed cell death viamechanisms other than classically
apoptotic ones.

Beyond the differential sensitivity of BxPC-3 and PANC-1 to
Gem, the different effects of the combinatorial therapy on these
cells can be attributed to the ability to produce ROS.49 Namely,
hyperthermia is an important trigger of cellular ROS (our data
and50,51), whereas the sole exposure of cells to the conjugated
MNPs (absence of hyperthermia) has a comparatively lower
impact on ROS (our own data). When comparing the ability of
ROS production among BxPC-3 and PANC-1 after hyperther-
mia, BxPC-3 cells were more efficient.28 Subsequently, the
differential production of ROS in both cell lines has an impact on
the activation of stress responsive kinases. Hereto, in BxPC-3 a
sustained activation of JNK (the phosphorylated form p-
JNK52,53) was found, and to a lesser extent in PANC-1.
Interestingly, activated JNK has been linked with apoptosis
after Gem treatment (free molecules).54 Additionally in BxPC-3
cells, we found a substantially reduced level of phosphorylated
ERK 1/2, which is an indication of lowered Gem resistance. In
contrast in PANC-1 cells, resistance against Gem was increased
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(increased activation of ERK 1/2). This increased resistance
allows cells to enter at the interplay between cell death and
autophagy or other cell death mechanisms.55

In vivoGem-MNPs and hyperthermia therapy achieved almost a
complete tumor remission of BxPC-3 in mice xenografts at the end
of the experiment (at day 28) in contrast to the groups receiving only
the mono-modal MNP therapy, or even hyperthermia alone. In
particular, the presence of native or conjugated MNPs seemed to
increase tumor growth in thismodel. One reasonmightwell reside in
the responsiveness of the respective tumor cells against oxidative
stress. Such relationships were shown to be complex.56 In contrast
the effect was distinctly omitted in presence of hyperthermia. The
finding strongly underlines that the combinatorial therapy is
compatible to living organisms.

The in vivo experiments were done on the base of the
intratumoral application of magnetic nanoparticles for hyper-
thermia treatment. Therefore magnetic hyperthermia might be
applicable intaroperatively into pancreatic tumors or, in case the
tumor is not totally resectable, by exploiting the present
strategies for needle biopsy of pancreatic tumors (e.g.57). The
slow release of the MNPs from the tumor sites permits repeating
the hyperthermia treatments.58 The presence of N6L could foster
internalization into tumor cells and the production of lethal
intracellular heating spots. The presence of Gem conjugated
MNPs might overcome barriers to chemotherapy penetration as a
consequence of desmoplastic reactions found in most pancreatic
cancers. In this context, we have shown that the concentrations of
Gem-coupled to MNP which were utilized to achieve the distinct
antitumor effects were of 4.2 × 105 times lower than those
commonly used after systemic application in conventional
oncology (see supplemental text). Finally, the suggested method
is translatable to the clinical situation since both chemothera-
peutics Gem59,60 and N6L (IPP-204106) are established in the
clinic and already used in clinical trials and MNPs.

Based on the results of this study, owing to the dual abilities
of these MNPs as drug carrier and source of hyperthermia, our
conjugated MNPs might be important tools in modeling the
efficiency of ROS responsiveness in distinct pancreatic tumor
cell phenotypes and therefore foster the induction of cell death in
those cells. This would be of great significance in distinctly
optimizing local pancreatic tumor treatments.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nano.2018.12.019.
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