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ABSTRACT: Pancreatic ductal adenocarcinoma (PDAC) is a very
challenging disease with a very poor prognosis. It is characterized
by a dense desmoplastic stroma that hampers drug penetration and
limits the effectiveness of conventional chemotherapy (CT). As an
alternative, the combination of CT with hyperthermia (HT) has
been proposed as an innovative treatment modality for PDAC. In
previous works, we reported on the development of iron oxide
magnetic nanoparticles (MNPs) that, when exposed to time-
varying magnetic fields, exhibit strong HT responses that inhibited
the growth of pancreatic cancers. We report here on advances
toward the clinical use of these MNPs as an intratumorally
administered sterile magnetic fluid (the “NoCanTher ThermoTherapy” or “NTT” Agent) alongside intravenous standard-of-care
drugs (gemcitabine and nab-paclitaxel) for the treatment of PDAC. In vitro cell viability assays show that the combination of low
doses of CT and HT is highly synergistic, particularly in the BxPC-3 cell line. In vivo, biodistribution assays showed that the NTT
Agent MNPs remained mainly within the tumor, concentrated around areas with a high stromal component. Moreover, the
combined CT/HT treatment shows clear advantages over CT alone in terms of drug penetration and reduction of the tumor
volume, suggesting a potential direct effect of HT in the disruption of the interstitial stroma to facilitate the access of the drugs to
malignant cells. These studies have led to the approval and commencement of a clinical investigational study at the Vall d’Hebron
University Hospital (Barcelona, Spain) of the NTT Agent alongside CT in patients with locally advanced PDAC.
KEYWORDS: alternating magnetic field, chemotherapy, combination therapy, iron oxide nanoparticles, hyperthermia,
nanoparticle biodistribution, pancreatic cancer

1. INTRODUCTION
Pancreatic cancer remains one of the deadliest cancers and the
seventh leading cause of cancer death worldwide.1 The
prognosis of pancreatic ductal adenocarcinoma (PDAC) is
very poor. With an average annual death rate of 11.2/100,000,
despite the advances in treatment, the survival rates of
pancreatic cancer have not changed in 40 years. Currently,
surgical resection is the only chance for a cure. Unfortunately,
80−85% of patients present with advanced unresectable
disease at the time of diagnosis.2 Regarding chemotherapy
(CT), first-line palliative regimens with FOLFIRINOX or
gemcitabine/nab-paclitaxel (GEM/nab-PTX) have become the
standard-of-care over the past decade.3,4 In the second-line
setting, 5-fluorouracil and lecovorin (5FU/LV) in combination
with nanoliposomal irinotecan after gemcitabine have been
shown to be effective.5 However, due to the abundant
interstitial stroma surrounding the cancer cells6 and the

irregular blood supply that characterizes most pancreatic
tumors,7 pancreatic cancer responds poorly to most of the
CT agents.8 In this context, and especially after observing the
limited benefit of immunotherapy in PDAC,9 many exper-
imental protocols include the use of combined CT agents in
association with agents targeting specific molecular pathways
(i.e., fibroblast growth factor (FGF), vascular endothelial
growth factor (VEGF), and farnesyl-transferase inhibition)
with the aim of facilitating the access of the cytostatic drug to
malignant cells.10

Received: September 20, 2024
Revised: November 25, 2024
Accepted: November 26, 2024

Research Articlewww.acsami.org

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsami.4c16129
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

C
SI

C
 o

n 
Ja

nu
ar

y 
7,

 2
02

5 
at

 0
7:

08
:4

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zamira+V.+Di%CC%81az-Riascos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Monserrat+Llaguno-Munive"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nuria+Lafuente-Go%CC%81mez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yurena+Luengo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Holmes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Holmes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeanne+Volatron"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oihane+Ibarrola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sandra+Mancilla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Sarno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+Javier+Aguirre"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Razafindrakoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Razafindrakoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+Southern"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francisco+J.+Tera%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Keogh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gorka+Salas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adriele+Prina-Mello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Carlos+Lacal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Carlos+Lacal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angel+del+Pozo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Quentin+A.+Pankhurst"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuel+Hidalgo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florence+Gazeau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A%CC%81lvaro+Somoza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A%CC%81lvaro+Somoza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simo%CC%81+Schwartz+Jr."&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ibane+Abasolo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.4c16129&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16129?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16129?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16129?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16129?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16129?fig=tgr1&ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.4c16129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


In this scenario, magnetic hyperthermia (HT) may offer the
advantage of combining its intrinsic antitumoral efficacy with
the ability to disrupt the stromal barrier.11−13 On the one
hand, previous results showed that the use of alternating
magnetic fields (AMF) on magnetic nanoparticles (MNP)
sensitizes tumor cells to CT.14,15 On the other hand,
nanoparticle-based HT has been shown to modulate the
tumor extracellular matrix by altering the organization of
collagen fibers and allowing for better drug penetration.16,17 In
HT treatments, the temperature is usually raised above 45 °C,
but mild HT where the temperature is kept below 43 °C has
also shown benefits, directly affecting the tumor vasculature,18

matrix, and immunomodulation.19,20 It is also important to
note that HT can be fine-tuned when using the right
combination of nanoparticles and AMF strength and
frequency.21 It is widely accepted that the temperature of 43
°C for 60 min inactivates tumor cells and the use of lower
temperatures for shorter times might also work.22 However,
there are still many variables that need to be controlled to
increase the efficacy of HT and CT combinations, including
the dose of the drug, the intensity of the heating, and the time
lapse between the heat application and CT.23,24 These
difficulties might explain the limited permeation of magnetic
HT into clinical practice, with just one MNP formulation
currently approved for clinical HT: NanoTherm (MagForce
AG, Berlin, Germany).24

In the present work, our main objective is to advance in the
preclinical development of MNPs developed under the
NoCanTher consortium (EU-funded Project GA685795) in
the form of an intratumorally administered sterile magnetic
fluid (the “NoCanTher ThermoTherapy” or “NTT” Agent).

First, dextran-coated nanoparticles were synthesized and
characterized by following procedures that allowed direct
escalation of the production procedures. In vitro, the NTT
Agent showed a good heating potential and direct antiprolifer-
ative effects in pancreatic cancer cell lines. Safety assays,
including in vivo tolerability and biodistribution assays, were
performed. Subsequently, efficacy assays using suboptimal
doses of gemcitabine and nab-PTX demonstrated that the
addition of HT reduced tumor growth to a greater extent than
the chemotherapy alone. Based on these results, clinical
investigational studies were initiated (797/20/EC)25 at the
Vall d’Hebron University Hospital (Barcelona, Spain) to test
the safety and feasibility of using the NTT Agent in
combination with CT for the treatment of locally advanced
PDAC.

2. RESULTS AND DISCUSSION
2.1. Magnetic Nanoparticle Synthesis and Character-

ization. With the clear goal of developing a clinically useful
magnetic HT treatment, we have synthesized and characterized
a sterile and biocompatible magnetic fluid, the “NTT Agent”,
which is suitable for intratumoral administration and which
contains all of the requirements in terms of nanoparticle
uniformity, heating capability (SLP values), and clinical
scalability (Figure 1). As the solid-matter part of the NTT
Agent, both single-core and multicore MNPs were prepared by
the coprecipitation technique26 and coated with dextran-40
(Figure 1) according to previously described procedures.21

The data described in this paper relate to an NTT Agent
formulation containing single-core MNPs comprising iron

Figure 1. NTT Agent physicochemical characterization: (a) Scheme of the NTT Agent with the dextran coating; (b) Field (H)-dependent
magnetization (M) of the NTT agent measured by vibrating sample magnetometry. (c) Representative images of transmission electron microscopy
(TEM) showing the morphology and size of NTT Agent nanoparticles and the size distribution obtained from TEM images. (d) Summary of the
size, surface charge, and specific loss power (SLP) of the NTT Agent. Values correspond to the mean and standard deviation (SD) of 3−5 different
batches.
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oxide (maghemite) cores coated with dextran-40 (Figure 1a);
data on another NTT Agent formulation containing multicore
MNPs is available elsewhere.27−29

Critical manufacturing parameters (such as pH, excipients,
particle aggregate size, Fe content, specific loss power,
thermogravimetric analysis, bacterial endotoxins, and temper-
ature ranges) were fine-tuned to enable multigram-scale
production that complied with required quality attributes
and batch-to-batch consistency. This batch-to-batch consis-
tency was of utmost importance, allowing quality controls to
be established, in accordance with the ISO 13485 Quality
Management System in the Design and Manufacture of
Medical Devices and Medical Devices Directive 93/42/EEC.
Release criteria for the NTT Agent were set as pH = 5.5−7.5;
particle aggregate size = 90−180 nm; aggregate size
distribution SPAN = (D90−D10)/D50 ≤ 1.2 (where DN is
the size of D of the Nth percentile of the particle aggregate size
probability distribution); Fe content ≥ 50 mgFe/mL; bacterial
endotoxins ≤ 1,6 EU/mg; specific loss power ≥ 10 W/gFe
(measured in 24 kA/m, 100 kHz AMF); and dextran content
≥ 10% (W7W) as measured by thermogravimetric analysis.
Among all of the production batches, the iron oxide cores
exhibited a nearly spherical uniform shape with mean
diameters of 14 ± 4 nm, as measured by TEM (Figure 1).

This result is typical of single-core MNPs prepared by
coprecipitation30 and in excellent agreement with previous
publications, as expected due to the high reproducibility of the
coprecipitation synthesis method.21 The aggregation of MNPs
was also studied in 6 different production batches. This
showed that the aggregates were kept within a relatively tight
range of average sizes, 103 ± 16 nm, with a rather small
polydispersity index (PdI) of 0.27 ± 0.09. The ζ-potential as
measured by dynamic light scattering (DLS) fell in the range of
−10 ± 5 mV (Figure 1d).

The long-term stability of the nanoparticles was assessed
according to both nonregulatory and regulatory guidelines,
including the ISO 13485 Quality Management System, the
Medical Devices Directive 93/42/EEC, and ASTM F1980-16
for Accelerated Aging of Sterile Barrier Systems in Medical
Devices. For the nonregulatory evaluation, three MNP batches
with iron concentrations of 20, 40, and 60 mgFe/mL were
stored at 4 °C. Their hydrodynamic sizes (Z-average) and PdIs
were monitored by DLS over an 18-month period. Measure-
ments were taken at 25 °C by diluting an aliquot from each
refrigerated sample. Results, presented in Table S1 and Figure
S1, demonstrate consistent hydrodynamic sizes within a range
of 100−160 nm, predominantly around 100 nm, and PdI

Figure 2. In vitro effect after magnetic hyperthermia in pancreatic human cancer cell lines. (a) Effect of the MNPs with AMF in MiaPaCa-2 and
BxPC-3 cells, showing that the NTT effect increases with the dose. (b) Combination of the NTT Agent at 0.5 mg/mL with GEM (0.01 μM) and
PTX (0.01 μM) in MiaPaCa-2 and BxPC-3 cells. Values correspond to the average of at least 3 independent experiments. Comparisons are made
against the untreated cells or among groups indicated by the square bracket and significance levels were schematically assigned: *0.01 ≤ P < 0.05,
**0.001 ≤ P < 0.01, and ***0.0001 ≤ P..
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values ranging from 0.09 to 0.24 for all samples throughout the
aging study period.

Long-term stability under regulatory conditions was
evaluated by storing samples at 5 °C for 24 months and
under accelerated aging conditions during 6 months at 25 ± 2
°C to simulate storage up to 2 years at 5 °C (see Tables S2 and
S3). The results from these regulatory studies indicate that the
samples meet all specified criteria under both standard and
accelerated aging conditions. The observed changes in
measured parameters remain within acceptable limits, con-
firming that the NTT Agent retains stability over time.

In addition, the heating capability of the MNPs was
evaluated in terms of the specific loss power (SLP) metric.
This parameter was quantified by measuring three times the
dynamic hysteresis loops at different field and frequency
conditions (4 kA/m, 300 kHz; 24 kA/m, 100 kHz).21 As
expected, SLP values increased with the higher field intensity
conditions, from 6 ± 1 W/gFe at 4 kA/m, 300 kHz to 131 ± 32
W/gFe at 24 kA/m, 100 kHz using magnetic dispersions with
[Fe] = 1 mgFe/mL.

2.2. In Vitro Effect of AMF Alone or in Combination
with GEM and PTX in Pancreatic Cancer Cells.
Considering that in the clinical setting, the NTT Agent
would most likely be administered in combination with first-

line treatments in PDAC patients,24 the safety and efficacy of
the magnetic HT in combination with the standard-of-care
drug treatment had to be tested in PDAC preclinical models.
As mentioned above, the combination of HT with radio-
therapy (RT) or chemotherapy (CT) has become an
important strategy to increase the therapeutic response in
various cancers.24,31,32 Many studies have shown that by
adding HT to CT, the delivery and efficacy of the drug to the
tumor is improved as the heat increases cellular permeability
and sensitizes tumors to the chemotherapeutic drugs.14,33,34 To
test this hypothesis, we first evaluated the efficacy of the NNT
Agent as a solo treatment in PDAC cell lines. In detail,
pancreatic MiaPaCa-2 and BxPC-3 cancer cells were incubated
with the NTT Agent (0.5 and 1 mg Fe/mL) for different time
points, washed with phosphate-buffered saline (PBS), and
subjected to AMF for 20 min (Figure 2a) to evaluate the
efficacy of the HT driven by the MNPs. The results showed
that when cells were treated with 1 mg of Fe/mL plus the AMF
(23.8 kA/m and a frequency of 202 kHz), the cell viability of
both cell lines fell to below 10%, 72 h after the treatment.
Lower NTT doses, such as 0.5 mg of Fe/mL followed by the
AMF, also reduced cell viability but to a lower extent: 90% in
MiaPaCa-2 cells and 70−80% in BxPC-3 cells, indicating that
HT is capable of inducing cell death in a dose-dependent

Figure 3. Gemcitabine (GEM) accumulation in PDX tumors depends on the dose and sequence of treatments. (a) Scheme of the treatment
sequences. MNPs were administered intratumorally (1 mg Fe/100 mm3 of tumor), and animals were euthanized 24 h after GEM administration.
(b) GEM levels determined by liquid chromatography and tandem mass spectrometry (LC-MS/MS) in tumors of animals that received 50 or 150
mg/kg of the drug, before or after applying the AMF to induce HT. The threshold for significance was P < 0.05 (*) and P < 0.01 (**).
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manner. Meanwhile, the treatment of the cells by the addition
of the NTT Agent without the application of the AMF did not
cause any significant cell death (Figure S2).

Next, we studied whether HT induced any chemosensitiza-
tion in pancreatic cancer cells. To that end, cell viability was
determined in MiaPaCa-2 and BxPC-3 cells immediately after
AMF (0 h), and at 24 and 48 h after completion of HT, these
three time points correspond to 24, 48, and 72 h after
treatment with GEM and PTX, respectively. In these assays,
chemotherapeutics were employed at a suboptimal dose (0.01
μM) that did not compromise the cell viability significantly by
themselves (see Figure S2). The results in Figure 2b show that
in both cell lines, the combination of the chemotherapy with

the HT significantly reduced the cell viability, especially when
both drugs, GEM and PTX, were used simultaneously. For
instance, BxPC-3 cells receiving combination therapy of NTT
Agent + GEM + PTX and the AMF had an overall cell viability
of 45.9 ± 8.8% at 72 h, while cell viability was at 70.6 ± 12.8%
for the cells receiving only the NTT Agent with the AMF-
induced HT.

Consistent with prior studies,14,33,34 our in vitro results
demonstrate that the addition of standard-of-care drugs, GEM
and PTX, to pancreatic cancer cells also treated with MNP-
enabled HT significantly reduces cell viability compared to
treatments with HT or CT alone (Figure 2). While the exact
mechanisms behind this synergistic effect in the combined

Figure 4. Safety and biodistribution of NTT Agent after HT/CT combination therapy in animals with subcutaneous MiaPaCa-2 tumors. (a) Assay
schedule, including intratumoral administration of the MNPs (the NTT Agent) and magnetic hyperthermia (HT) followed by treatment with
chemotherapy (CT, 3.5 h post-HT). (b) Iron determinations by inductively coupled plasma mass spectrometry (ICP-MS) in different organs.
Graphs show the mass of iron per organ in each individual (individual dots), the median (line), and the range (error bars). The number of animals
was ranging between n = 6 and 8 per group. Statistical comparisons were conducted among NTT-administered groups and significant differences
are shown with P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001. (c) Histological evaluation on H−E-stained paraffin sections showed
the iron deposits (red arrows) in different tissues. Magnification bar in the last image corresponds to 50 μm and applies to all images.
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HT/CT treatment are not fully understood, several potential
mechanisms have been described in the literature. At the
cellular level, HT has been reported to induce direct physical
damage to DNA,35,36 and to cell and lysosomal mem-
branes,37,38 to disrupts the cell cytoskeleton39 to alter calcium
ion influx,40 and induces signal transduction,41 and to lead to
stress-induced gene expression.42,43 In contrast, the chemo-
therapeutic agents GEM and PTX are known to interfere with
DNA synthesis44 and microtubule formation.45 It is perhaps
notable here that the CT-induced cellular death mechanisms
do not completely overlap with those induced by HT, which
might explain the synergistic adjuvant effects observed between
the two treatments.

2.3. Combination of CT with HT in PDX Models. In a
real-world context, the effect of magnetic HT is not limited to
the cancer cells, and the tumor response to HT also involves
changes in the vasculature, immune cell response, and
extracellular matrix modifications that cannot be studied
using conventional two-dimensional (2D) cell cultures.
Although three-dimensional (3D) models have also been
used to optimize the AMF protocols,46,47 these models cannot
fully explain the intratumoral distribution of nanoparticles and
the overall temperature increases, and in vivo experiments are
needed. Previous work by Luengo et al.21 showed that it is
possible to control the temperature increase in mice with
intratumoral administration of MNPs. Building on this, we
further explored the optimal sequencing of HT and CT in
animals undergoing a single cycle of combined HT/CT
treatment. This step was essential as clinical trials with
nonmagnetic HT and CT have not yet clarified the ideal
timing for drug administration relative to HT treatment.48

Employing patient-derived xenograft (PDX) models, which
more closely resemble the phenotypic characteristic of PDAC
patient tumors,49−51 we studied whether the CT/HT sequence
affects the retention of the chemotherapeutic drug within the
tumor. In detail, mice bearing pancreatic cancer PDX were first
administered with MNP at 1 mg of Fe per 100 mm3 tumor
volume and then divided into two treatment groups. Half of
the animals (n = 6) received two different doses of GEM, 50
and 150 mg/kg intraperitoneally (i.p.) 2 h before HT
treatment and the other half of the animals (n = 6) received
the GEM dose after HT treatment. In both cases, the animals
were euthanized 24 h after GEM administration (Figure 3a). A
“MACH” system (viz a “Magnetic AC Hyperthermia”
magnetic field generation system, manufactured by Resonant
Circuits Limited, London) equivalent to the one used in
clinical studies was adapted to work with experimental animals
(Figure S3). GEM determinations by liquid chromatography-
mass spectrometry (LC-MS) in tumors showed significantly
higher chemotherapeutic drug content when CT was
administered after (rather than before) HT (Figure 3b).
Although the difference between the two types of sequences
was greater at the 150 mg/kg GEM dose, the differences were
also statistically significant at the lower dose of 50 mg/kg.
These results demonstrated that the administration of the CT
(GEM) after the HT resulted in a higher accumulation of the
drug within the tumors and were used to define the HT/CT
sequence in the following experiments, where the CT was
always administered between 2 and 3.5 h post-HT.

The higher drug accumulation when HT is delivered before
the CT might be caused (at least in part) by the mild increase
in the tumor temperature, which improves the blood flow in
the tumor and favors the extravasation of the drug. Preclinical

studies using HIPEC (hyperthermic intraperitoneal CT)
protocols, in which GEM is heated to 41−43 °C and
administered intraperitoneally, have also shown that adsorp-
tion and intracellular uptake of GEM is favored by the
increased temperatures.52 HIPEC, as well as MNP-driven HT,
has also demonstrated that the use of the heat reduces the
number of cancer stem cells53 and circulating tumor cells in
PDAC,27 meaning that the use of HT in combination with the
standard-of-care drugs may also play a direct role in reducing
the aggressiveness and progression of PDAC.

2.4. NTT Agent Safety and Biodistribution in Mice
Bearing Pancreatic Tumors. Once we had established the
sequence of HT and CT, we continued to evaluate the in vivo
biodistribution and safety of the NTT Agent after intratumoral
administration in MiaPaCa-2 subcutaneous (s.c.) tumors. The
NTT Agent was inoculated intratumorally at day 0, and HT/
CT was applied weekly for 4 weeks before euthanasia (Figure
4a) using the MACH system (Figure S3). The route of
administration as well as the combination with the CT was
carefully chosen to mimic the anticipated clinical situation,
where the NTT Agent would be administered intratumorally
(via an endoscope located in the stomach and guided by
echography/ultrasound) and patients would receive the CT on
the day after NTT Agent administration. As for the dose of
CT, a preliminary assay was conducted to select the minimal
doses of GEM and nab-PTX (the standard-of-care CT drugs in
PDAC patients), that would render a significant reduction in
tumor volume after 3 weeks of treatment in mice (see Figure
S4a). The selected CT of GEM and nab-PTX thus determined
corresponded to the murine concentrations of 10 and 5 mg/kg,
respectively.

Animal welfare was monitored throughout the treatment by
closely monitoring rectal and surface temperatures of the
animals during HT as well as by registering the general
appearance, response to stimuli, and body weight. Overall,
animals treated with NTT alone or in combination with
chemotherapeutic drugs showed no adverse effect, and both
the HT and the CT regimens were well-tolerated (weight loss
less than 10% in all treatment groups). It was also confirmed
that the MNP administration alone, without the application of
AMF did not induce any change in the growth of the tumors
(Figure S4b), in agreement with previous results.14,54

At the end of the experiment, total iron levels in the different
tissues were measured by inductively coupled plasma mass
spectrometry (ICP-MS) (Figure 4b). The superparamagnetic
iron fraction coming from AMF-responsive heating-capable
MNPs was also quantified by electron paramagnetic resonance
(EPR) for comparison (Figure S5) as previously described.55

Tumors from control animals not treated with the NTT Agent
had very low levels of endogenous iron (21 ± 3 μgFe/gtumor,
mean ± SEM), while tumors from NTT Agent-treated animals
had 10 times higher levels of iron (306 ± 83 μgFe/gtumor), thus
comprising both the endogenous iron plus the iron coming
from the NTT Agent. EPR quantification showed that the iron
in the tumor, even after 4 rounds of HT, was mostly
superparamagnetic, meaning that tumors still contained
heating-capable NTT Agent nanoparticles. In contrast to the
tumor, basal iron levels in the liver and spleen of untreated
mice (240 ± 19 and 465 ± 67 μgFe/gtissue, respectively) were
only moderately different to those in NTT Agent-treated
animals (552 ± 109 and 594 ± 93 μgFe/gtissue, respectively),
and the liver and spleen contained only small amounts of
superparamagnetic MNPs (Figure S5). This indicates that the
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release and diffusion of the intratumorally injected NTT Agent
from the tumor to the spleen and liver were relatively low.
Interestingly, HT in mice with intratumor administration of
the NTT Agent moderately altered the distribution of MNPs
in the body, increasing by 3- and 1.6-fold the levels of iron in
liver and spleen, respectively, when compared with the animals
receiving the NTT Agent alone, without any HT. Notably, CT
incorporation did not increase nanoparticles leakage into the
liver or other organs, as no differences were observed when
comparing iron levels in mice receiving MNP and CT without
HT and those receiving the complete treatment combining HT
and CT.

Histological analysis confirmed the safety of the HT/CT
treatment (Figure 4c). No macroscopic or microscopic
alterations related to the treatment were observed outside
the tumors. Brownish deposits corresponding to iron oxide
nanoparticles could be observed in tumors (mainly in the
tumor capsule and not that much in the interior of the tumor)
as well as in the liver and spleen of NTT Agent-treated
animals, as later confirmed by Prussian blue staining. The livers
of NTT Agent-treated animals showed the presence of
abundant Kupffer cells loaded with brownish iron, indicating
a clearance of MNPs from the tumor. In some areas of the
liver, some globoid degeneration in the lobular hepatocytes
could be observed in mice receiving MNP.

Overall, these findings indicate that, unlike intravenous
injection�where the majority of injected MNPs accumulate in
the liver, kidneys, and spleen14,56�intratumoral administration
of nanoparticles reduces clearance by the reticuloendothelial
system (RES), resulting in higher intratumoral MNP
concentrations and an enhanced therapeutic impact on
tumor growth.28,57,58 In our study, 4 weeks postadministration,
the NTT Agent exhibited the following characteristics: (i)
MNPs remained localized within the tumor, retaining their
superparamagnetic properties essential for heating under AMF
exposure; (ii) neither CT, HT, nor their combination
significantly affected the presence of MNPs within the
tumor; and (iii) the presence of superparamagnetic MNPs
outside the tumor was minimal. Importantly, if any heating
occurred in tissues outside the tumor, it was undetectable by

histological analysis and had no adverse impact on animal
welfare.

2.5. Intratumoral Distribution of NTT Agent Nano-
particles. Although MiaPaCa-2 s.c. tumors retained high
levels of the NTT Agent, the efficacy in this model was limited
(Figure S4b) and the temperatures recorded by optical probes
on the tumor surface (spot temperatures) were barely above 40
°C (Figure S6a). Closer analysis of the H−E sections of
MiaPaCa-2 tumors revealed that much of the NTT was
retained in the tumor capsule and was not homogeneously
distributed within the tumors (Figure 5). These results were
confirmed by radiology (X-ray computed tomography) images
of the mice taken 2 h after NTT Agent administration, which
showed accumulation of MNPs in the subcutaneous space
surrounding the tumor but not in the tumor itself. The same
analysis performed in BxPC-3 sc tumors showed that the
MNPs were better distributed within the tumor. Such
increased presence of the NTT Agent in BxPC-3 s.c. tumors
resulted in a better heating of these tumors compared to
MiaPaCa-2 ones, when AMF was applied (Figure S6b). Thus,
tumors with a less desmoplastic and more glandular structure
allow a greater intratumoral concentration of the MNPs that
then translated into a more significant heating potential.
Differences in the MNP distribution depending on the tumor
type have been previously described in the literature.59 Indeed,
such differences in the intratumoral accumulation of the MNP
might be found also in the patients60 and suggest that CT or
MRI imaging of the MNP distribution could be used to predict
the patient’s response to the HT treatment.61 Although the use
of the NTT Agent as a theranostic nanomaterial was not the
objective of this work, the visualization of the MNPs by CT
confirms that this strategy could be eventually used in the
clinical setting.

2.6. Efficacy of Magnetic HT in Combination with CT
in BxPC-3 s.c. Models. Since BxPC-3 cells were more
sensitive to the HT/CT combination and accumulated more
NTT Agent inside the tumor than MiaPaCa-2, the therapeutic
efficacy assay was performed in mice bearing s.c. BxPC-3
tumors (Figure 6). The NTT Agent was administered 2 h prior
to HT treatment, and CT (10 and 50 mg/kg of nab-PTX and
GEM, respectively) was administered 4 h later. The HT/CT

Figure 5. Intratumoral biodistribution of the NTT Agent MNPs in two subcutaneous models of pancreatic cancer, MiaPaCa-2 and BxPC-3. The
MNPs were visualized in sections of the formalin-fixed paraffin-embedded (FFPE) material, as shown by the brown precipitates in the capsule
surrounding the MiaPaCa-2 tumor or in the interstitial spaces of the BxPC-3 tumors. Such brown precipitates did not appear in the control animals
that did not receive the NTT Agent. Magnification bar in the last image corresponds to 50 μm and applies to all images. X-ray computed
tomography images show coronal sections of the animal, with the tumor shown on the left side. The dotted blue line indicates the tumor margin,
and the red arrows point to MNP deposits either inside the tumor or in the surrounding subcutaneous space.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c16129
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c16129/suppl_file/am4c16129_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c16129/suppl_file/am4c16129_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c16129/suppl_file/am4c16129_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16129?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16129?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16129?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16129?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c16129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


combination was repeated once a week for 3 weeks. In each
HT treatment session, the heating of the tumor was controlled
by adjusting the amplitude of the AMF from a starting point of
4.02 kA/m to a maximum of 7.27 kA/m (Figure 6a). In all
cases, the AMF frequency was 1.04 ± 0.01 MHz. Our goal was
to induce mild hyperthermia (39−43 °C), a range primarily
lethal to cancer cells.62 Exceeding 45 °C can lead to necrosis in
both cancer and surrounding healthy cells and can cause severe
vascular stasis, hindering subsequent CT distribution. Thermal
camera data obtained during the procedures showed that the
HT effect was localized only in the tumor and that over the
course of the treatment sessions, maximum tumor surface
temperatures of 43.5 ± 2.8 °C were reached, while the body
temperatures (as measured by a rectal probe) were kept stable
or increased only a few degrees with no direct effect on animal
welfare. Overall, tumor HT was well-tolerated at all applied
magnetic field strengths, ranging from 4.02 to 7.27 kA/m. As
observed in the BxPC-3 bearing mice, none of the treatment
groups showed any significant weight loss (Figure S7) or

alternative side effects such as loss of appetite, dehydration,
lack of voluntary movements upon stimuli or changes in the
grooming behavior (see animal monitoring records in Table
S4). Temperature increases on the surface of the animal were
significant in all three rounds of HT (Figure S8), indicating
that the nanoparticles and their heating capability were kept
along the experiment.

The efficacy study was designed using suboptimal CT doses
in order to better evaluate the additional or synergistic effect of
HT. As a result, CT alone had a significant although mild effect
on the growth of BxPC-3 tumors compared to untreated mice
(p = 0.0328) when tumor volumes were compared 1 week after
the last treatment cycle. Remarkably, the combination of CT
with the HT had a very significant inhibitory effect on the
growth of BxPC-3 s.c. (p = 0.0010) at the same time point
(Figure 6b). These results were confirmed upon euthanasia, as
tumor weight was lower in mice treated with HT/CT
compared with those treated with CT alone (p = 0.0106)
(Figure 6c). Concurrently, H−E staining of tumor samples

Figure 6. Efficacy of the HT/CT treatment in BxPC-3 sc tumors. (a) Temperature recordings in a representative case. Green line reflects the
duration of each of the MACH magnetic field generator voltages applied during the HT protocol�these correspond to field strengths of 4.02, 4.98,
5.59, 6.74, and 7.27 kA/m at generator voltages of 15, 18, 20, 24, and 26 V, respectively. (b) Tumor volumes along the treatment. Red stars on the
x-axis indicate the treatment days on which HT was delivered 2.5−3 h before CT (50 mg/kg GEM i.p. and 10 mg/kg nab-paclitaxel i.v.). (c)
Tumor weight at the end of the experiment. (d) Apoptosis and proliferation in BxPC-3 tumors. In H−E images (top panel), green and red arrows
indicate apoptotic bodies and white asterisks indicate cancer cells with iron deposits in their cytoplasm. Magnification bar in the last image
corresponds to 50 μm in H−E images and 200 μm in Ki67 staining.
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treated with CT or HT/CT showed a higher number of
apoptotic cells and a fainter Ki67 stain (Figure 6d).

Additionally, plasma samples were collected at the end of the
treatments to determine the safety of the MNP administration
and HT treatment. The results observed a slight trend to
increase the hepatic markers such as alanine aminotransferase
(ALT) compared to the nontreated group (Table 1). Transient

increases in hepatic enzymes in response to MNP-driven HT
have been previously observed in experimental animals. In a
study by Herrero de la Parte et al.,63 WAG/RijHsd male rats
were subjected to different intensities and frequencies of
magnetic field and then euthanized 12 h and 10 days
postadministration. While rats exposed to higher doses
exhibited increased ALT and AST levels 12 h after HT,
these levels returned to baseline by the end of the study,

indicating that the damage, if any, was reversible. Transient
ALT increases have been also described in response to GEM,64

and therefore the enhanced GEM accumulation due to the
heat might also be behind this increase in ALT levels in the
HT/CT group.

In agreement with previous in vitro results, the combination
of HT with CT (GEM/nab-PTX) worked synergistically to
reduce tumor burden in BxPC-3 s.c. models. Although
combinatorial HT/CT therapies have demonstrated significant
suppression of tumor growth in many different preclinical
models and also in the clinic,31,65 there is still no
comprehensive understanding of the mechanisms responsible
and their interrelationships.24 At the tumor histology level,
there are several players that could explain the observed
efficacy of the magnetic HT intervention: direct necrosis,
changes in the vasculature, and alteration of the extracellular
matrix, among others. Thus, additional histological analyses
were conducted to evaluate the effect of the treatment in the
stromal compartment and the extension of the necrotic area.
The extent of necrotic or neoangiogenic areas in the HT/CT-
treated tumors was not greater than in the CT-treated animals,
meaning that direct necrosis or changes in the vasculature
cannot be responsible for the HT efficacy as the temperature
increases are mild. However, Masson’s trichrome staining,
which labels in blue collagen fibers, showed that tumors
dissected from mice treated with HT/CT had significantly less
stromal component than those from untreated mice or mice
treated with CT alone (Figure 7a). These data were further
confirmed with Elastica van Gieson (EVG) staining, visualizing
elastic fibers, as an additional component of the extracellular
matrix (Figure 7b).

Given that the NTT Agent was mainly located in the stromal
component of the tumors, it seems reasonable to hypothesize
that the HT directly affected the integrity of this highly dense
extracellular matrix, either by disrupting the collagen fibers or
by reducing the ability of stromal fibroblasts to produce them.
Using iron oxide nanocubes, Kolosnjaj-Tabi et al. demon-

Table 1. Serum Biochemical Parameters Assessing Hepatic
and Renal Profiles Post-Treatment (Mean ± SEM)a

parameter
(units) nontreated CT HT/CT

ALT (U/L) 14.07 ± 0.88 15.46 ± 2.53 22.93 ± 4.62
ALP (U/L) 3.55 ± 1.49 3.66 ± 1.05 3.24 ± 2.17
total bilirubin
(mg/dL)

0.04 ± 0.03 0.02 ± 0.02 0.07 ± 0.03

glucose
(mg/dL)

210.72 ± 18.59 183.03 ± 29.18 196.27 ± 46.04

total protein
(g/dL)

3.83 ± 0.31 3.61 ± 0.31 4.22 ± 035

urea (mg/dL) 40.05 ± 0.63 14.07 ± 0.88 45.91 ± 6.69
creatinine
(mg/dL)

0.21 ± 0.02 0.15 ± 0.01 0.22 ± 0.03

GGT (U/L) 1.00 1.00 1.00
cholesterol
(mg/dL)

76.1 ± 8.03 83.6 ± 13.94 94.50 ± 19.53

P (mg/dL) 3.76 ± 0.86 6.20 ± 0.71 5.03 ± 0.81
aALT, alanine transaminase; ALP, alkaline phosphatase; GGT, γ
glutamyltransferase; P, inorganic phosphate.

Figure 7. Effect of the combination of HT with CT in the tumor stroma. (a) Masson’s trichrome (MT) staining and the quantification of the
extension of collagen I (blue color in the MT) staining represented as a percentage to the total area of the tumor. (b) Elastica van Gieson (EVG)
staining and the quantification of the extension of elastin (intense pink color). Quantification was performed in n = 4 animals/group. The threshold
for significance was P < 0.05 (*). Magnification bar in the last image corresponds to 50 μm and applies to all images.
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strated that nanoparticle-mediated HT induced phase
transitions in collagen networks, destabilization of collagen
bundles, defibrillation, and subsequent enhanced nanoparticle
penetration.17 In addition, because collagen is the most
thrombogenic macromolecular component of the extracellular
matrix, disruption of collagen fibers and their release into the
circulation could eventually induce a thrombogenic response
that would ultimately block further supply of nutrients to the
tumor. This hypothesis was supported by proteomic analysis of
subcutaneous colorectal tumors treated with combination HT-
5FU, where the signaling pathway of GP6, a major collagen
receptor, was overrepresented in tumors receiving the
combinatorial treatment.66 Although we did not observe
major thrombogenic events in tumors treated with HT/CT,
a similar proteomic analysis would be helpful to understand
how destabilization of the extracellular matrix affects tumor
growth. Finally, a third possible explanation for the higher
efficacy for the HT/CT combination could be the immuno-
genic response of the tumor to the HT. In previous studies,
hyperthermia has been reported to modulate local pro-
inflammatory responses and immune activation, mostly
mediated by heat shock proteins (HSPs), and to also promote
immune cell infiltration through increased endothelial cell
activation and permeability.67 Furthermore, in mild HT
treatment, endothelial cells showed increased expression of
angiopoietin (Angpt) 1 and 2, which stimulated immune cell
infiltration.68 The same phenomena may also occur with the
HT/CT combination in pancreatic tumors, as histological
analysis of tumor samples revealed a significant presence of
histiocytes within the tumors. Whether this increase in
histiocytes is also accompanied by an increase in the
immunogenic cell death (ICD) requires further investiga-
tion.69,70

Given the benefits of the combination of different treatment
modalities in the management of cancer, future research should
be addressed with respect to the development and use of
nanomaterials that could combine such effects in a single
treatment. This has been already explored with CT-function-
alized MNPs71,72 but alternative combinations such as the
photodynamic therapies or the radiotherapy are also very
promising for cancer treatment.73−75

3. CONCLUSIONS
Overall, efficacy and biodistribution assays demonstrate that
the NTT Agent is safe and effective for use as part of the
combined HT/CT approach to the treatment of PDAC. On
the one hand, our results demonstrate that the HT/CT
combination is synergistic, meaning that the HT sensitizes
PDAC cells to the treatment with gemcitabine and paclitaxel.
On the other hand, in vivo experiments have shown the
advantages of the HT/CT combination, such as the increase in
the efficacy and the reduction of the tumor’s desmoplasia.

Importantly, these results supported a successful application
for approval by the Spanish Agency of Medicines and Medical
Devices (AEMPS) to undertake a clinical safety and feasibility
study at the Vall d’Hebron University Hospital in Barcelona,
using a multicore variant of the NTT Agent and the combined
HT/CT treatment plan described here, in locally advanced
PDAC patients. It may well be the case that results of this
clinical evaluation, as well as the preclinical data presented in
this article, will pave the way for more widespread use of
nanoparticle-directed magnetic hyperthermia as adjuvant

therapy alongside standard-of-care therapies for future cancer
treatments.

4. MATERIALS AND METHODS
4.1. Synthesis and Characterization of the NTT Agent.

Maghemite nanoparticles were obtained following a modified Massart
coprecipitation protocol.21,26 Briefly, magnetite (Fe3O4) nanoparticles
were synthesized by adding, drop by drop at a 0.1 mL/s rate, 75 mL
of NH4OH (25%) solution to 425 mL of an aqueous solution of
FeCl3·6H2O (24.3 g, 0.09 mol) and FeCl2·4H2O (10.7 g, 0.054 mol).
After the addition, the temperature was increased to 90 °C and
maintained at that temperature for 3 h. The reaction was allowed to
cool to room temperature, and the particles were washed three times
with water for injection water and collected with the help of a
permanent magnet. Then, the Fe3O4 nanoparticles were oxidized to
maghemite (γ-Fe2O3) by a thermal acid treatment.76 Briefly, 300 mL
of HNO3 (2 M) was added to a dispersion of the particles in 500 mL
of water for injection (WFI) quality water, and the mixture was stirred
for 15 min; the supernatant was removed by magnetic decantation.
Furthermore, 75 mL of Fe(NO3)3 (1 M) and 130 mL of WFI water
were added to the particles, and the mixture was heated to boiling
temperature and stirred for 30 min. The particles were then allowed
to cool to room temperature, and by magnetic decantation, the
supernatant was substituted by 300 mL of HNO3 (2 M), and the
solution stirred for 15 min. Finally, the particles were washed three
times with water for injection.

After nanoparticle synthesis, modification of their surface with
dextran was carried out in a thermoregulated ultrasonic bath. Thus,
800 mg of dextran (40 kDa, Panreac Applichem) dissolved in 10 mL
of distilled water was added to a dispersion of 800 mg γ-Fe2O3 in 2
mL of 2.5 M NaOH. The mixture was sonicated for 10 h at 20 °C and
washed by either dialysis or centrifugation using ultracentrifugal filters
of 100 kDa. For in vitro and in vivo testing, coated MNPs were
sterilized by gamma radiation (25 kGγ) in Aragogamma (Spain). The
pH of the samples was adjusted to 7 and osmolarity was modified
with a solution of NaCl 0.9% to 285−310 mOsm/L (OSMOMAT
030, Gonotec).

Nanoparticles were characterized in at least 5 different production
batches using different techniques: particle size, shape and size
distribution were determined by transmission electron microscopy
(TEM); hydrodynamic size, polydispersity index (PdI), and zeta
potential of the particles in liquid suspensions were measured by
dynamic light scattering (DLS) using a Zetasizer Nano ZS from
Malvern Instruments. Heating abilities of magnetic nanoparticles were
evaluated through their specific loss powers (SLPs) determining the
magnetic losses by AC magnetometry in a portable magnetometer, as
previously described.21 Vibrating sample magnetometry (VSM) was
carried out in an MLVSM9Mag Lab 2 T (Oxford Instruments).

4.2. Cell Lines. For in vitro studies as well as for generating in vivo
subcutaneous xenografts, MiaPaCa-2 (CRL-1420) and BxPC-3 (CRL-
1687) pancreatic cancer cell lines were obtained from American Type
Culture Collection (ATTC, LGC Standards, Barcelona, Spain).
MiaPaCa-2 cells were cultured in MEM medium supplemented
with 10% fetal bovine serum (FBS, Gibco) and 2.5% horse serum
(Gibco), and the BxPC-3 cells were cultured in RPMI medium
supplemented with 10% FBS. Cells were kept at 37 °C under a 5%
CO2-saturated atmosphere.

4.3. In Vitro Efficacy Assays. For the evaluation of the effect on
NTT Agent on MiaPaCa-2 on BxPC-3 cell viability in vitro, cells were
seeded in culture dishes with 4 wells for self-insertion attached to cell
culture dishes of 35 mm. The cells were treated once they reached
60% confluency. Four culture dishes with 4 wells were used for each
condition (untreated and NTT) in duplicates to compare the cell
viability with and without HT. Cells treated with NTT were
incubated with the nanoparticles at 0.5 and 1 mg Fe/mL for 24 h,
and then the AMF was applied in the corresponding conditions using
the commercial AC field applicator DM100 (nanoscale Biomagnetics)
for 20 min with an amplitude of 23.8 kA/m and a frequency of 202
kHz. These experiments were carried out within a thermally insulated

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c16129
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

J

www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c16129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


working space at 37 °C. Then, the cells were washed twice with PBS.
AlamarBlue assays (Thermo Fisher Scientific) were performed to
evaluate the effect of magnetic HT on cell viability the same day that
the AMF was applied and the following 2 days. To that end, a stock
solution of resazurin sodium salt (1 mg/mL) in PBS was diluted 1%
(v/v) in complete Dulbecco’s modified Eagle’s medium (DMEM) or
RPMI medium and added to the cells. After 3 h at 37 °C in the
incubator, the fluorescence was measured at 25 °C, λex/em = 550/
590 nm (Synergy H4 microplate reader, Biotek), and viability was
represented as the percentage, where 100% cell viability corresponded
to the untreated cells.33 For the evaluation of the combination of CT
with AMF, the same procedure was followed although using lower
doses of nanoparticles. In detail, cells were treated for 24 h with GEM
(0.01 μM), PTX (0.01 μM), and NTT at 0.5 mg Fe/mL, and then,
AMF was applied as described above.

4.4. In Vivo Assays. 4.4.1. Mouse and Tumor Models. All animal
experiments were performed in compliance with the Guide for the
Care and Use of Laboratory Animals of the Vall d’Hebron University
Hospital and the Fuenlabrada University Hospital and procedures
were approved by the corresponding Ethics Committee (CEA-OH/
10153 and 77/17, respectively). Mice were housed in individually
ventilated cage units and maintained under pathogen-free conditions.
Food and water were provided ad libitum.

Six-week old female Hsd:Athymic Nude−Fox mice were
subcutaneously injected with 10 × 106 MiaPaCa-2 cells or BxPC-3
cells on the right dorsal back. Studies with these models were
performed by the ICTS “NANBIOSIS” of CIBER-BBN’s In vivo
Experimental Platform for Functional Validation & Preclinical
Research (FVPR) (www.nanbiosis.es/portofolio/u20-in-vivo-
experimental-platform). As for the PDX models, they were generated
at the Fuenlabrada University Hospital, following procedures
previously described.49 Subcutaneous (s.c.) tumor size was recorded
two times a week by caliper measurements and tumor volume
calculated using (D × d2)/2, where “D” is the largest diameter and “d”
the smallest one. When the diameter of the tumors reached 150−300
mm3 approximately, the mice were randomized in different treatment
groups. At the end point, ex vivo tumors were weighted and compared
among groups. In addition, liver, kidney, spleen, and lung were
collected, and half of the tissues were formalin-fixed and embedded in
paraffin to perform a histological study by Hematoxylin−eosin (H−
E), Masson’s trichrome (MT), EVG, or Ki67 staining.

4.4.2. Intratumoral Administration of the NTT Agent. Injection of
the NTT Agent was performed in anesthetized mice with a Hamilton
syringe (30G). To ensure a constant and continuous flow of MNP in
the center of the tumor, the syringe needle was carefully inserted
through the skin above the tumor until the needle tip entered the
tumor, the push was stopped, and the syringe was clamped to a retort
stand. To inject the nanoparticle, the plunger was slowly depressed
over 2 min, irrespective of the volume. Once the full volume was
injected (1 mg of Fe per 100 mm3 of tumor), the needle was kept
inside the tumor for 2 min, and then slowly withdrawn (1 min).

4.4.3. Magnetic HT Protocol. AMF was applied after MNP
administration using a preclinical magnetic HT device, known as the
“MACH” system (magnetically alternating current hyperthermia
system from Resonant Circuit Limited, London). The device was
connected to an ELC Power supply that drove a self-optimizing
resonant frequency through a coil and into any MNPs introduced into
the field volume. The system was cooled by running water kept at 30
°C by a chiller (Fisher Scientific). To carry out the HT, the mouse
was positioned on the cylindrical support of the MACH system, and
the tumor was placed in the middle of the coil. Fiber optic probes
(Fotemp4, Optocon AG, Dresden, Germany) were used for
temperature measurements (rectal and tumor surface). Furthermore,
the hot spot temperature of the tumor was recorded with a
thermographic camera (Testo 875). HT procedure was carried out
increasing the voltage: (i) 15 V during 1 min, (ii) 18 V during 3 min,
(iii) 20 V during 3 min, (iv) 24 V during 3 min, and (v) 26 V. In all
cases, the AMF frequency was 1.04 MHz. Finally, the procedure was
stopped when tumor temperatures reached 48 °C or after 20 min of
initiation of the protocol, whichever was encountered first.

4.4.4. CT Treatment. CT treatment in pancreatic tumors included
intraperitoneal administration of gemcitabine (GEM) and intravenous
administration of nab-paclitaxel (Abraxane, nab-PTX). The chemo-
therapeutic drugs were administered at suboptimal doses 4 h after HT
with the goal of showing the synergic effect combining nanoparticle-
mediated HT with the combination of drugs (GEM/PTX). Animals
with s.c. MiaPaCa-2 tumors were treated with 10.0 and 5.0 mg/kg of
GEM and nab-PTX, respectively (see Figure S4a for dose selection),
whereas animals with s.c. BxPC-3 were treated with 50.0 and 10.0
mg/kg of GEM and nab-PTX, respectively, based on the higher
resistance of this cell line to GEM and nab-PTX treatment.77

4.4.5. GEM Determinations in Tumors by LC-MS/MS. The
separation and detection of GEM was performed on a Waters
Acquity UltraPerformance Liquid Chromatographic system coupled
with a Waters Xevo TQ MS triple quadrupole mass spectrometer
(Milford, MA United States).

Separation was achieved on an Acquity UPLC HSS T3 column
(2.1 mm × 50 mm, 1.8 μm particle size) from Waters (Milford,
United States). A gradient elution program was conducted for
chromatographic separation with mobile phase A (Acetonitrile) and
mobile phase B (ammonium acetate 10 mM) as follows: 0−0.5 min
hold for 5% A, 0.5−5 min from 5 to 40% A, 5−6 min from 60 to 95%
A, 6−7.5 min hold for 95% A and 7.5−8.5 min from 95 to 5% A.
Pump was operated at a 0.300 mL/min flow rate with an overall run
time of 8.5 min. The injection volume was 7.0 μL. The autosampler
was held at 6 °C, and the column oven was set up at 40 °C.

The mass spectrometer was operated by using an electrospray
source in positive mode. The MRM transition was m/z 264 → 112 for
Gemcitabine. The capillary voltage was maintained at 0.5 kV. Argon
was used as the collision gas, and flow was 0.17 mL/min. Desolvation
temperature was 450 °C with a gas flow of 1100 L/Hr. The system
control and data analysis were carried out using MassLynx software
(Version 4.1) and processed using the TargetLynxTM program.

GEM working solution was obtained by diluting the GEM standard
1 mg/mL PBS solution in mouse plasma to a final concentration of
100 ng/mL. Seven-point standard calibrators and blank covering the
concentration range 0.01−10.0 ng were prepared daily before analysis
by diluting GEM working solution in mouse plasma, except for the
blank. For each calibration standard, the area of intermediate peak was
determined. Linear regression describing the calibration curve was
then calculated using a weighting factor of 1/x Concentration 2.

4.4.6. Biodistribution Assays. Total iron quantities in organs were
determined by ICP-MS and superparamagnetic iron by Electron
Paramagnetic Resonance (EPR) following previously described
procedures.78 X-ray CT images were obtained by using a Quantum
FX micro-CT instrument (PerkinElmer, Waltham, MA). Incident X-
ray tube voltage was set at 50 kVp and amperage was 160 μA.
Acquisition time was 4.5 min. Field of view was 30 mm,
corresponding to a 0.059 mm spatial resolution. CT scans were
performed 24 h postinjection. Reconstruction of the studies was
performed with the Quantum FX software (Perking Elmer) and final
images were processed with Amide software.79

4.4.7. Histological Evaluation. Tumor and tissue samples fixed
with formalin were embedded in paraffin and processed for different
staining. Hematoxylin−eosin staining was used for the initial
histological analysis by trained histopathologists at Biokeralty and
TCD. Tumor sections were carefully evaluated for the presence of
necrosis, apoptosis, and localization of iron deposits. Moreover, Ki67
staining was also performed using an automated platform (Bond III
system, Leica MicroSystems, Newcastle, U.K.). Ki-67 staining was
performed using a rabbit monoclonal antibody (MA5-14520,
Invitrogen, 1:200 dilution) and the Leica Bond ER2 antigen retrieval
for 20 min with the appendix serving as a positive control.

For the analysis of the stromal component, sections from formalin-
fixed samples of MiaPaCa-2 and BxPC-3 subcutaneous tumors were
stained with MT and EVG. Briefly, for EVG, sections were oxidized
with 0.5% acidified potassium permanganate for 5 min followed by
bleaching in 1% oxalic acid. After washing in 96% ethanol, sections
were incubated in Millers Elastic stain (CN Tech Lab Supplies, UK)
for 3 h. Following differentiation, 96% ethanol sections were
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counterstained in Van Gieson’s Solution (CN Tech Lab Supplies) for
2 min before being blotted dry and covered with Histomount (CN
Tech Lab Supplies). MT slides were prepared using Sigma’s
Trichrome Stain (Masson) Kit, dehydrated, and mounted in DPX
mounting media.

In order to quantify collagen or elastin fibers, a global image of each
slide sample was taken at 0.5× magnification under Nikon light
microscope (Eclipse E800). Each global sample image was then
classified into collagen and noncollagen tissue by manual
identification using the trainable Weka plugin of ImageJ, yielding
binary probability maps with set thresholds. The resulting binary
images were then measured to yield % collagen-positive tissue and %
collagen-free tissue. Evaluation of MT and EVG staining for collagen
and elastin extension was performed in this way for at least 4 mice per
group, with the assistance of senior clinical histopathologists.

4.4.8. Statistical Analysis. All of the analyses and graphs were
performed using GraphPad Prism 9 software. Statistical analysis
consisted in normality data distribution assessment by Kolmogorov−
Smirnov test. If data fitted into a normal distribution, unpaired
Student’s t test, for single comparison of means, or one-way analysis of
variance (ANOVA) for multiple comparisons was then applied.
Otherwise, nonparametric Mann−Whitney test or Tukey test were
employed for single and multiple mean comparisons, respectively.
The significance threshold was established at p < 0.05, and
significance levels were schematically assigned: * (0.01 ≤ p < 0.05),
** (0.001 ≤ p < 0.01), or *** (0.0001 ≤ p < 0.001).
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e Innovacioń (CEX2020-001039-S and PID2020-119352RB-
I00).

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Part of the in vivo work was conducted at the ICTS Nanbiosis,
more specifically to the U20 or in vivo Experimental Platform
of the Functional Validation & Preclinical Research (FVPR)
area (http://www.nanbiosis.es/portfolio/u20-in-vivo-
experimental-platform/). Maria del Puerto Morales and Sabino
Veintemillas Verdaguer (ICMM-CSIC) are gratefully acknowl-
edged for allowing us to use the DM100 AC field applicator for
the in vitro efficacy experiments. We are also thankful to Prof.
Stephen P. Finn, from the Department of Histopathology at St.
James’s Hospital and Trinity College Dublin, for collaborating
in the histopathological evaluation of tumor samples. We also
thank the IPGP PARI facility for ICP-MS measurements and
Sonia Lajnef and the EPR core facility (UMR8601/CNRS/
Université Paris Cité) for EPR experiments. Graphical abstract
was created with BioRender.com.

■ ABBREVIATIONS
ALP, alkaline phosphatase; ALT, alanine transaminase; AMF,
alternating magnetic field; CT, chemotherapy; DLS, dynamic
light scattering; EVG, elastica van Gieson; FFPE, formalin-
fixed paraffin embedded; GEM, gemcitabine; GGT, gamma
glutamyltransferase; H−E, hematoxylin−eosin; HIPEC, hyper-
thermic intraperitoneal chemotherapy; HT, hyperthermia;
ICD, immunogenic cell death; i.t., intratumoral; i.v., intra-
venous; MNP, magnetic nanoparticles; MT, Masson’s
trichrome; nab-PTX, nanoparticle albumin-bound paclitaxel
or Abraxane; NTT, NoCanTher thermotherapy; P, inorganic
phosphate; PDAC, pancreatic ductal adenocarcinoma; PdI,
polydispersity index; PDX, patient-derived xenografts; PTX,
paclitaxel; SLP, specific loss power; TEM, transmission
electron microscopy; WFI, water for injection

■ REFERENCES
(1) Sung, H.; Ferlay, J.; Siegel, R. L.; Laversanne, M.;

Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics
2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide
for 36 Cancers in 185 Countries. Ca-Cancer J. Clin. 2021, 71 (3),
209−249.
(2) Vincent, A.; Herman, J.; Schulick, R.; Hruban, R. H.; Goggins,

M. Pancreatic Cancer. Lancet 2011, 378 (9791), 607−620.
(3) Conroy, T.; Desseigne, F.; Ychou, M.; Bouché, O.; Guimbaud,

R.; Bécouarn, Y.; Adenis, A.; Raoul, J.-L.; Gourgou-Bourgade, S.; de la
Fouchardier̀e, C.; Bennouna, J.; Bachet, J.-B.; Khemissa-Akouz, F.;
Péré-Vergé, D.; Delbaldo, C.; Assenat, E.; Chauffert, B.; Michel, P.;
Montoto-Grillot, C.; Ducreux, M.; Groupe Tumeurs Digestives of
Unicancer; PRODIGE Intergroup. FOLFIRINOX versus Gemcita-
bine for Metastatic Pancreatic Cancer. N. Engl. J. Med. 2011, 364
(19), 1817−1825.
(4) Von Hoff, D. D.; Ervin, T.; Arena, F. P.; Chiorean, E. G.; Infante,

J.; Moore, M.; Seay, T.; Tjulandin, S. A.; Ma, W. W.; Saleh, M. N.;
Harris, M.; Reni, M.; Dowden, S.; Laheru, D.; Bahary, N.;
Ramanathan, R. K.; Tabernero, J.; Hidalgo, M.; Goldstein, D.; Van
Cutsem, E.; Wei, X.; Iglesias, J.; Renschler, M. F. Increased Survival in
Pancreatic Cancer with Nab-Paclitaxel plus Gemcitabine. N. Engl. J.
Med. 2013, 369 (18), 1691−1703.
(5) Wang-Gillam, A.; Li, C.-P.; Bodoky, G.; Dean, A.; Shan, Y.-S.;

Jameson, G.; Macarulla, T.; Lee, K.-H.; Cunningham, D.; Blanc, J. F.;
Hubner, R. A.; Chiu, C.-F.; Schwartsmann, G.; Siveke, J. T.; Braiteh,
F.; Moyo, V.; Belanger, B.; Dhindsa, N.; Bayever, E.; Von Hoff, D. D.;
Chen, L.-T.; NAPOLI-1 Study Group; et al. Nanoliposomal
Irinotecan with Fluorouracil and Folinic Acid in Metastatic Pancreatic

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c16129
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

M

https://orcid.org/0000-0002-1196-8813
https://orcid.org/0000-0002-1196-8813
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adriele+Prina-Mello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4371-2214
https://orcid.org/0000-0002-4371-2214
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Carlos+Lacal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angel+del+Pozo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Quentin+A.+Pankhurst"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuel+Hidalgo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florence+Gazeau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6482-3597
https://orcid.org/0000-0002-6482-3597
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A%CC%81lvaro+Somoza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9873-435X
https://orcid.org/0000-0001-9873-435X
https://pubs.acs.org/doi/10.1021/acsami.4c16129?ref=pdf
http://www.nanbiosis.es/portfolio/u20-in-vivo-experimental-platform/
http://www.nanbiosis.es/portfolio/u20-in-vivo-experimental-platform/
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1016/S0140-6736(10)62307-0
https://doi.org/10.1056/NEJMoa1011923
https://doi.org/10.1056/NEJMoa1011923
https://doi.org/10.1056/NEJMoa1304369
https://doi.org/10.1056/NEJMoa1304369
https://doi.org/10.1016/S0140-6736(15)00986-1
https://doi.org/10.1016/S0140-6736(15)00986-1
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c16129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Cancer after Previous Gemcitabine-Based Therapy (NAPOLI-1): A
Global, Randomised, Open-Label, Phase 3 Trial. Lancet 2016, 387
(10018), 545−557.
(6) Miyamoto, R.; Oda, T.; Hashimoto, S.; Kurokawa, T.; Inagaki,

Y.; Shimomura, O.; Ohara, Y.; Yamada, K.; Akashi, Y.; Enomoto, T.;
Kishimoto, M.; Yanagihara, H.; Kita, E.; Ohkohchi, N. Cetuximab
Delivery and Antitumor Effects Are Enhanced by Mild Hyperthermia
in a Xenograft Mouse Model of Pancreatic Cancer. Cancer Sci. 2016,
107 (4), 514−520.
(7) Annese, T.; Tamma, R.; Ruggieri, S.; Ribatti, D. Angiogenesis in

Pancreatic Cancer: Pre-Clinical and Clinical Studies. Cancers 2019, 11
(3), 381.
(8) Awasthi, N.; Zhang, C.; Schwarz, A. M.; Hinz, S.; Wang, C.;

Williams, N. S.; Schwarz, M. A.; Schwarz, R. E. Comparative Benefits
of Nab-Paclitaxel over Gemcitabine or Polysorbate-Based Docetaxel
in Experimental Pancreatic Cancer. Carcinogenesis 2013, 34 (10),
2361−2369.
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