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Abstract: Magnetically induced heating of magnetic nanoparticles (MNP) in an alternating 

magnetic field (AMF) is a promising minimal invasive tool for localized tumor treatment that 

eradicates tumor cells by applying thermal stress. While temperatures between 42°C and 45°C 

induce apoptosis and sensitize the cells for chemo- and radiation therapies when applied for at 

least 30 minutes, temperatures above 50°C, so-called thermoablative temperatures, rapidly induce 

irreversible cell damage resulting in necrosis. Since only little is known concerning the protein 

expression of anti-apoptotic B-cell lymphoma 2 (BCL2), fibroblast growth factor receptor 1  

(FGF-R1), and heat shock protein (HSP70) after short-time magnetic thermoablative tumor 

treatment, these relevant tumor proteins were investigated by immunohistochemistry (IHC) in 

a human BT474 breast cancer mouse xenograft model. In the investigated sample groups, the 

application of thermoablative temperatures (2 minutes) led to a downregulation of BCL2 and 

FGF-R1 on the protein level while the level of HSP70 remained unchanged. Coincidently, the 

tumor tissue was damaged by heat, resulting in large apoptotic and necrotic areas in regions 

with high MNP concentration. Taken together, thermoablative heating induced via magnetic 

methods can reduce the expression of tumor-related proteins and locally inactivate tumor tis-

sue, leading to a prospectively reduced tumorigenicity of cancerous tissues. The presented data 

allow a deeper insight into the molecular mechanisms in relation to magnetic thermoablative 

tumor treatments with the aim of further improvements.

Keywords: magnetic nanoparticles (MNP), thermoablation, in vivo, mouse model, breast 

cancer tumor

Introduction
The treatment of cancer via heating is considered to be a promising tool for eradicating 

cancer cells and/or sensitizing tumor cells for chemo- or radiation therapy. In this 

context, a moderate hyperthermia treatment between 42°C and 45°C for a duration 

of 30–60 minutes (hyperthermia) was shown to affect cellular metabolism depending 

upon the applied thermal doses. Ablative temperatures above 50°C for a treatment 

duration of 4–6 minutes induce irreversible damages in tumor cells and cause necrosis 

(thermoablation).1,2 Whereas different heating sources (eg, water bath, infrared light, 

etc) for heat generation have been suggested, the administration of magnetic nanopar-

ticles (MNP) in the tumor area will induce local heating when an alternating magnetic 

field (AMF) is applied.3,4 Therefore, MNP act as internal heating sources and allow a 

highly selective inactivation of tumors with very low side effects.5

On the pathobiological level, hyperthermia treatments are known to be associated 

with immune modulatory effects.6 Furthermore, hyperthermia has been shown to hinder 

the function of cell surface receptors and transmembrane transport proteins and affect 
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the fluidity and stability of cellular membranes. Moreover, 

the expression of multidrug resistance proteins of tumor cells 

was shown to be impaired after MNP exposure in connection 

with magnetic heating.7 Temperatures between 42°C and 

45°C decrease the de novo synthesis and the polymeriza-

tion of RNA and DNA molecules during protein synthesis.8 

Whereas DNA damage after moderate hyperthermia treat-

ment is reversible, at ablative temperatures DNA will be 

irreversibly damaged.9

One prominent protein family associated with thermal 

stress is the so-called heat shock protein (HSP) family.10 

HSPs act as protein chaperons and modulators of protein 

folding. They also initiate the formation of protein complexes 

and act as modulators of protein degradation.11 Hence, HSPs 

prevent irreversible interactions between neighbor proteins 

that would result in functional loss.8 HSP70 is known to be 

upregulated in vitro immediately after heat stress at 42°C 

for 2 hours and 2 hours after heating at 43°C for 20 minutes, 

respectively. Expression levels of this protein were found to 

be increased up to 12 hours after hyperthermia treatment.12,13 

On the other hand, HSP synthesis is inhibited at temperatures 

above 45°C depending upon the applied thermal dose and 

varies between different cell types.8

The fibroblast growth factor receptor (FGF-R) is widely 

known to play an important role in promoting tumor growth 

and differentiation, as well as cell survival and angiogenesis 

in many organs and tissues.14 Another important protein 

involved in cancer cell metabolism is B-cell lymphoma 2 

(BCL2). It regulates cell proliferation, migration, and differ-

entiation and protects cancer cells of apoptosis. The protein 

is a key mediator in apoptosis pathways upon hyperthermia 

treatment.

BCL2 was found to be unchanged immediately after 

heat shock (42°C for 1 hour), whereas it was slightly down-

regulated in vitro (42.5°C for 3 hours) and in vivo (43°C for 

1 hour), indicating its dependency on the thermal dose and 

heating regime (incubator vs water bath).15–18 In general, the 

expression of BCL2, FGF-R1, and HSP70 has been mainly 

elucidated in connection with hyperthermic temperatures 

up to 43°C only.

To the best of our knowledge, only little is known con-

cerning the expression of these proteins after the adminis-

tration of a thermoablative stimulus (eg, temperatures over 

50°C) via magnetic heating. Here, we used a mouse model 

of human breast cancer xenografts to provide a better under-

standing of the molecular mechanisms in tumor cells after 

exposure to a heat stimulus. In general, we were interested 

in the protein tumor expression profiles of BCL2, HSP70, 

and FGF-R1 after using magnetic thermoablative heating. 

Therefore, fiber-optic thermocouples were used to monitor 

the temperature distribution within the tumor. We expect 

that our data could help to further improve the treatment of 

tumors via (magnetic) heating.

Materials and methods
Tumor implantation
For tumor implantation, 200 µL Matrigel (BD Matrigel™ 

Basement Membrane Matrix; Becton Dickinson GmbH, 

Germany) containing 1×107 BT474 cells (human mammary-

adenocarcinoma, Cell Lines Service, Germany) were injected 

subcutaneously between the shoulder blades of 6–15 week 

old female severe combined immune deficiency (SCID)–

Balb/c mice (Harlan Laboratories, the Netherlands). After 

implantation, tumor growth was controlled twice a week 

until the onset of experiments to ensure animal health. 

Tumor volumes ranged from 39 mm3 to 970 mm3 and 

were calculated by the following equation: V = π/6(lwh) 

where l is the length, w the width, and h the height of the 

tumor. For anesthesia of animals, isoflurane (2%; Actavis  

Deutschland GmbH & Co. KG, Germany) was used through-

out all experiments. All experiments were performed in 

accordance with the international guidelines on the ethical 

use of animals and were approved by the regional animal 

care committee (02-068/11).

animal treatment groups
To investigate the effects of magnetic thermoablation on 

protein expression, mice were divided into two experimen-

tal groups. Group 1 (+MNP +AMF) consisted of five to six 

animals that received MNP, which were heated by an AMF. 

Group 2 (-MNP -AMF), containing three to six animals, 

was used as a negative control to assess protein expression 

without any treatment.

Magnetic thermoablation of tumors
In group 1, 20–40 mg starch coated fluidMAG-D (200 mg/mL,  

chemicell GmbH, Germany) super paramagnetic iron 

oxide nanoparticles (SPION) with a hydrodynamic 

diameter of 200 nm and a clustered 70 nm magnetite core 

(multiple 10–12 nm core particles clustered to the final 

size of approximately 70 nm; Figure S1) were injected 

intratumorally.

Afterwards, the animals were exposed to an AMF (fre-

quency: 400 kHz; amplitude of the magnetic field strength 

(H) =24.6 kA/m) for 35–140 seconds until reaching thermal 

ablative temperatures of above 60°C (Figure 1A and B). 
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Figure 1 (A) experimental set-up, (B) temperature curves, and (C) X-ray image during magnetic thermoablation.
Notes: (A) scheme of the used experimental set-up. Nanoparticles are indicated by orange spots. (B) representative temperature curves of different tumor regions during 
treatment. Body temperature was observed by thermal measurement via the rectum. higher temperatures in the central tumor region correlate with the distribution of the 
administered magnetic material. after reaching ablative temperatures of approximately 65°c, the aMF was shut-off. (C) X-ray images of mice were used to control MNP 
relocalization and the localization of thermocouples for thermal treatment.
Abbreviations: AMF, alternating magnetic field; MNP, magnetic nanoparticles.
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The control group (group 2) was left untreated (no MNP, no 

AMF). To control tumor temperatures during treatment, three 

fiber-optic thermocouples were inserted ventrally, dorsally, 

and centrally into the tumor. Additionally, one thermocouple 

was inserted rectally to control body temperature. X-ray 

images (40 kV, 2 mAs, EcoRay Orange 9020HF, Eco Ray 

Co. Ltd., Korea) were taken immediately after MNP injection 

as well as after AMF exposure (exemplarily shown in Figure 

1C) to elucidate intratumoral MNP distribution as well as their 

potential relocalization during thermal treatment. After AMF 

treatment, the animals were left under isoflurane anesthesia 

for 2 hours. While treatment, animals were placed on a heat 

shell to retain body temperature and prevent hypothermia. 

Anesthetized animals were sacrificed afterward using CO
2
 

and tumors were extracted for histological analyses.

Ihc of tumor slides
For histological analyses, tumors were formalin-fixed and 

embedded in paraffin. After cutting the specimen into 5 µm 

thick sections using a rotary microtome (HM 340 E, MICROM 

International GmbH, Germany), the slides were deparaffined 

in xylol and decreasing ethanol concentrations (rehydration). 

Antigen retrieval was performed for 20 minutes with a Tris/

EDTA buffer at 98°C. For washing the slides, Tris-Buffered 

Saline containing 0.1% Tween 20 was used. Unspecific bind-

ing was prevented by using Biotin Blocking System (X0590, 

Dako, Germany). The slides were placed in a staining chamber 

to prevent dehydration and stained for 24 hours at 4°C with 

100 µL of the appropriate primary antibody solution for BCL2 

(anti-human, M0887, 151 mg/mL, 1:500; Dako), HSP70 

(anti-human, MU289-5M, 10–15 mg/mL, 1:50; BioGenex, 

USA), or FGF-R1 (anti-human, F4305-08, 0.5 mg/mL,  

1:5; Biomol, Germany), respectively. For detection, a goat 

anti-mouse secondary antibody (Dako REAL™; K5005, 

Dako) was used (30 minutes, 23°C) to confirm the level of 

protein expression after thermal ablation (animal group 1) in 

comparison to the untreated control group (group 2). Sections 

were counterstained with hematoxylin.

analysis of histological staining
The extent of protein expression was analyzed semi- 

quantitatively. In short, three independent observers evalu-

ated at least three blinded slices of three to six animals per 

investigated protein and treatment group (BCL2:18 slices, 

HSP70: 9–15 slices, FGF-R1: 9–18 slices). A categorization 

was performed according to the specific stained area within 

the viable tumor region of each slide: 1) completely unstained 

slides (0%), 2) less than half of the viable tumor area stained 

(50%), and 3) more than half of the viable tumor area 

stained (50%). Consensus decisions were performed, if 

slices were categorized differently. For each protein, the 

number of slides that were categorized equally was normal-

ized to the total number of slides for each protein staining 

to receive relative values. Statistical testing was performed 

using SPSS (Version 21, IBM Corp., USA).

Results
Inhomogeneous MNP related heat 
deposition
The MNP distribution and successful deposition of the 

magnetic material after intratumoral application was verified 

with X-ray images, showing an inhomogeneous distribution 

of MNP at the injection site before AMF treatment. Distinct 

temperature increases were obtained in tumors of treated 

animals (group 1). Temperature curves revealed the high-

est temperatures (approximately 65°C) in the central tumor 

region, thus exhibiting the highest iron concentration. In 

contrast, tumor edges showed lower temperatures confirming 

the localized heating of the MNP via the AMF. Body tem-

perature was only slightly increased (39°C). The highest 

thermoablative temperatures were reached within 2 minutes 

after the onset of the AMF, indicating that a sufficient amount 

of magnetic material was applied to the tumor. Additionally, 

no delocalization of MNP before and after heat treatment was 

observed (data not shown).

Bcl2, hsP70, FgF-r1 protein expression 
of tumor slices
In general, histological analyses showed that the BT474 cell 

line is a not completely de-differentiated adenocarcinoma cell 

line originating from mammary glands (mucous depositions 

visible in tumor areas). In the tumors of the treatment group 

(group 1), clear nanoparticle depositions were observed. 

Apart from the inhomogeneous MNP distribution, the 

structure and compactness of the tumor strongly influenced 

nanoparticle distribution after intratumoral application. 

In particular, nanoparticles were not completely located in the 

tumor center (or at the site of injection) since the relatively 

high intratumoral pressure led to an infiltration of nanopar-

ticles to the surrounding tumor tissue.

Generally, clear morphological differences concerning 

apoptotic and necrotic areas were obvious when compar-

ing the control and treatment groups. While in the control 

group almost no apoptotic and necrotic areas were found, 

these areas were clearly visible in close proximity to MNP 

depositions in the treatment group.
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Immunohistochemical staining of all tumor slices showed 

a clear blue staining of nuclei while the protein expression 

was stained in red (Figure 2). Isotype controls and controls 

without primary antibody as well as the presence of unstained 

blood vessels indicated the specificity of the used antibodies 

(data not shown).

In connection with the oncogene BCL2, a clear down-

regulation 2 hours after inducing thermoablative tempera-

tures was evident in the sample when comparing the control 

(group 2, n=6) and treatment (group 1, n=6) groups (Figure 2,  

BCL2). In both cases, BCL2 was located within the cyto-

plasm. While in the control group (group 2) all of the inves-

tigated slides (six of the six slides) exhibited a stained area 

of 50%, in the treatment group (group 1) only 50% (three 

of the six slides) of the investigated slides exhibited a stained 

area of more than 50%. At the same time, 33% (two of the 

six slides) of the investigated slides of the treatment group 

exhibited a stained area of less than 50%, and 17% (one of 

the six slides) of the investigated slides remained unstained 

without any evidence of BCL2 expression.

When looking at HSP70 expression, an unchanged 

protein-level at 2 hours after thermoablation in compari-

son to untreated control animals was observed (Figure 2, 

HSP70). Contrary to BCL2, which was expressed within the 

cytoplasm, HSP70 was additionally, at least partly, present 

in close proximity to the nucleus. In all investigated slides of 

the treatment (group 1; five of the five slides) and the control 

(group 2; three of the three slides) groups, a stained area of 

more than 50% was found.

FGF-R1 was mainly found to be expressed within the 

cytoplasm. It was downregulated in the treatment group 

(group 1; n=6) in comparison to the control group (group 2;  

n=3) at 2 hours after magnetic thermoablation (Figure 2, 

FGF-R1). In the control group (group 2), 67% (two of the 

three slides) of the investigated slides showed a stained 

area of more than 50% while 33% (one of the three slides) 

showed a stained area of less than 50%. On the contrary, the 

treatment group (group 1) showed a clear downregulation 

with no slides exhibiting a stained area of more than 50%. 

Concurrently, 83% (five of the six slides) of the investigated 

slides showed a stained area of less than 50% while 17% (one 

of the six slides) of the investigated slides showed no stained 

areas, and therefore, no FGF-R1 expression.

Although for BCL2 and FGF-R1, clear differences 

between the treatment and control groups were visible, these 

differences were not significant (BCL2: χ2=0.135; FGF-R1: 
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Figure 2 effect of magnetic thermoablation on the Bcl2, hsP70, and FgF-r1 protein expression pattern in BT474 tumors.
Notes: Representative pictures after IHC staining of BCL2, HSP70, and FGF-R1 were chosen. Blue: nuclei, red: protein-specific antibody, scale bar: 100 µm. relative semi-
quantitative expression of investigated proteins is depicted in diagrams. In diagrams, bars represent the relative number of slides with a specific protein expression normalized 
to the total number of all slides in the specific treatment group. Bar colors represent the amount of specifically stained area within the viable tumor region: unstained/negative 
(light gray), less than 50% of vital area stained (dark grey), more than 50% of vital area stained (black). Whereas a downregulation of Bcl2 and FgF-r1 can be assumed, 
hsP70 expression remained unchanged.
Abbreviations: BCL2, B-cell lymphoma 2; HSP70, heat shock protein; FGF-R1, fibroblast growth factor receptor 1; IHC, immunohistochemistry; MNP, magnetic nanoparticles; 
AMF, alternating magnetic field.
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χ2=0.072) due to the small number of samples in each group. 

No differences in HSP70 protein expressions of treatment 

and the control groups were found.

Discussion
Our data showed that the intratumoral application of the 

magnetic material led to an inhomogeneous MNP distribu-

tion in the tumor region, consequently resulting in an inho-

mogeneous heat deposition. Furthermore, no delocalization 

of MNP due to thermoablative treatment could be observed 

by comparing the X-ray images obtained before and after 

AMF, and is in accordance with the literature.19 Although 

several publications reported that especially smaller MNP 

(approximately between 20 nm and 100 nm) were prefer-

entially taken up by tumor cells (eg, by endocytosis), the 

possibility of the used MNP to be taken up by BT474 tumor 

cells or, at least, be bound to their membrane was verified 

in previous experiments.20–22

Two hours after the application of thermoablative tem-

peratures in the tumor region, a downregulation of BCL2 and 

FGF-R1 was found whereas HSP70 remained unchanged. 

Additionally, more apoptotic and necrotic areas were vis-

ible in close proximity to regions with high nanoparticle 

concentration in the treatment group (group 1) compared 

to the control group (group 2), indicating the eradication of 

tumor cells by using heat as a physical stressor.

The protein regulation between the different treatment 

groups was found not to be significant. Nevertheless, these 

results provide an insight into protein regulation after short 

magnetic thermoablative heating.

As shown in the results, histological staining revealed a 

downregulation of the oncogenic and anti-apoptotic BCL2 

protein at 2 hours after inducing thermoablative temperatures 

(approximately 65°C) in the tumor region by magnetic heat-

ing. Generally, a huge variation concerning the heat treatment 

and BCL2 expression is found in the literature by the utili-

zation of hyperthermic temperatures. A study using chronic 

myeloid leukemia tumors (K562/A02) in mice in combina-

tion with magnetic hyperthermia (40 minutes, 43°C) reported 

comparable results in relation to the breast cancer model we 

used in this study.23 Moreover, the use of an exogenous heat 

source as a more indirect way of heat application by water 

bath hyperthermia (60 minutes, 43°C) showed only a slight 

decrease of BCL2 4 hours after treatment in vivo.18 In vitro 

BCL2 protein is known to be slightly downregulated in tumor 

cells immediately after heat stress (180 minutes, 42.5°C).15,16 

Contrarily, the treatment of human colorectal tumor (RKO.C) 

and isogenic RC10.1 cells to lower temperatures such as 

1 hour at 42°C (water bath hyperthermia) did not reveal any 

changes in BCL2 expression.17 Presumably, faster and more 

direct heat generation in tumor tissues (magnetic heating 

vs water bath hyperthermia) as well as a distinct threshold 

of temperature dosage is required for a reduction of BCL2 

expression, which is readily provided by the utilization of 

thermoablative stimuli.

HSPs are known to be located at the cell membrane and/or  

cytoplasm from where they perform their diverse chaperon-

ing functions such as the coordination of protein folding 

and protection of intracellular molecule functionality.24–27 

Interestingly, we found HSP70 not exclusively expressed 

in the cytoplasm but also located in close proximity to the 

nucleus after induction of thermoablative stimuli. This effect 

is similar to those observed after hyperthermic conditions: an 

accumulation of HSP72, an inducible member of the HSP70 

family, occurs not only in the cytoplasm but also in the nuclei 

of mammalian cells directly after exposure to a non-lethal 

heat shock (240 minutes, 42°C respectively 10 minutes, 

45°C) in vitro, supposing an enhanced HSP transcription to 

evade cellular damage.28,29

In the present study, high levels of HSP70 were found in 

tumors of the control group as well as in the tumors of the 

treatment group 2 hours after inducing magnetic thermoabla-

tion. These observed high HSP70 levels, even in untreated ani-

mals of the control group, are in accordance with Stangl et al  

reporting of a broad variety of human tumors, including breast 

cancer, exhibiting elevated HSP70 levels that were not pres-

ent in the related normal tissues.26,27 In our study, we could 

confirm these findings for BT474 breast cancer cell line by 

IHC stainings. Moreover, the presence of HSP70 per se in 

the investigated animal groups may also be explained by 

alterations in the intracellular milieu and/or by stress, ie, by 

physical exercise, anesthesia, or even the sacrifice (CO
2
) of 

the animal, resulting in an accumulation of HSPs exemplarily 

through an increased calcium level, glucose ingestion, pH 

alterations, and hypoxia.29–32 In the literature, HSP70 expres-

sion was shown to peak after an incubation time of approxi-

mately 12 hours following 1 hour of heat shock (42.5°C), 

indicating a steady expression of HSP70 over a longer time 

span after heat shock induction on protein level.25 Due to this 

fact, even higher HSP70 levels might be conceivable with 

ongoing time after magnetic thermoablation. Moreover, it is 

known that HSP70 can be induced by de novo synthesis of 

mRNA 2 hours after the induction of heat shock (50 minutes, 

41.5°C).33 On the other hand, HSP synthesis is inhibited at 

temperatures above 45°C in dependence of the thermal dose 

and varies between different cell types.8 In the performed 
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study, no degradation of HSP70 was found at 2 hours after 

heat shock. Therefore, longer observation times post therapy 

may be required for a downregulation or degradation of 

already elevated HSP70 protein levels in BT474 breast 

tumors for the given temperature dosages.

We found a downregulation of FGF-R1 at 2 hours after 

the thermoablative treatment in comparison to untreated 

controls. In addition to their role in wound healing and 

angiogenesis, FGF-receptors play an important role in tum-

origenesis, metastasis as well as proliferation, migration, 

differentiation, and invasiveness of tumor cells.34–36

Despite its involvement in many regulatory cellular path-

ways, FGF-R1 is also known to be involved in tumor growth 

and cellular differentiation. Due to the fact that FGF-R1 is an 

important part of tumor networks, we were interested in its 

regulation after inducing short magnetic heating localized to 

the tumor region. Until now, FGF-R1 has been investigated 

very rarely in relation with heating-based tumor treatments. 

Therefore, our data provide a first indication on the molecular 

level as well as the therapy efficiency of the thermoablative 

treatment in likely reducing the tumorigenic behavior of 

human breast cancer BT474 cells in the long term. The fact 

that magnetic thermoablation is very effective in terms of 

inducing apoptosis/necrosis and reducing tumor volumes has 

been shown previously.19

Taken together, our results show for the first time the 

impact of magnetic thermoablative stimuli (2 minutes) 

to temperatures up to approximately 65°C on the molecular 

expression pattern of selected proteins in the tumor region 

2 hours after heat shock. As previous results have shown, a 

threshold for thermoablative temperatures for the elimination 

of tumor cells was found to be 55°C–60°C as cell survival 

was strongly impaired when more than 50% of total DNA 

was irreversibly damaged.9 In this study, the reduced BCL2 

as well as the reduced FGF-R1 protein expression in the 

treatment group prospectively indicate a reduction of tum-

origenicity by negatively influencing anti-apoptotic signal-

ing as well as angiogenesis, metastasis, proliferation, and 

invasiveness. Further studies using longer post-observation 

times should corroborate these findings.

Conclusion 
In summary, our data have shown that magnetic heating is 

capable of inducing effective temperature increases in tumor 

tissues. Additionally, we found no relocalization of MNP 

while thermal treatment, offering the possibility for a repeated 

and localized anti-tumor therapy. The applied thermoablative 

temperatures are highly likely capable of inducing distinct 

modifications on the expression patterns of proteins with 

key roles in cancer development and heat stress response, 

as it could be seen by comparing the histological staining of 

treatment and control groups. Therefore, localized magnetic 

heating offers the possibility of efficiently eradicating tumor 

cells on molecular as well as physical levels and therefore is 

capable of reducing the patient’s tumor burden.
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Figure S1 High-resolution transmission electron microscopy (HRTEM) micrograph of 200 nm fluidMAG-D magnetic nanoparticles (MNP).
Notes: hrTeM micrograph reveals smaller core particles of approximately 10–12 nm in size clustered to a particle core size of approximately 70 nm in total. The hrTeM 
micrograph was prepared as described elsewhere.37
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